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Abstract Stress, when extreme or chronic, can have a

negative impact on health and survival of mammals. This is

especially true for females during reproduction when self-

maintenance and investment in offspring simultaneously

challenge energy turnover. Therefore, we investigated the

effects of repeated stress during early- and mid-gestation

on the maternal stress axis, body weight gain and repro-

ductive output. Female guinea pigs (Cavia aperea f. por-

cellus, n = 14) were either stressed (treatment: exposure to

strobe light in an unfamiliar environment on gestational

day -7, 0, 7, 14, 21, 28, 35, 42) or left completely undis-

turbed (control) throughout pregnancy. Females of both

groups received the same respective diets, and reproductive

parameters were evaluated upon parturition. Additionally,

hormonal data were obtained from blood and feces. The

stress exposure induced a significant increase in plasma

cortisol concentrations during the afternoon. In contrast to

this short-term response in plasma cortisol concentrations,

we found no significant differences in the levels of cortisol

metabolites in feces collected after stress exposure between

groups and even significantly decreased levels of fecal

cortisol metabolites on non-stress days over time in treat-

ment females. Among treatment females, gain in body

weight was attenuated over gestation and body weight was

lower compared to control females during lactation, espe-

cially in cases of large litter sizes. No differences could be

seen in the reproductive parameters. We conclude that

repeated stress exposure with strobe light during early- and

mid-gestation results in a down-regulation of the hypo-

thalamic–pituitary–adrenal axis and lower weight gain in

treatment females, but has no effect on reproductive output.
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Abbreviations

ACTH Adrenocorticotropic hormone

BMR Basal metabolic rate

EIA Enzyme immunoassay

FCM Fecal cortisol metabolites

GD Gestational day

HPA axis Hypothalamus–pituitary–adrenal axis

L Lactational day

SEM Standard error of the mean

Introduction

Animals and humans face challenging situations during

their lifetime. Prominent examples for animals are harsh

weather conditions, low food availability, high population,

and predator density, while for humans heavy workload

may exemplify a stressful situation.
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Independent of their nature, all these challenges lead to

comparable stress reactions providing the individual with

the physical prerequisites to cope and finally overcome the

demanding situation.

When stressful events occur during gestation, however,

maternal stress physiology can influence the fetus and

‘‘program’’ its development (for review see de Weerth and

Buitelaar 2005). This prenatal programming can have long-

term consequences on the offspring’s survival, health and

reproduction (Ross and Desai 2005; Vehaskari 2010; Rhind

et al. 2001). As a potential underlying mechanism, an

increase of glucocorticoids has been suggested to transfer

external cues from the environment via the placenta to the

otherwise well-protected fetus (for review see Seckl 2004).

During the last few decades, many studies have been

undertaken to identify the effects of maternal stress expo-

sure on fetal development in a variety of species (e.g., fish:

Alsop and Vijayan 2009; rats: Götz et al. 2008; pigs: Otten

et al. 2010). In experimental studies, various physical and

psychological stressors have been used (for review see

Reynolds et al. 2010). In guinea pigs, for instance, strobe

light exposure during pregnancy, resulting in an increase of

plasma cortisol levels (Cadet et al. 1986), was shown to

affect behavior, brain development and stress response of

the offspring (Kapoor and Matthews 2005). Most of these

studies were primarily concerned with the examination of

short-term responses in pregnant animals and long-term

effects in the offspring. Therefore, usually no further

evaluation of maternal status during the remaining gesta-

tion period was conducted. Studies of the long-term effects

of stress on mothers are limited (e.g., Meek et al. 2001;

Patin et al. 2002; Léonhardt et al. 2007). As pregnancy is a

time of high energy demand, however, the additional bur-

den of stress might in the long run be detrimental both to

the mother and offspring (Darnaudéry et al. 2004). This

may be particularly true in precocial species because of the

long gestation time and high degree of development at

birth. Also when stress occurs during early pregnancy, the

potential consequences for maternal physiology may per-

sist for possibly quite a lengthy period.

We used a precocial species, the domestic guinea pig

(Cavia aperea f. porcellus), to examine the effects of stress

exposure to strobe light in an unfamiliar environment

applied during early- to mid-gestation on stress hormone

levels, body weight gain and reproductive performance of

pregnant and lactating females. Guinea pigs may be par-

ticularly prone to the effects of stress exposure during

pregnancy because of their long gestation period and high

investment in the development of unborn offspring. Female

guinea pigs gain as much as 60% of pre-pregnancy weight

(Sparks et al. 1981) during a long gestation (duration of

gestation *68 days) and give birth to three to four extre-

mely precocial offspring. Strobe light has been shown to

induce a cortisol increase in guinea pigs (Dauprat et al.

1984). We therefore predicted that glucocorticoid levels

should be elevated after stress exposure. As we applied the

stress exposure repeatedly, we further predicted that gain in

body weight should be attenuated in treatment compared to

control females. However, strobe light is a relatively mild

stressor, so effects on reproductive performance were not

necessarily expected.

Materials and methods

All husbandry and experimental procedures were approved

by the institutional ethics committee and the Austrian

Federal Ministry of Science and Research (GZ 68.205/

0211-II/10b/2008).

Animals and housing conditions

Fourteen female guinea pigs (Cavia aperea f. porcellus)

aged between 3 and 6 months were used for this study.

Additionally, seven male guinea pigs within the same age

range were used for breeding. Animals originated from a

multicolored stock and could be identified clearly by

individual differences in natural coat pattern. None of the

females were pregnant or lactating at the onset of the study.

Animals were randomly assigned to the treatment (stress

procedure: for detailed description see below) or control

group. Body weight did not differ significantly between

groups (mean ± SEM, $ treatment: 721.08 g ± 25.98 g,

n = 7, $ control: 719.14 g ± 34.07 g, n = 7, Student’s

t test: t10.67 = -0.05, p = 0.965; # treatment:

911.79 g ± 62.29 g, n = 3, # control: 961.50 g ± 55.27 g,

n = 4, Student’s t test: t4.52 = 0.60, p = 0.579). Prior to the

experiment, in a pilot study, we used a subsample of these

females (n = 10) to determine the stress-inducing potential

of a single strobe light exposure in non-pregnant females.

Conditions in the animal housing facility were unchan-

ged throughout the experiment: 12:12-h light–dark cycle,

(lights on at 07:00 hour), mean ambient temperature of

22.7�C (SEM 0.1�C) and mean relative humidity of 50.2%

(SEM 0.7%).

Females were given at least 4 weeks for acclimatization

in the housing facility while being kept as same-sex pairs

of either treatment or control females. For breeding, a male

was introduced into each cage between day -7 and day 0

(varying days resulted from housing of 1 male with 2

females, whose cycles were not synchronized pharmaco-

logically and therefore varied between individuals but not

between groups), so that stable social groups of three

individuals were established and maintained throughout

gestation. About 3 days prior to expected parturition, each

female was transferred to a littering cage to prevent
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postpartum pregnancies and disturbance by the other

female. During this phase, all animals were housed indi-

vidually, however, with visible and audible contact to their

former cage mates. If short-term isolation had any influ-

ence on the animals, it would have affected both groups in

equal measure. After weaning at an age of 21 days, off-

spring were housed in same-sex groups of two to four

individuals and mothers were kept in the same pairs as at

the start of the experiment.

A daily quantity of 15 g guinea pig standard feed

(Altromin 3013, Altromin GmbH, Lage, Germany) was

supplemented with 40 g of fresh fruit or vegetables and a

handful of hay (*35 g) per individual. Animals were fed

in the morning between 08:30 and 09:30 hour, and water

was available ad libitum. During the last trimester of ges-

tation as well as during lactation, females received an

additional 20 g pellets to meet the increased energy

demand. Offspring were offered 10 g of pelletized feed

plus 10 g of fresh food until weaning.

Stress procedure

Treatment females were stressed via exposure to a high-

frequency strobe light (Mini-Flash DK-011, China, dis-

tributed by Conrad Electronics, Austria) operated in an

unfamiliar dark room. The apparatus was placed approxi-

mately 1 m above the animal, which was housed individ-

ually during exposure between 09:00 and 11:00 hour.

Afterward, females were transferred back to their housing

facility. In addition to strobe light, treatment females were

therefore exposed to handling, isolation and an unfamiliar

environment. Control females were left completely undis-

turbed in their home cages during the entire time.

During the pilot study, non-pregnant females (n = 6)

were treated with a single strobe light exposure for 2 h

between 09:00 and 11:00 hour to determine the stress-

inducing potential of this procedure. Four undisturbed,

non-pregnant females served as a control. Due to the lim-

ited number of animals in the respective range of age, we

had to use the same animals for both, the pilot study and

the experiment. To minimize the potential influences of

previous stress experience, at least 2 weeks passed before

the onset of the experiment. In addition, females used as

treatment animals during the pilot study were distributed

equally between the two groups of the experiment. During

the experiment, treatment females were exposed to stress

once per week during the first two-thirds of pregnancy,

starting 1 week before conception. Guinea pigs show a

distinct biphasic diurnal rhythm of glucocorticoids with

lowest measurements in the morning and peaks at

16:00 hour and during night at 01:00 hour (Sachser 1994).

Therefore, strobe light exposure was applied both in the

morning and the afternoon to meet times of both low and

high levels of cortisol. In detail, treatment females were

exposed to strobe light from 09:00 to 11:00 hour and from

16:00 to 17:00 hour on gestational day (gd)-7 (1 week

prior to conception), gd0 (conception), gd7, gd14, gd21,

gd28, gd35 and gd42.

Measurements of physiological data

The stage of estrus cycle was determined by daily visual

inspection of the vaginal membrane around 09:00 hour.

We specified estrus as the first day of fully ruptured vaginal

membrane, which according to Young (1937) correlates

with physiological estrus. During the following 1 to 6 days,

the vaginal membrane recovers and stays closed until the

next estrus (Weir 1970). Thus, this process can be used as a

marker for the stage of cycle, with a normal cycle length of

16 days (Stockard and Papanicolaou 1917). Day 9 after the

preceding estrus was therefore assigned day -7 before

estrus/conception. In reality, duration of cycles varied, so

that first stress application of treatment females ranged

from 9 to 2 days before conception (referred to as gd-7).

Conception (gd0) was ascertained when mating or a

copulatory plug was observed. The number of days

between conception and birth was recorded as duration of

gestation.

All but one parturition were directly observed and we

counted, sexed and weighed the offspring to the nearest

0.01 g immediately after birth. The pups born unobserved

were detected within 2 h of delivery, as indicated by fresh

umbilical cords and the coat being still wet, and immedi-

ately body weight was recorded and included in the anal-

ysis of birth weight. When delivery of placentae was

observed, organs were freed from adjacent amnion and

weighed to the nearest 0.01 g within 5 min.

The body weights of the females were recorded to the

nearest 0.5 g before feeding at 09:00 hour on a weekly

basis during gestation and every day during the lactation

period. Offspring were also weighed on a daily basis.

Blood sampling and endocrine analysis

Blood samples were taken to determine the effects of stress

exposure on plasma cortisol levels. In the pilot study, blood

samples were taken from non-pregnant females prior to

stress exposure at 09:00 hour, directly after termination of

strobe light exposure at 11:00 and 2 h after their return to

the home environment at 13:00 hour. To control for the

effects of the blood sampling procedure, blood was also

obtained from otherwise undisturbed non-pregnant control

females at the same time points.

During the experiment, strobe light was applied to

treatment females on gd 14 and gd 35, and blood samples

were taken immediately after stress exposure at 11:00 and
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17:00 hour. To obtain the basal levels, we collected blood

samples at the same times 1 day prior to stress exposure

(i.e., gd13 and gd34) to avoid influences of diurnal varia-

tion and minimize burden to the pregnant females during

the day of stress. We did not take any blood samples from

control females during the experiment.

Collection of blood (100 ll) was performed by punc-

tuating the marginal ear veins with a sterile lancet without

anesthesia following the protocol described by Sachser and

Pröve (1984). The whole procedure took less than 3 min

per female, including removing the animal from the cage

and returning it afterward. Samples were collected with a

heparinized capillary tubes, centrifuged and the plasma

stored at -20�C until further analysis.

For the analysis of blood samples, we extracted plasma

(diluted in assay buffer to a total of 500 ll) with 5 ml of

diethyl ether. Cortisol, the principal glucocorticoid in

guinea pigs (Malinowska and Nathanielsz 1974), was

measured with an enzyme immunoassay (EIA) and all

samples were run in duplicate. Details of the EIA,

including cross-reactions of the antibody, are given by

Palme and Möstl (1997). The intra- and interassay coeffi-

cients of variation were 8.9 and 11.1%, respectively.

Feces collection and endocrine analysis

During the experiment, we collected feces from both,

treatment and control females. For this purpose, females

were briefly (usually\5 min) separated from their partners

between 09:00 and 10:00 hour four times a week and

transferred to a cage with fresh bedding of chipped wood.

After defecation, each female was returned to its home

cage and feces were collected from the bedding. Measuring

fecal samples takes into account the time lag between

hormone secretion and excretion in the feces of between 14

and 20 h (Bauer et al. 2008). So, fecal samples were col-

lected from treatment females in the morning preceding

stress exposure, thus reflecting a non-stress situation, and in

the morning of the following day, thus reflecting stress

exposure during the afternoon of the previous day. After

sample collection, feces were immediately frozen and

stored at -20�C until further analysis. Urine-contaminated

feces were not used in the analysis. One sample per week

and all samples collected before and after stress treatment

were processed for the analysis of fecal cortisol metabolites

(FCM).

Extraction of fecal samples followed the procedure

described by Palme and Möstl (1997) with slight modifi-

cations. Samples were dried at 85�C for 2 h and homoge-

nized. A total of 0.1 g dried feces was suspended in 1.8 ml

of 80% methanol, vortexed for 30 min and centrifuged at

2,500g for 15 min. An aliquot of the supernatant was

diluted (1:10) with assay buffer and stored at -20�C until

further analysis. We used a group-specific 11-oxoetiocho-

lanolone-EIA measuring FCM with a 3a-OH-11-one

structure (Möstl et al. 2002), which was previously suc-

cessfully validated for measuring adrenocortical activity in

guinea pigs (Bauer et al. 2008). The intra- and interassay

coefficient of variation were 9.5 and 11.3%, respectively.

Statistical analysis

We used R 2.9.1 (R Developmental Core Team 2007) for

statistical analysis. To analyze body weight and concen-

trations of plasma cortisol and FCM, we used linear mixed

effects models (LME: function lme in package nlme; Pin-

heiro et al. 2007) to adjust for repeated measurements.

Group (treatment versus control) and time (used as a sec-

ond-order polynomial when the quadratic term was sig-

nificant and as factor in the pilot study) were entered as

fixed factors and different intercepts per animal as random

factor. Litter size was included as covariate in the analysis

of body weight. Analysis of plasma cortisol and FCM

levels before and after stress exposure in treatment females

was also analyzed by a LME model, with stress exposure

and time as fixed factors and animal as random factor.

Response variables were log-transformed for the analyses

of hormonal levels to ensure that residuals were normally

distributed. The results of these models are presented as

F values with degrees of freedom and corresponding

p value. Note that the numerator degrees of freedom of 2

for the time effect indicate the use of a quadratic polyno-

mial. Comparison of plasma cortisol values between dif-

ferent stages of gestation were done using paired Student’s

t test; comparison of FCM at gd-8 and at conception and

body weight at conception were done using unpaired Stu-

dent’s t test.

Depending on the distribution of the data, we compared

the reproductive parameters using Mann–Whitney U tests

and Fisher exact test. Comparison of birth weight was

performed with Student’s t test. Gestational effort was

calculated as follows: total litter weight (g)/maternal body

weight at conception (g) 9 100 (Laurien-Kehnen and

Trillmich 2004). Observed differences were considered

significant at p values \ 0.05.

Results

Reproductive parameters

All 14 females became pregnant. None of the measured

parameters (i.e., duration of gestation, sex ratio, litter size,

birth weight, total litter weight, total placental weight and

gestational effort) was significantly different between

treatment and control group (Table 1).

1092 J Comp Physiol B (2011) 181:1089–1100

123



Body weight

The mean body weight did not differ significantly between

the treatment and control females on the day of conception

(mean ± SEM in treatment: 734.29 g ± 29.11 g and

control 719.21 g ± 31.41 g, n = 7/7, t test: t11.93 =

-0.35, p = 0.731).

From day -7 before gestation until parturition, the gain

in body weight over time was significantly lower in treat-

ment compared to control females (Fig. 1). In addition,

there was a significant influence of litter size on body

weight over time (LME: time: F2/130 = 33.72, p \ 0.001;

litter size: F1/11 = 1.70, p = 0.219; group: F1/11 = 0.01,

p = 0.978; time:litter size: F2/130 = 58.67, p \ 0.001;

time:group: F2/130 = 7.92, p \ 0.001).

The time course of changes in body weight during

lactation was affected by litter size, group and interactions

of these factors (Fig. 1; LME: time: F1/274 = 74.99,

p \ 0.001; litter size: F1/10 = 17.26, p = 0.002; group:

F1/10 = 10.79, p = 0.008; time:litter size: F1/274 = 23.01,

p \ 0.001; time:group: F1/274 = 18.71, p \ 0.001; litter

size:group: F1/10 = 9.08, p = 0.013; time:litter size:group:

F1/274 = 18.72, p \ 0.001). Treatment females started with

a lower mean body weight compared to control females

Table 1 Statistical analysis of reproductive parameters of female guinea pigs

Reproductive parameters Treatment Control n W/t p

Duration of gestationa (days) 69 (67–69) 68 (66–69) 7/7 21 0.679

Litter sizea 3 (1–4) 4 (2–5) 7/7 29.5 0.540

Total litter weighta (g) 372 (123–387) 397 (266–407) 7/7 34 0.259

Total placental weighta (g) 15.8 (5.7–17.3) 15.4 (11.2–18.0) 6/7 19.5 0.886

Gestational efforta 48.6 (15.7–61.2) 51.9 (42.5–62.9) 6/7 26 0.710

Sex ratio #13:$9 #13:$12 0.770

Birth weightb (g) 105.4 ± 3.5 103.5 ± 3.8 22/25 -0.364 0.718

a Data given as median (range)
b Data given as mean ± SEM
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Fig. 1 Body weight throughout gestation and lactation according to

group (main graph, mean ± SEM) and group–litter size interaction

(inset graph, mean). Main graph: Body weight of treatment (closed
circles, n = 7) and control females (open circles, n = 7 except

gestational day (gd)7, gd14, gd28: n = 6) from 1 week prior to

conception (gd0) to the last recorded body weight before parturition

as well as during lactation. The small arrows mark days of stress

exposure of treatment females, the white arrow marks day of birth.

Weaning of pups took place at lactation day (L)21. Inset graph body

weight of treatment (closed circles 3 pups, closed triangles 4 pups)

and control females (open circles 3 pups, open triangles 4 pups)

during lactation. Litter sizes of one, two and five animals occurred

only once and are not included in this graph to maintain clarity
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right after parturition, with the difference persisting

throughout lactation. There was a mean reduction in body

weight of about 65 g in treatment and 55 g in control

females during the 21 days of lactation, which was affected

by litter size. Treatment females lost more weight than

control females, especially in the case of large litters

(Fig. 1, inset graph).

Stress effects on glucocorticoid concentrations

Plasma cortisol after single stress exposure

In the pilot study using non-pregnant females, concentra-

tion of plasma cortisol differed significantly between

groups depending on the point of time (n = 6/4, LME:

time:group: F2/16 = 4.00, p = 0.039). Prior to the single

strobe light exposure at 09:00 hour, plasma cortisol was at

similar levels, while during the time of stress exposure

plasma cortisol levels increased in treatment females and at

11:00 hour showed higher concentrations than control

females. Back in the familiar environment at 13:00 hour,

plasma cortisol concentrations were at a similar baseline

level in both groups again (Fig. 2).

Plasma cortisol concentration after repeated stress

exposure in treatment females

In the experiment, plasma cortisol concentrations in treat-

ment females during the second week of gestation

remained at a level similar to non-pregnant females. At

gd34/35, overall cortisol concentrations were significantly

higher than at gd13/14, both in the morning (11:00 hour:

paired t test: t6 = -12.02, p \ 0.001) and in the afternoon

(17:00 hour: paired t test: t6 = -14.52, p \ 0.001; Fig. 3a,

b).

Range of measurements was more than five times higher

in the morning samples of gd34/35 than the morning

samples of gd13/14 (1,135 vs. 205 ng/ml). The range of

measurements in the afternoon was only 1.7 times higher in

the samples collected at gd34/35 compared to gd13/14 (698

vs. 413 ng/ml).

Comparing cortisol concentrations from the morning of

non-stress days with those after stress exposure showed no

significant difference (Fig. 3a; LME: time: F1/19 = 158.69,

p \ 0.001; stress exposure: F1/19 = 1.09, p = 0.310),

whereas in the afternoon samples, mean concentrations of

plasma cortisol were significantly lower on non-stress

compared to stress days (Fig. 3b; LME: time: F1/19 =

84.24, p \ 0.001; stress exposure: F1/19 = 4.85,

p = 0.040).
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Fig. 2 Plasma cortisol concentrations (mean ± SEM) at 09:00,

11:00 and 13:00 hour in treatment (closed circles n = 6) and control

females (open circles n = 4) exposed to strobe light between 09:00

and 11:00 hour. The bar marks time of strobe light exposure
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Fig. 3 Plasma cortisol concentrations (mean ± SEM) of treatment

females (n = 7 except for gd-7, n = 6) at 11:00 hour (a) and

17:00 hour (b) on non-stress days gd13 and gd34 (gray circles) and

after stress exposure on gd14 and gd35 (closed circles). The small
arrows mark days of stress procedure during gestation, and the white
arrow marks expected day of birth
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Concentrations of FCM in treatment versus control females

At the onset of the experiment, on day -8 before concep-

tion, basal FCM concentrations did not differ significantly

between control and treatment females (t test: t10.32 =

1.26, p = 0.235). On gd0 (conception), control females

had significantly higher concentrations of FCM compared

to treatment females (t test: t7.17 = 3.55, p = 0.009).

Concentrations in treatment females remained at levels

comparable to those 1 week earlier. During the following

4 weeks, concentrations in both groups returned to levels

similar to those prior to gestation. From around gd35, there

was an increase in FCM concentrations, as well as variation,

in control females, whereas treatment females remained at

baseline levels for another 2 weeks before their FCM

increased (Fig. 4). Samples taken only a few days before

parturition showed a decrease in control animals, while FCM

concentrations in treatment females still increased.

Analyzing feces samples collected on non-stress days,

FCM concentrations during gestation were significantly

higher in control than in treatment females, the difference

between groups remaining apparent even after termination

of stress administration at gd42 (LME: time: F2/145 =

72.03, p \ 0.001; group: F1/12 = 8.48, p = 0.013). Feces

samples taken the morning following stress procedure (thus

reflecting the stress response of the previous day) were also

lower in treatment females; however, the difference

between groups was not significant (Fig. 5; LME: time:

F2/65 = 33.00, p \ 0.001; group: F1/12 = 4.20, p =

0.063). Comparison of the concentrations of FCM repre-

senting non-stress versus stress days between gd7 and

gd42, however, revealed no significant influence of stress
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Fig. 4 Fecal cortisol metabolite

concentrations (mean ± SEM)

of treatment (gray circles n = 7

except for gd-7, gd28 and L3:

n = 6) and control females

(open circles n = 7 except for
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before and during gestation as
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measured on non-stress days.

The small arrows mark days of
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animals, and the white arrow
marks day of birth. Weaning of

pups took place at lactation day
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Fig. 5 Fecal cortisol metabolite concentrations (mean ± SEM) of

treatment (closed circles n = 7) and control females (open circles
n = 7 except for gd8, gd15 and gd29: n = 6) during gestation,

measured on days following stress exposure (representing stress days)

of treatment females. The small arrows mark days of stress exposure

of treatment animals, and the white arrow marks day of birth
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exposure in treatment females (LME: time: F2/73 = 20.41,

p \ 0.001, stress exposure: F1/73 = 2.07, p = 0.155).

During lactation, mean concentrations of FCM remained

higher in control compared to treatment females, but the

difference was not significant (Fig. 4; LME: time: F2/64 =

9.31, p \ 0.001, group: F1/12 = 1.13, p = 0.309, time:

group: F2/64 = 0.11, p = 0.897).

Discussion

We demonstrated that stress exposure during the first two-

thirds of gestation affected the hypothalamic–pituitary–

adrenal (HPA) axis and the development of body weight,

but not reproductive parameters, in pregnant guinea pigs.

Reproductive parameters

No significant differences were found in any measured

parameter of reproductive performance between treatment

and control females. A vast amount of literature is avail-

able about the effects of stress and glucocorticoids on

reproductive parameters. The results of studies conducted

in many species vary from study to study, dependent on

time, dosage and type of stressor (Fowden and Forhead

2009; Diego et al. 2006; Roussel et al. 2005; Braastad

1998; Götz et al. 2008). Kapoor and Matthews (2005), for

instance, have previously used strobe light exposure in

guinea pigs during late gestation and also did not find any

significant effects on birth weight, sex ratio or litter size.

During early gestation, future investment in offspring can

be reduced at times of challenging situations by adjusting

litter size or sex ratio (Wiebold et al. 1986; Trivers and

Willard 1973). This may especially be true for precocial

species, as they have a relatively high energy demand

during gestation due to their advanced development at birth

and long gestation time.

Yet, in our study, treatment females were apparently

able to adjust to the early gestational stress procedure

without impairment of reproductive performance. As ges-

tational stress may also affect offspring development via

fetal programming, (Welberg and Seckl 2001), we ana-

lyzed the potential effects of gestational stress on offspring

physiology and behavior at the present.

Body weight

In line with our prediction, gain in body weight of treat-

ment females was attenuated throughout gestation. This

result is in accordance with findings of Sparks et al. (1981),

who reported that stressful events caused by surgery and

anesthesia during gestation reduced weight gain in guinea

pigs. According to Darnaudéry et al. (2004), gestation is a

period of high vulnerability to stress, which in rats can

impair growth up to 4 weeks after termination of stress.

Léonhardt et al. (2007), however, found no effect of

repeated strobe light exposure during early gestation on

gain in maternal body weight in rats. In addition to envi-

ronmental conditions, the number of pups is a major factor

influencing maternal weight gain during gestation. The

effect of litter size is large in guinea pigs, where total fetal

weight accounts for up to 60% of maternal weight before

conception (Sparks et al. 1981). Yet in our study, the

average litter size did not differ significantly between

treatment and control females and therefore cannot ade-

quately explain differences in female body weight.

Other more plausible causes of group differences in

weight gain are food intake, energy uptake and energy

expenditure. Harris et al. (2002) reported that chronic stress

can result in temporary hypophagia as demonstrated in rats.

However, reduced food intake is an unlikely reason for the

observed difference in body weight of treatment and con-

trol females in our study, as all animals received the same

amount of pellets and fresh food, which was always com-

pletely consumed. Although differences in hay consump-

tion cannot be ruled out as hay rations were not always

fully consumed, owing to its low energy content (*6 MJ/

kg), different hay consumption is unlikely to strongly affect

body weight. Since we did not control for individual food

intake within breeding groups, reduced food intake of one

female could pass undetected, because of possible higher

food consumption by the partner animal. However, those

females were assigned to the same group, either treatment

or control. Thus, potentially uneven food intake between

individuals would always occur within the same group. In

addition, no difference in weight gain could be observed in

male partner animals (data not shown). As both con-

sumption of food and reproductive output were comparable

between treatment and control females, increased energy

expenditure seems the most likely explanation for the

reduced weight gain in treatment females. In addition, a

reduction of energy uptake in terms of nutrient assimilation

might also play a role, although we do not have data or any

indication of differences in energy uptake between groups.

During lactation, the mean body weight of treatment

females was also lower compared to control females. This

group effect on the mother’s body weight during lactation

was dependant on litter size, which was visible even when

looking at only those females with medium-sized litters of

three or four pups (see Fig. 1, inset graph). Our results

differ from the findings of Léonhardt et al. (2007) who

exposed pregnant rats to strobe light repeatedly for 1 h, but

found no effect on maternal weight gain during lactation.

The difference between body weights during lactation of

mothers with three and four offspring per litter suggest that

treatment females, who start with lower body weights after
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parturition, are more affected by large litters and subse-

quently higher energy demands than control females.

Glucocorticoid concentrations

In accordance with the findings of Dauprat et al. (1984) and

Kapoor and Matthews (2005), as well as in line with our

prediction, plasma cortisol concentrations were elevated

after both a single and repeated stress exposure. The ele-

vation of cortisol levels after repeated stress exposure,

however, was significant only in the afternoon and not in

the morning samples. One possible reason for this dis-

crepancy could be that the stress response in the afternoon

was facilitated by the stress experience of the previous

morning. Léonhardt et al. (2007) also showed a diurnal

variation in glucocorticoid response to strobe light expo-

sure in rats, with an increase in glucocorticoid levels only

in the afternoon that is consistent with our results. In

addition, we found that around gd35 variation and overall

levels in glucocorticoids were higher in the morning than in

the afternoon samples, both before and after stress expo-

sure. Such a diurnal variation in plasma cortisol concen-

tration, with highest levels during the morning, has also

been reported by Kapoor and Matthews (2005). Thus, it

seems also possible that the ability to respond adequately to

the stressor may have been impaired during the morning,

either by poor physiological capacity itself or by high

baseline levels, indicating a potential desensitization of the

HPA axis. Another possible reason for the significant

increase in cortisol concentrations in the afternoon but not

the morning samples might be methodological in origin.

The interval between strobe light exposure and blood

sampling was 2 h in the morning but only 1 h in the

afternoon and, therefore, we may have missed peak cortisol

levels after stress exposure in the morning but not in the

afternoon. This is supported by Kapoor and Matthews

(2005), who found that plasma cortisol concentrations

peaked 60 min after an ACTH challenge and were back at

baseline levels after 2 h. In contrast, Sachser (1994)

showed elevated cortisol levels after ACTH injection for

more than 4 h. One reason for the discrepancy between

both studies may be that in Sachser (1994), ACTH was

administered intramuscularly, which results in slower

uptake and adrenal response compared to intravenous

application as carried out by Kapoor and Matthews (2005).

Though one should be cautious when comparing different

stressors, there are two reasons for our interpretation: On

the one hand, exposure to strobe light elicited an imme-

diate stress response, which may be rather comparable

with intravenous ACTH application. On the other hand,

the response to our stress procedure is much smaller and

thus likely also shorter than the response to pharmaco-

logical ACTH treatment. Therefore, cortisol levels might

have been back to basal levels at the time we took blood

samples 2 h after onset of stress exposure during the

morning.

FCM concentrations from samples on gd0 represent the

social and reproductive situation characterized by the

presence of males that are highly interested in receptive

females and harassing them continuously. Interestingly,

concentrations of FCM increased markedly in control

females only, while in treatment females, pre-exposed to

stress on gd-7, concentrations remained close to baseline

levels. Martı́ et al. (2001) showed that a single immobili-

zation stress in rats enhanced termination of response to the

same stressor days later. Hence, it is reasonable to assume

that the treatment females in our study likewise down-

regulated the release of glucocorticoids. Although animals

were used to handling and strobe light is supposed to be a

relatively mild stressor and was applied only twice (i.e.,

once in the morning and once in the afternoon) a week

before on gd-7, stress exposure was obviously effective in

inhibiting the physiological stress response to the new

mating situation, seen in control females. This suggests a

desensitization of the HPA axis in guinea pigs, which may

last for at least several days and is not limited to the same

stressor previously experienced.

Plasma cortisol levels of treatment females increased

almost threefold between gd13 and gd34 within samples

collected both in the morning and afternoon. FCM levels

also started to increase from around gd35 in control

females, reaching peak levels during the third trimester of

pregnancy. Similar elevations during gestation were also

found in other studies on guinea pigs, rats and primates,

including humans (Whipp et al. 1976; Léonhardt et al.

2007; Bales et al. 2005; Allolio et al. 1990). This

increase in cortisol concentration is associated with ele-

vated levels of corticotrophin-releasing hormone of pla-

cental origin (Mastorakos and Ilias 2003) and increased

production of adrenal steroids by the fetus (Coulter and

Jaffe 1998). Elevation of glucocorticoids during normal

gestation is thought to be necessary to suit the increased

maternal, as well as fetal metabolic requirements

(Lazinski et al. 2008), and is mandatory for fetal organ

maturation (Fowden et al. 1998). Interestingly, in treat-

ment females, FCM stayed around baseline levels until at

least 1 week after termination of the stress procedure at

gd42 before any major elevation of FCM was measured.

This indicates that in treatment females, the physiological

increase was delayed by at least 2 weeks, compared to

control females.

Thus, in contrast to our prediction, mean FCM con-

centrations from both stress and non-stress days were

consistently lower in treatment than in control females

during gestation, the difference between groups actually

increasing with the progressing pregnancy. Lower FCM
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levels in treatment than in control females were also found

during lactation, though the difference between the groups

was no longer significant. As glucocorticoids facilitate fetal

development (Venihaki et al. 2000), this reduction and

retardation of steroid increase in treatment females may

also have implications for the unborn offspring.

What might be the reason for the lower FCM levels

found in treatment females? Measurement of FCM is a

suitable way of evaluating adrenocortical activity in gui-

nea pigs, reflecting the hormonal status at about 14 to

20 h earlier (Bauer et al. 2008). Even though an increase

in cortisol was apparent in blood samples, it was probably

only short-term, and could have been dampened in fecal

samples reflecting the overall status rather than a specific

event. In addition, negative feedback mechanisms may

have led to a down-regulation of the HPA axis and thus

reduced levels of FCM in treatment females. When a

stressful stimulus remains, cortisol concentrations may

decline after an acute rise, even though other response

parameters such as behavior or body weight may still

indicate the presence of a stressful situation (reviewed in

Mormède et al. 2007). Studies in rats and heifers showed

reduced glucocorticoid concentrations after chronic stress

(Harris et al. 2002; Darnaudéry et al. 2004; Fisher et al.

1997). Nevertheless, the decline of glucocorticoids alone

does not imply tolerance to the stressor, as according to

Cyr and Romero (2009) hormonal habituation is con-

tradicted if body weight decreases or the baseline of stress

mediators is affected, as occurred in our study. Accord-

ingly, a desensitization of the physiological stress

response with accompanying down-regulation of the HPA

axis may account for the lower FCM levels, together with

the lower body weight found in the treatment females.

Further research is needed to elucidate potentially

underlying physiological mechanisms of both desensiti-

zation of the HPA axis and subsequent changes in

physiology.

The HPA axis is involved in both stress reaction and

metabolic pathways. Reduced glucocorticoid levels, pos-

sibly in combination with a higher metabolic rate (note,

however, that as we do not have any data on basal meta-

bolic rate (BMR) in this study and the following interpre-

tation is speculative), may thus be potential candidates to

explain the lower body weight increase in treatment

females. Elevated levels of glucocorticoids have appetizing

and metabolic effects that increase feeding efficiency in

sheep and the gain in daily body weight in steers (Knott

et al. 2010; Montanholi et al. 2010). In humans, elevated

glucocorticoids are associated with decreased energy

expenditure, which could also influence weight gain

(Rohner-Jeanrenaud 1999). Decreased levels, however, as

present in Addison‘s disease, a state of chronic hypocor-

tisolism, are accompanied by loss of body weight, in

humans and various animal species (for review see Ten

et al. 2001; Klein and Peterson 2010). Damjanovic et al.

(2009) showed that in pregnant women there is a negative

correlation between plasma cortisol and BMR; women

with lower cortisol levels have higher BMR. An increase in

BMR, in turn, could negatively affect body weight. Argu-

ably then, decreased levels of glucocorticoids due to

chronic stress could potentially lead to higher BMR and

ensuing lower weight gain. Certainly, this is just a

hypothesis that needs experimental verification. Further

research is warranted in this field, especially with regard to

pregnancy as a time of challenged metabolism.

Taken together, our results suggest that even though

females could not habituate to the stress procedure as

indicated by their attenuated body weight gain (see Cyr and

Romero 2009), it did not directly affect conception rate or

reproductive parameters. This finding is surprising as it is

widely believed that severe stress can act to antagonize the

hypothalamus-pituitary-gonadal axis, which may lower the

rate of conception and reproductive parameters including

offspring quality (Turner et al. 2005; Wolfenson and Blum

1988). While the degree of stress may have been too mild

to affect reproduction, our results indicate that, in times of

chronic stress, pregnant females favor investment in off-

spring over self-maintenance, which is in contrast to the

central dogma (Ots and Horak 1996; Breuner et al. 2008).

Maybe, this concept might not apply to the same degree in

precocial species, where maternal investment is generally

high during gestation but limited thereafter due to the

independence of the offspring shortly after birth. So, in

species like the guinea pig, it may be particularly important

to invest in offspring who are in good condition at birth.

Therefore, in times of challenge, when pregnant females

are facing a trade-off between self-maintenance and

investment in offspring, they apparently decide in favor of

reproduction.

Additionally, our results shed new light on the inter-

pretation of stress effect studies, especially during the time

of gestation. It is possible that a short-term increase of

cortisol after stress exposure is insubstantial in producing

direct effects, when actually it is the subsequent down-

regulation that will dominate maternal physiology. If only

a short-term analysis of cortisol increase following stress

exposure is conducted, the adjacent down-regulation might

be missed and the subsequent conclusions based on the

false assumption of increased cortisol. Therefore, it is

necessary to monitor the physiology of stressed animals on

a long-term scale, and at close intervals, to be able to

decode on the overall stress response. As glucocorticoids

are crucial for fetal development (Bolt et al. 2001), an

analysis of potential effects of attenuated glucocorticoid

levels following chronic stress in pregnant females on the

offspring is warranted.
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