
Brief Report

Increased Yolk Progesterone

Interferes with Prenatal

Auditory Learning and Elevates

Emotional Reactivity in

Bobwhite Quail (Colinus

virginianus) Chicks

ABSTRACT: Avian eggs contain maternally derived hormones, including
testosterone and progesterone. Little is currently known about the effects of
these hormones on early behavioral development. We assessed the effects of
elevated levels of progesterone levels on prenatal perceptual learning and
postnatal emotional reactivity in Northern bobwhite quail. Prior to incubation,
eggs received an injection of either progesterone (P) or oil vehicle (V). In P eggs,
levels of progesterone were elevated two standard deviations above the mean
based on ELISA analysis of progesterone yolk concentrations from a previous
study. A third group of eggs served as controls and received no injection (C).
Chicks hatched from P eggs displayed elevated levels of emotional reactivity
compared to V and C chicks in a tonic immobility task and a hole-in-the-wall
emergence task. Chicks from P eggs also failed to demonstrate a preference for
a familiarized bobwhite maternal call that had been presented prenatally. In
contrast, the V and C chicks demonstrated a significant preference for the
familiarized maternal call following hatching, indicating prenatal auditory
learning. Our results are consistent with previous findings from precocial birds
demonstrating that hormones of maternal origin can influence prenatal
perceptual learning as well as emotional reactivity in the period following
hatching. ß 2015 Wiley Periodicals, Inc. Dev Psychobiol

Keywords: prenatal perceptual learning; elevated progresterone; emotional
reactivity; bobwhite quail

INTRODUCTION

There is now considerable evidence that birds and

mammals transfer a variety of non-genetic factors to

their offspring that can directly influence phenotypic

outcomes, including DNA methylation patterns, chro-

matin marking systems, cytoplasmic chemical gra-

dients, and a range of sensory stimulation necessary

for normal development (Harper, 2005; Jablonka &

Lamb, 2005; Lickliter, 2005). In addition to these

factors, avian and mammalian embryos are also

exposed to hormones of maternal origin present in

their prenatal environment. Unlike mammals, how-

ever, birds only influence their offspring’s prenatal

hormone exposure once, during the formation of the
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egg. While the egg is being formed in the reproduc-

tive tract of the female, theca and granulosa cells that

surround the oocyte produce hormones that end up in

different layers of the egg yolk (Gil, 2003). As a

result, avian embryos are exposed to several

hormones of maternal origin from the first day of

prenatal development (Nordgreen, Janczak, & Bakken,

2006).

Eggs of all avian species that have been analyzed to

date contain concentrations of maternally derived

steroid hormones, including testosterone and progester-

one, as well as corticosterone (Gil, 2003, 2008; von

Engelhardt & Groothuis, 2011; Groothuis, Muller, von

Engelhardt, Carere, & Eising, 2005). Given that the

embryonic bird develops entirely within the egg, this

provides a well-controlled “laboratory” for introducing

experimental manipulations into the prenatal environ-

ment to explore the effects of maternal hormones on

development. Leveraging this advantage, a number of

studies of both altricial and precocial avian species

have manipulated yolk hormone levels within the upper

limit of naturally occurring levels and found that

increased levels of maternal steroid hormones can

affect a range of physiological features of offspring,

including growth rate, stress sensitivity, and emotional

reactivity (e.g., Gil, 2003, 2008; Gil & Faure, 2007;

Groothuis et al., 2005). These “maternal effects” also

extend to behavior; for example, Japanese quail chicks

hatched from eggs injected with elevated levels of

testosterone prior to incubation showed shorter laten-

cies to approach a novel object as well as less

vocalizations in an open field test (Daisley, Bromundt,

Mostl, & Kotrschal, 2005).

The effects of yolk hormones of maternal origin on

offspring characteristics have typically been investigated

by comparing the effects of hormone injections into the

yolk prior to incubation with the effects of injections of

oil vehicle alone. It is important to note that the dose of

these hormonal injections must be scaled to the natural

variation of yolk androgen concentrations for a given

species, otherwise the functional consequences of an

experimental treatment is difficult to interpret (Groothuis

& von Engelhardt, 2005). Using this approach, we found

that elevating yolk testosterone levels within their

normally occurring range prior to incubation results in

changes in postnatal growth rate and emotional reactiv-

ity, as well as prenatal perceptual learning in bobwhite

quail (Bertin, Richard-Yris, Mostl, & Lickliter, 2009).

Three groups were tested: a testosterone injected group,

a vehicle injected group, and an untreated group to

control for any possible vehicle effect or injection

procedure effect. Chicks that were exposed to elevated

levels of testosterone prenatally showed a faster growth

rate as well as increased levels of emotional reactivity

when compared to vehicle-only and non-treated control

chicks. Further, chicks from the testosterone treated

group that received prenatal exposure to an individual

bobwhite maternal call on the day prior to hatching

spent significantly more time in proximity to the

familiarized call versus an unfamiliar variant of the

maternal following hatching when compared to vehicle-

only and non-treated controls, indicating enhanced

prenatal auditory learning.

To our knowledge, the prenatal and postnatal effects

of elevated levels of other hormones of maternal origin

on behavioral development have rarely been investi-

gated in precocial birds (but see Ahmad & Zamenhof,

1979; Correa, Adkins-Regan, & Johnson, 2005; Renden

& Benoff, 1980 for physiological examples). In an

earlier study, ELISA immunoassay found that proges-

terone was the most abundant hormone present in the

pre-incubated eggs of bobwhite quail (Bertin et al.,

2009), so we were curious whether and to what extent

elevated prenatal progesterone levels would affect

chicks’ growth rate, emotional reactivity and learning

capacities. To begin to explore this question, we

experimentally elevated yolk progesterone levels in a

group of bobwhite quail eggs and compared their

prenatal auditory learning and postnatal weight gain

and emotional reactivity (propensity to express fear

responses) to vehicle-only and no-injection control

chicks.

GENERAL METHODS

Subjects

A total of 330 Northern bobwhite quail (Colinus

virginianus) embryos and chicks were used as subjects

in the present study. Fertile unincubated bobwhite eggs

were received weekly from a commercial supplier

(Strickland Game Farm), and three experimental groups

were designated prior to incubation. The first group

consisted of eggs that were injected with progesterone

infused corn oil (P), the second group of eggs were

injected with the corn-oil vehicle only (V), and a third

group of eggs received no injection prior to incubation

(C). To control for possible between-batch biases,

subjects in each condition were drawn from three or

more batches (weeks) of eggs. The same number of

eggs were selected from weekly batches for the P

(N¼ 10 per week), V (N¼ 10 per week), and C groups

(N¼ 10 per week). All protocols involving our research

subjects were approved by Florida International Univer-

sity’s Institutional Animal Care and Use Committee,

which complies with national and international guide-

lines for the care and use of animal subjects.
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Incubation and postnatal rearing followed procedures

used in previous studies (e.g., Lickliter, Bahrick, &

Honeycutt, 2002; Harshaw & Lickliter, 2011). Following

hatching, each chick was identified by a colored leg

band and weighed. Chicks were then transferred to a

sound attenuated rearing room and placed in groups of

12–15 same-aged chicks to replicate normal brood

conditions. In order to ensure standard rearing condi-

tions, chicks from all three groups (P, V, and C) were

housed together in the same rearing tubs. Ambient air

temperature in the rearing room was maintained at

approximately 35 ˚C, and food and water were available

ad libitum. Behavioral testing took place at approxi-

mately 24 hr, 48 hr, or 96 hr following hatching. Differ-

ent chicks were tested on each of the developmental

days to control for possible re-test effects.

Egg Injections

Hormonal manipulations followed the protocol utilized

in a previous study (Bertin et al., 2009). Prior to

incubation, one group of eggs received 890.26 ng of

progesterone infused in 20 ml of corn oil (Sigma),

which raised the concentration of progesterone present

in the egg to two standard deviations above mean

levels, well within the natural range found in bobwhite

quail eggs (Bertin et al., 2009). Progesterone concen-

trations in bobwhite quail egg yolk were determined in

a previous study (Bertin et al., 2009); mean yolk

progesterone levels were analyzed via Elisa Immuno-

assay in a sample of 25 unincubated bobwhite quail

eggs (M¼ 1688.27, SD¼ 598.29).

In the present study, before injections all eggs were

disinfected with a 70% ethanol solution and a hole was

bored in the eggshell using a sterile 27-G needle. The

solution was then delivered to the yolk using a

Hamilton syringe mounting 27-G sterile needle. Fol-

lowing the injection, the injection hole was sealed by

surgical glue. After injection, eggs were left unmoved

for 30 min and then incubated using standard proce-

dures for 23 days. In addition to the progesterone

treated group (P), a second group of eggs received an

injection of the carrier only (20 ml corn oil) using the

same procedure as the progesterone group (V), and a

third group received no injection prior to incubation

(C).

Prenatal Auditory Stimuli

A previous study in bobwhite quail (Bertin et al., 2009)

found that injections of testosterone into bobwhite quail

eggs before incubation resulted in enhanced prenatal

auditory learning in bobwhite quail chicks. In the

present study, we wanted to see if prenatal progesterone

elevation before incubation likewise had a similar effect

on prenatal auditory learning. Prenatal auditory stim-

ulation procedures were consistent with previous stud-

ies of learning in bobwhite quail embryos (e.g.,

Honeycutt & Lickliter, 2002; Lickliter et al., 2002). On

Day 21 of incubation, all viable embryos were trans-

ferred to a Grumbach S84 hatcher maintained at

37.5 ˚C and 65–70% relative humidity. Custom soft-

ware was programmed to broadcast an individual

bobwhite maternal call (Call A or Call B, counter-

balanced across subjects) beginning on the morning of

Day 22. Chicks do not form a naı̈ve preference for

either maternal Call A or Call B (see Harshaw &

Lickliter, 2007). The maternal call was broadcast for

5 min/hr during the 24 hr period prior to hatching,

resulting in a total 120 minutes of prenatal exposure.

The maternal call was delivered via a speaker placed

on top of an air vent in the lid of the portable hatcher.

The sound pressure level was calibrated to a maximum

peak of 65 dB using a B & K Model 2232 sound-level

meter. To control for possible effects of developmental

age, only birds that hatched on Day 23 were used in

our analyses.

Emergence Task

Twenty-five chicks from each experimental group (P, V,

and C) were individually tested at 48 hr (N¼ 75) or

96 hr (N¼ 75) after hatching. Subjects from each

experimental group (P, V, and C) were tested in an

emergence task at 48 hr and 96 hr after hatching. The

“hole in the wall” emergence task was designed to test

the quail chick’s willingness to emerge from a secure

location and explore a novel environment. Each chick

was placed in a small box (25� 43 cm) with a

removable door panel facing the open field. The chick

remained inside the box with the door closed for 1 min.

After the 1 min adjustment period, the door was opened

and the time it took for the chick to exit the box was

recorded. Once the door panel was removed by an

experimenter, the chick could exit the box into an open

field arena via a hole that measured 12.7 tall by

11.43 cm wide.

Tonic Immobility Task

The tonic immobility (TI) task has been widely used as

a measure of general emotional reactivity in fowl

(Jones, 1986). In this procedure, chicks are placed on

their backs inside a crinoline sling for 10 s while the

experimenter presses lightly on their chest. In this

experiment, 30 chicks from each group (P, V, and C)

were tested at 96 hr after hatching (total N¼ 90). Tonic

latency was recorded if the chick remained immobile

for greater than 10 s. If the chick righted itself or

attempted to move before 10 s from the start of the
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task, an induction attempt was recorded. If tonic

immobility was not induced after five induction

attempts, the birds received a score of 0 on the tonic

immobility task. Once tonic immobility was induced,

time was recorded until 300 s had elapsed and the test

ended. If chicks did not exit tonic immobility before

the trial ended, a maximum score of 300 s was

recorded.

Each subject in the tonic immobility experiment was

weighed at hatch, and then weighed again 24–96 hr

after hatching. Chick weight was recorded at hatch,

then again at 24, 48, 72, and 96 hrs after hatch. Chick

weight was recorded with a My Weigh I201 scale (My

Weigh, Phoenix AZ).

Auditory Preference Testing

A total of 25 individual birds from the P, V, and C

groups (total N¼ 75) were used in the prenatal learning

experiment. The auditory preference test followed

procedures used in previous studies (Lickliter et al,

2002). All testing sessions took place 24 hr after

hatching. Each trial consisted of a 5-min simultaneous

choice test between two variants of bobwhite maternal

assembly calls (Call A vs. Call B). One of these two

calls was the familiarized call presented prenatally.

Prior studies have indicated that bobwhite chicks have

no naı̈ve preference for either of these calls (e.g.,

Honeycutt & Lickliter, 2002; Lickliter et al., 2002;

Lickliter & Hellewell, 1992). Individual chicks were

transported in a wooden box (10 cm� 10cm� 10cm)

to a large circular arena located in a sound attenuated

room. The testing arena (diameter¼ 130 cm, height

¼ 24 cm) was constructed of plywood and painted

white. The sides of the arena were constructed of sheet

metal formed into a circle, covered by foam and white

cloth. Loudspeakers were hidden on opposite sides of

the arena. The speakers were connected to different

RCA SA-155 amplifiers, and each connected to a Sony

CDP-XE370 player. Sound pressure levels were cali-

brated to 65 dB for both speakers using a B & K Model

2232 sound-level meter. A video camera mounted

above the arena allowed visual monitoring of the

testing sessions. During testing, the two variants of the

bobwhite maternal call were played on opposite sides

of the arena at the same repetition rates, counter-

balanced across the testing sessions. A semicircular

approach area, which represented approximately 5% of

the surface area of the arena, was demarcated around

each speaker on the monitor used to observe testing

sessions. Upon entry into one of these approach areas,

the experimenter held down a button on a Visual

Basic program until the chick exited the approach area.

The primary data of interest was duration of time spent

in each approach area (familiar vs. novel maternal

call).

Data Analysis

Chick weight was analyzed by a 4� 3 repeated meas-

ures ANOVA. The data for the emergence test were

better modeled assuming a binomial error distribution

(as opposed to Gaussian). We assumed a binomial error

distribution because the chicks had a tendency to either

stay in the box for the entire testing session, or emerge

very quickly. A linear model (dv¼ age(2) * group(3))

was created using R statistical software (R Development

Core Team, 2011) with the assumption of a binomially

distributed error. Note that this is the same as running a

2� 3 ANOVA, but allows the assumption of the

binomial distributed error.

For the prenatal auditory learning experiment, a

percentage of total duration time (PTDT) score was

created to determine if the chick preferred the fami-

liarized call. The formula for the PTDT score is as

follows: time spent in the familiar call zone/time spent

in the familiar call zoneþ time spent in the novel call

zone. A PTDT score above .50 (50% or chance)

indicates a preference for the familiar call, while a

score below .50 indicates a preference for the novel

call. Since the tonic immobility data violated para-

metric assumptions (Levine’s test p< .05), an inde-

pendent samples Kruskal-Wallis test and post-hoc

Mann Whitney-U (Lehmann & D’Abrerea, 1975) tests

were employed to analyze differences in tonic immo-

bility duration between groups.

RESULTS

Postnatal Growth

No significant interaction effects were found for treat-

ment and time (two-way repeated measures ANOVA,

p> 0.05 for all comparisons). Chick weights at hatch

through 96 hr after hatch are displayed in Table 1.

Table 1. Chick Weights Following Hatching

Mean� SEM of progesterone treated, oil treated,

and controls chicks on Day 1–Day 4

Progesterone

(N¼ 30)

Oil controls

(N¼ 30)

Controls

(N¼ 30)

Day 1 7.08 � .08 7.19� .10 7.15� .09

Day 2 6.62 � .07 6.79� .08 6.78� .08

Day 3 6.94 � .15 7.05� .14 7.13� .11

Day 4 7.51 � .20 7.44� .19 7.77� .14
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Emergence Test

Condition differences between P, V, and C birds were

found to be significant t(146) ¼ 2.145, p< 0.05, but

this was qualified by with a significant age by condition

interaction t(146)¼ 2.39, p< 0.05. Subsequent post-hoc

independent sample t-tests determined the P birds spent

more time in the box at 96 h of age (M¼ 288, SD¼ 58)

compared to 48 hr of age (M¼ 225, SD¼ 118), t-

(48)¼ � 2.36, p¼ 0.022); no such effect was found in

the V or C groups. In addition, P chicks spent

significantly more time in the enclosed box (M¼ 288,

SD¼ 58) when compared to the V chicks (M¼ 220,

SD¼ 121), t(48)¼ � 2.53, p¼ 0.001, and C chicks

(M¼ 245, SD¼ 105), t(48)¼ � 1.79, p< 0.001, at 96 hr

following hatching. No significant difference between

the V and C groups was found at 96 hr after hatch; t

(48)¼ .78, p< .05. The mean time spent to emerge

from the emergence box at 48 and 96 hr is displayed in

Figure 1.

Tonic Immobility

Time spent immobile after tonic induction was com-

pared across the experimental conditions. The Kruskal-

Wallis test revealed significant differences in the

latency score to exit tonic immobility (Kruskal-Wallis,

H [2]¼ 3.200, p¼ .005, N¼ 90). Bonferroni corrected

Mann-Whitney-U tests indicated that there was no

significant difference in the duration of tonic immobil-

ity between the C and V groups (U¼ 411, p> .05), but

that there was a significant difference between the P

and V groups (U¼ 280, p< .001) and the P and C

groups (U¼ 279, p< .001). The median scores for time

spent in tonic immobility in the P, V, and C groups are

displayed in Figure 2.

Prenatal Auditory Learning

To test individual preference for the familiar auditory

maternal call, the average PTDT scores taken from the

raw duration of time spent in the familiar call and

novel call zones indicated that the P group had a lower

PTDT in proximity to the familiar bobwhite maternal

call (M¼ .42, SD¼ .24) than the V (M¼ .64, SD¼ .30)

and C groups (M¼ .71, SD¼ .24) at 24 hr after hatch.

The means reflect the PTDT score rather than the total

duration of time spent in the familiar maternal call

area. A One-Way ANOVA revealed the group differ-

ences were significant, F [2, 73]¼ 5.720, p¼ .002.

Post-hoc Tukey’s tests of the PTDT scores found that

the P chicks spent significantly less time in the familiar

approach zone compared to V (p¼ .018) and C groups

(p¼ .002) with no significant difference found between

the C and V groups (p¼ .70). To determine if there was

a significant preference for the preferred bobwhite

maternal assembly calls in each experimental group, a

series of one-sample t-tests was conducted. The P

group showed a significant preference for the novel

bobwhite maternal assembly call, t(� 1.66), p< .50,

while the C group showed a significant preference for

the familiar call, t(4.375), p< .001, as did the V group,

t(2.33), p< .010.

FIGURE 1 Median scores for time spent in tonic immobil-

ity across experimental groups. Significance is indicated by

Bonferroni corrected Mann-Whitney-U tests (***p¼ .001).

Chicks that hatched from P-treated eggs spent significantly

more time in tonic immobility, which suggests an elevated

level of underlying emotional reactivity compared to C and

V-treated chicks.

FIGURE 2 Mean�SEM emergence scores across groups.

Significance is indicated by post-hoc independent samples

t-test (***p¼ .001). There was no significant differences

between experimental groups when tested at 48-hrs after

hatching. Chicks that hatched from P-treated eggs took

significantly longer to exit a covered location into the open

field.
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GENERAL DISCUSSION

A growing body of evidence indicates that the maternal

allocation of androgenic hormones deposited in the egg

prior to incubation can affect physical and behavioral

development in precocial birds (e.g., Gil, 2008; Groo-

thuis et al., 2005). The effects of maternally derived

hormones during early development may provide a key

mechanism by which hens can modify their offspring’s

postnatal phenotype to adapt to particular environ-

mental conditions. Groothuis and Schwabl (2008) have

suggested a physiological epiphenomenon hypothesis

(PEH), which proposes that hens can affect the

phenotype of their offspring via manipulation of egg

hormone levels. The PEH predicts a positive relation-

ship between the blood hormone levels in a laying

female and the hormones that are deposited in the yolk

of their eggs. Challenging environmental conditions

such as famine (Kitaysky, Piatt, & Wingfield, 2007),

high parasite load (Bruener & Hahn, 2003), or high

predator density (Silverin, 1998) could all contribute to

higher levels of circulating hormones in a laying

female’s bloodstream, which could be transferred into

egg yolk during oogenesis (Gil, 2003; Groothuis &

Schwabl, 2008). The possible outcomes for this mech-

anism of yolk steroid deposits by the mother can be

maladaptive, neutral, or adaptive to both her and her

offspring (Groothuis & Schwabl, 2008). Domestic quail

chicks display fear-related avoidance behavior within

1 hr after hatching, and previous studies suggest that

these responses are in some way genetically predeter-

mined (Mills & Faure, 1991). Our results suggest

possible non-genetic effects of maternally derived

hormones in that elevated levels of yolk progesterone

in bobwhite quail eggs interfered with embryos’

prenatal perceptual learning and increased aspects of

chicks’ emotional reactivity following hatching.

In the present study the progesterone-treated, oil-

vehicle treated, and control embryos were all exposed

to an individual variant of the bobwhite maternal call

for a total of 120 min on the day prior to hatching. We

found a significant preference for this familiarized call

over a novel variant of the maternal call in V and C

chicks following hatching, but no evidence of prenatal

auditory learning in P chicks. To our knowledge, this is

the first demonstration of an injection of progesterone

in egg yolk prior to incubation having an effect on

perceptual learning. Previous studies in our lab suggest

there is a link between prenatal heart rate and prenatal

auditory learning in bobwhite quail (Markham, Toth, &

Lickliter, 2006; Reynolds & Lickliter, 2002). Bobwhite

quail embryos that received an injection of norepi-

nephrine showed a prenatal elevation in heart rate and

failed to demonstrate a preference for a familiar

maternal call following hatching. Embryos that did not

receive norepinephrine showed no elevation in heart

rate and demonstrated a preference for the maternal

familiar call (Markham et al., 2006). In light of these

previous findings, increased levels of yolk progesterone

may have heightened embryonic arousal levels during

the late stages of prenatal development and thereby

altered prenatal auditory learning. The possibility that

progesterone elevation prior to incubation elevates

embryos’ arousal levels is currently under investigation.

Results from postnatal tests of emotional reactivity

also revealed differences between P chicks and V and C

chicks, further suggesting a possible role for arousal in

our observed effects. P chicks took significantly longer

to leave an enclosed box and explore a novel environ-

ment in the emergence task at 96-hr following hatching

when compared to V and C chicks (but not at 48-hr

following hatching). The P chicks also spent signifi-

cantly more time in tonic immobility when compared

to the V and C chicks, a common assessment of general

underlying fearfulness in precocial birds. Taken

together, our results suggest increased levels of emo-

tional reactivity in bobwhite quail neonates exposed to

elevated progesterone prenatally.

Of particular interest is the fact that our findings

contrast those of previous studies that examined fear

and stress related behaviors in domestic birds exposed

to high levels of maternally-derived progesterone. It

was previously demonstrated in Japanese quail that

young birds hatched from eggs with high levels of

maternally-derived progesterone displayed decreased

fear-related behaviors and emotional reactivity com-

pared to birds hatched from eggs with lower levels of

progesterone (Bertin et al., 2008; Bertin et al., 2013).

There are two major methodological differences

between our study and the Bertin and colleagues

studies that could explain the contradicting results.

First, Bertin and colleagues (Bertin et al., 2008; Bertin

et al., 2013) did not manipulate yolk progesterone by

directly injecting progesterone-infused corn oil into

eggs prior to incubation, as was done in our study.

Instead, progesterone concentrations in the Japanese

quail egg yolks were elevated following repeated

handling of laying hens (Bertin et al., 2008) and by

adjusting the cage temperature of laying hens (Bertin

et al., 2013). Second, the Bertin et al. (2008) study

observed that both androgen and progesterone levels

were modified following repeated handling of laying

females. We did not measure hormone levels during

prenatal development, so comparisons of our study and

previous studies in Japanese quail (Bertin et al., 2008;

Bertin et al., 2013) cannot be made at this time. The

underlying mechanisms by which elevation of proges-

terone prior to incubation via injections affects yolk

6 Herrington et al. Developmental Psychobiology



androgen levels across prenatal development in bob-

white quail is currently under investigation.

How does prenatal progesterone elevation modify

emotional reactivity and alter prenatal perceptual learning

in bobwhite quail? At this point, very little is known about

the specific mechanisms that underlie the effects of bird

egg yolk hormones on embryonic neural development and

chick behavior. Previous studies in rodents have demon-

strated progestin binding and progestin receptor (PR)

mRNA in homogenized whole hypothalamus of neonatal

rats (Kato, Hirata, Nozawa, & Mouri, 1993; Kato &

Onouchi, 1983). In addition, numerous brain regions with

known neuroendocrine function, such as the ventromedial

nucleus of the hypothalamus, have been found to express

high levels of PR immunoreactivity in fetal rats (Quadros,

Pfau, & Wagner, 2007). Since PR immunoreactivity was

also expressed in regions associated with visual, motor,

and cognitive function, such as the lateral geniculate

nucleus, caudate putamen, neocortex, and hippocampus

(Quadros et al., 2007), it may be that alterations to

prenatal progesterone levels have an effect on neural

development and prenatal auditory learning.

It is possible that elevation of progesterone in egg

yolks via injections of progesterone-infused corn oil

prior to incubation may elevate androgen levels in the

egg yolk. In birds, progesterone is produced by gran-

ulosa cells in the egg, which is used by theca interna

cells to produce androgens such as testosterone and

androstenedione via side chain cleavage. These andro-

gens are then metabolized into oestrogens by he theca

externa cells (Gomez, Velazquez, Juarez-Oropeza, &

Pedernera, 1998). Further study is needed to determine

if progesterone elevation in egg yolk prior to incubation

can result in alterations to neural development and yolk

androgen concentrations in avian species.

It is known that different levels of hormones present

in the prenatal environment can adjust clutch sex ratios in

birds (Krackow, 1995), and that sex differences have been

found in postnatal behavior and physiology following

prenatal hormone exposure in birds (von Engelhardt &

Groothuis, 2011). Sex differences were not accounted for

in the present study, as it is difficult to determine sex in

bobwhite quail chicks in the days following hatching

without the aid of genetic tests. Chicks are not kept past

96 hr after hatching in our lab, so determination of sex by

physical characteristics is difficult. It may be that no sex

differences in underlying fear behaviors exist in young

bobwhite quail that have been exposed to elevated

prenatal progesterone. Note that a previous study in

Japanese quail (Bertin et al., 2008) found no sex differ-

ences in fear-related behaviors in birds hatched from eggs

with elevated levels of yolk progesterone.

In the more general sense, our results contribute to

the growing appreciation of non-genetic, maternal

effects on offspring’s behavioral development. Identify-

ing features of maternally regulated prenatal experience

that facilitate or interfere with perceptual, cognitive and

social development will advance our understanding of

the mechanisms of normal species-typical development,

as well as provide insight into the conditions that

contribute to atypical patterns of development.
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