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Abstract 

Background. In the present study, we tested both 
the cumulative stress and the mismatch hypothesis of 
psychopathology. For this purpose the combined effects 
of early-life adversity and later-life stress exposure on 
behavioral markers of psychosis susceptibility were 
studied in male Wistar rats. 
Method. Experiment IA: rat pups divided on the basis 
of the levels of their maternal care experience in low, 
medium or high maternal care groups, were reared 
post-weaning in groups and tested at adulthood under 
basal conditions or after an acute corticosterone (CORT) 
administration. Maternal care levels were assessed by 
measuring the dam’s licking and grooming (LG) the first 
postnatal week of life.
Experiment IB: another group of high, medium and 
low maternal care rat pups were reared post-weaning 
in social isolation and tested at adulthood under basal 
conditions.
Experiment II: rat pups exposed as neonates to daily 
sessions of 8 hours of maternal separation (MS) on 
postnatal days 3, 4 and 5 either altogether in their home 
cage (HOME SEP) or alone in a novel environment (NOVEL 
SEP), were reared post-weaning in groups and tested at 
adulthood under basal conditions.
Adult testing included behaviors marking psychosis 
susceptibility: apomorphine-induced gnawing (APO-
gnawing), acoustic startle response and its modulation 
by a prepulse stimulus (PPI). The behavior of the Medium 
LG offspring was used as baseline reference for all the 
three experiments.

Results. Experiment IA: Low maternal LG history alone 
had limited effects on the behavior of Wistar offspring, 
although increased acoustic startle and increased PPI, 
at high prepulse intensity levels, were observed. An 
injection of CORT in the adult Low LG offspring, increased 
APO-gnawing and reduced PPI, whereas it was not 
effective in High LG offspring. These findings support the 
cumulative stress hypothesis.
Experiment IB: If Low maternal LG history was combined 
with post-weaning social isolation, APO-gnawing was 
decreased and PPI increased, compared to High LG and 
Med LG offspring. This reflects attenuated psychosis 
susceptibility. High LG offspring reared in isolation 
displayed, however, the highest APO-gnawing and the 
lowest PPI levels among rats reared in social isolation, 
which is indicative for increased psychosis susceptibility. 
These findings support the mismatch hypothesis.   
Experiment II: MS increased psychosis susceptibility only 
NOVEL SEP rats that had experienced MS in the context 
of early social isolation. These individuals displayed 
increased adult APO-gnawing and reduced PPI, if reared 
post-weaning in a condition that did not match with their 
early life social environment (i.e. group housing). This 
finding supports the mismatch hypothesis.
Conclusion. The outcome of environmental manipulations 
on developmental programming of psychosis 
susceptibility depends on the interplay of early-life 
adversity and later-life stressors in a manner that can 
support either the cumulative stress or the mismatch 
hypothesis.

1. Introduction 

Schizophrenia is a complex mental disorder often characterized by breakdown of 
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thoughts and a loss of contact with reality. Genetic risk-factors are clearly involved in 
the disease pathogenesis, and also the role of non-genetic/ environmental factors is 
established. The perinatal and pre-pubertal period are important time windows for the 
programming of psychosis susceptibility by the non-genetic factors [1]. This notion 
is reinforced by epidemiological studies showing an association of adversity of both 
early-rearing environment and later-life psychosocial stress with greater psychosis risk 
[2, 3]. 

Research on the role of these environmental factors in animal models for 
psychopathology has resulted in a wealth of data over the past 50 years [4, 5].  Although 
the data are not always consistent [6] the consensus is that increased adversity of the 
maternal environment is predictive of a vulnerable phenotype. Such phenotype has 
characteristics ranging from depressive-like behavior and enhanced stress reactivity to 
schizophrenia-like behavior and increased dopamine (DA) sensitivity [7, 8]. According 
to the “cumulative stress” hypothesis stressful experiences, acute or chronic, in later life 
will add to the already programmed vulnerability by early-life adversity [9, 10]. 

Using the postnatal variations in Licking and Grooming (LG) in rats as paradigm for 
the extent of early-life adversity, Champagne and colleagues found that, at adulthood, 
the Low LG offspring showed impaired hippocampal plasticity and poor memory 
performance. However, enhanced synaptic plasticity and better memory performance 
were observed in situations where the adult Low LG offspring experienced stressful or 
high CORT conditions. The opposite results were found when High LG offspring was 
exposed to stress or high CORT. These findings supported the “mismatch” hypothesis 
[11]. 

Also Ellenbroek & Cools found evidence for the mismatch hypothesis in schizophrenia 
endophenotypes. They showed decreased prepulse inhibition of acoustic startle (PPI) 
in rats that had been exposed as pups to 24 hours of maternal deprivation (24h-MD) 
on postnatal day (pnd) 9. However, if the maternally deprived rats were reared in social 
isolation, the 24h-MD did not lead to a decreased PPI [12]. Choy and van den Buuse 
also used the 24h-MD paradigm as an adverse early-life condition and, in an attempt to 
mimic chronic stress in later life, CORT was administered post puberty. They showed, at 
adulthood, in these rats less disruption of PPI by apomorphine or amphetamine, which 
suggests less psychosis susceptibility [13-15]. This programming of the PPI response is 
an example of the outcome of developmental phenotypic plasticity, which evolved to 
match an organism to its expected future environment. According to the “mismatch” 
hypothesis, as opposed to the cumulative stress hypothesis, a mismatch between 
the expected and the actual environment, predicts a maladaptive phenotype and 
enhanced risk for disease [16].  

In this study, we tested both the mismatch and the cumulative stress hypotheses in 
the development of psychosis susceptibility induced by early-life adverse experiences. 
For this reason, we designed the following experiments: (i) In experiment IA, we 
combined early maternal environment with stress hormone exposure at adulthood. 
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We used the “naturally occurring variations of LG” paradigm that was previously 
shown to influence at adulthood the stress response and cognitive functions as well as 
psychosis-susceptibility [17-19]. Since previous research suggested a link of circulating 
corticosterone (CORT) levels with psychotic behavior [20, 21], the acute effect of the 
stress hormone on the phenotype of the different LG groups was investigated. 

In experiment IB we measured, in the adult, the outcome of the exposure to 
maternal environment combined with post-weaning social isolation. Isolation rearing is 
a well characterized and validated post-weaning psychosocial stressor that precipitates 
behavioral disruptions comparable to the ones seen in schizophrenia, including PPI 
deficits, cognitive impairments and social dysfunction [22-25]. We hypothesized that 
early maternal environment interacts with later social environment: in case of a “match” 
(Low LG offspring in social isolation), psychosis susceptibility would decrease, and in 
case of a “mismatch” (High LG offspring in social isolation), it would increase. 

In experiment II, we measured the influence of early social isolation in a novel context 
on the interaction between maternal separation (MS) and later social environment. 
We hypothesized that only if the pups are placed individually in a novel context 
during maternal absence, the enhanced experimentally-induced adversity will reveal 
a “mismatch” with a later group-housing condition, resulting in increased psychosis 
susceptibility.  For this purpose, we used a modified version of the postnatal repeated 
MS-paradigm (8 hours/day on pnd 3,4,5), which we developed recently [26]. Rat pups 
stayed during maternal absence either in the home cage altogether with their siblings 
or they had the experience of being single away from peers in a socially isolated novel 
environment. Both separation conditions resulted in low levels of maternal LG [30]. 

2. Materials and Methods 

2.1 Animals. 
Wistar rats (originally obtained from Harlan, Horst, The Netherlands & Taconic Europe, Ejby, 
Denmark) were used in this study and housed in our animal facility under an 11:13 h light/dark 
cycle (lights on at 08.30 h, illumination inside the cage: 20-30 lux, temperature: 20 ± 1 °C, relative 
humidity: 60 ± 10%) and low volume background noise (40 dB). Food (RM3, Special Diet Services, 
Witham, Essex, UK) and water (containing 0.02% HCL) was ad libitum. Upon arrival males and 
females were housed in groups of 3-4 in macrolon-polycarbonate type IV cages (L60 x W38 x H20 
cm) with wire lid. Each cage contained sawdust as bedding and tissue. These cages were also used 
for breeding following a one-week habituation period. From pnd 1-10 cages were not cleaned. 
From pnd 11, the cages were weekly changed.  
Animal experiments were approved by the Local Committee for Animal Health, Ethics and 
Research of Leiden University and carried out in accordance with European Communities Council 
Directive 86/609/EEC. 

2.2 Breeding.
Two or three females of the F1 generation were housed together for at least a week and then 
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mated with a male. After 10 days, the females were housed individually (macrolon-polycarbonate 
type III cages with wire lid; L42.5 x W26.6 x H18.5 cm; containing sawdust and two sheets of paper 
towels for nest material). We checked for litters daily at 19:30 h starting from 20 days after the start 
of breeding. If litters were present, the day of birth was defined as pnd 0 for that litter. On the day 
after parturition, pnd 1, each litter was culled to 8-10 healthy pups (males:females = 1:1). 

2.3 Maternal care (pnd 1-7). 
We assessed maternal behavior from pnd 1 to 7. The maternal behavior of each dam was observed 
and scored for five periods of 60min per as described previously [26-28]: at three periods during 
the light phase (10:00, 13:30, and 17:00 h) and two periods during the dark phase (07:30 and 
19:30h; under 2x60 W red TLD-light). Note that the observation at 17.00 h at the day of maternal 
separation was the time of dam’s re-union with the pups.
The behavior of each mother was scored every 3min (20 observations per period, 100 observations 
per day): pup retrieval, maternal contact, licking and grooming (LG), passive nursing posture, 
away from nest, nest building, burying, arched-back nursing [(passive) low arch/ blanket nursing, 
(active) low arch, middle arch, high arch]. Non-maternal care behaviors of the dam were also 
recorded: eating, drinking, chasing tail, self-grooming, digging, and sleeping. Litter conditions 
were also noticed: split litter, buried pups. We analyzed the percentage of observations in which 
the dam displayed each behavior.

2.4 Body weight. 
Body weight pre-weaning (pnd 1-21) was measured with an electronic precision scale (MXX-2001, 
Denver Instrument, Göttingen Germany; readability 0.1 g, linearity 0.2 kg).
Body weight post-weaning was measured with an electronic precision scale (Access C 13 AB, 
Precia Molen, Breda, The Netherlands; readability 1 g, linearity 3 kg) during every weekly cage 
cleaning.  

2.5 Eye-opening. 
From pnd 11 onwards, any degree of eyelid separation in any of the pups of a litter was scored as 
a positive eye-opening for the litter. The observations took place at 11:00 hours. Pups were not 
removed from the nest during the observation so that the litters were not disturbed.

2.6 Chemicals. 
Injections were prepared and preserved on low temperature (4oC). Injections were given 
subcutaneously (SC) in a volume of 1 ml/kg. Apomorphine (APO; APO-HCL: Sigma-Aldrich Chemie 
B.V., Zwijndrecht, Netherlands) was dissolved in MilliQ (0.02% ascorbic acid). Corticosterone 
(CORT; 45mg Cort-HBC containing 66.7mg/g CORT; Sigma-Aldrich Chemie B.V., Zwijndrecht, 
Netherlands) was dissolved in MilliQ (0.02% ascorbic acid). The dissolvent served as vehicle (VEH). 

2.7 Experimental design. 
2.7.1 Experiment IA – Assessing the impact of naturally occurring variations in the maternal 
environment on adult phenotypes tested in basal conditions and acute CORT conditions (Fig. 
1A). In order to investigate the effects of variations in naturally occurring maternal environment 
on psychosis susceptibility under basal conditions and after CORT exposure at adulthood, two 
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Figure 1. (A) Graphical representation of the 
experiments. Experiment IA & IB: Time line of 
longitudinal study. Maternal care was observed at 
postnatal days (pnd) 1-7. Litters were divided to 
three treatment groups: rats with maternal care 
history of High Licking & Grooming (High LG), Med 
LG or Low LG. On pnd 11-17, we observed the day 
of eye-opening. Weaning happened at pnd 21 
and rats were housed either in groups (socials; Exp 
IA) or isolation (isolates; Exp IB). Note that High 
LG offspring were in a “match” condition when 
housed post-weaning in groups (Exp. IA) and in a 
“mismatch” condition when housed in isolation 
(Exp. IB).  Similarly, Low LG offspring were in a 
“mismatch” when housed in groups (Exp. IA) and 
in a “match” condition when were housed post-
weaning in isolation (Exp.IB). In the period of pnd 
60-180 the behavioural testing was performed that 
included: (i) apomorphine-induced gnawing test 
(APO-gnawing) and prepulse inhibition of acoustic 
startle test (PPI) in basal condition & after acute 
CORT administration (Exp. IA), (ii) APO-gnawing 
and PPI in basal conditions (Exp. IB). Experiment II: 
Time line of longitudinal study. Litters were divided 
to three treatment groups: Treatment groups: non 
separated (NON SEP/Med LG) had no previous 
history of treatments, repeatedly separated pups 
were exposed to 8h-MS on pnd 3 and pnd 4 in 
a home (HOME SEP; home separated) or novel 
context (NOVEL SEP; novel separated). Maternal 

care was observed in the pre & post reunion 
periods (depicted with the design of the dam with 
the pups). On pnd 11-17, we observed the day of 
eye-opening. Weaning happened at pnd 21 and 
rats were housed in groups (socials). Note that 
HOME SEP and, especially, NOVEL SEP offspring 
were in a “mismatch” condition when housed post-
weaning in groups. In the period of pnd 60-140 the 
behavioural testing was performed that included 
PPI test (in basal conditions) and apomorphine-
induced gnawing test (in basal conditions). 
(B) Frequency distribution of LG% of Experiment 
IA & B (Cohort 1: n=34). On top of the frequency 
distribution a normal distribution is superimposed. 
Those two distributions display a high Gaussian fit 
(R2 =0.91). The mean of the population is indicated 
as well as the LG levels 1SD under and 1SD over 
the mean. These levels were used as cutoffs to 
divide the population in 3 groups: Low LG (23.53% 
of dams), Med LG (58.82% of dams) and High LG 
(17.65 % of dams). 
(C) LG% average over pnd 1-7 of separated litters 
of Experiment II. Maternally separated litters had 
experienced 3 times 8h-MS on pnd 3, 4 & 5 in 
home (HOME SEP; n=6 dams) and novel context 
(NOVEL SEP; n=6 dams).  The equivalent levels of 
High LG, Med LG and Low LG litters from Cohort 
1 (Experiment I) are denoted. Data represented 
MEAN±SEM. Significance level was set at p≤ 0.05.  # 
vs. High LG levels. 
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large cohorts of females were bred and after parturition were characterized for LG according to 
previously described methodology (see section 2.3 for maternal care scoring and Ref. [11, 27] for 
a detailed description of the LG paradigm).  Dams were sorted into LG groups according to the 
following criterion (Fig. 1B): < one SD below the mean of the whole group (Low LG), between one 
SD below and one SD above the mean of the whole group (Medium LG, i.e. Med LG), and > one SD 
above the mean of the whole group (High LG) [11, 27].  
Cohort 1 (n=34; LG: 7.71 ± 0.27 % observations): Using the LG data from pnd 1-7, we were able 
to obtain 6 High LG litters (17.65%) with a mean LG of 10.05 ± 0.36 (% observations), 20 Medium 
LG (58.82%) with a mean LG of 7.84 ± 0.18 (% observations), and 8 Low LG litters (23.53%) with a 
mean LG of 5.66 ± 0.09 (% observations). Cohort 2 (n=24; LG: 8.47 ± 0.39 % observations): Using 
the LG data from pnd 1-7, we were able to obtain 6 High LG litters (25.00%) with a mean LG of 9.97 
± 0.22 (% observations), 13 Medium LG (54.17%) with a mean LG of 8.11± 0.16 (% observations), 
and 5 Low LG litters (20.83%) with a mean LG of 5.82 ± 0.29 (% observations). 
Weaning of the pups from the dams happened at pnd 21. From that day and until testing, three 
male rats of every litter were housed together (referred to as “socials”) in Type IV cages.  Note that 
High LG offspring were in a  “match” condition when housed post-weaning in groups, whereas 
Low LG offspring were in a “mismatch” when housed post-weaning in groups. Adult rats were 
tested in basal conditions and acute CORT condition in apomorphine-induced gnawing and 
prepulse inhibition of acoustic startle (see section 2.10 for behavioral protocols).
2.7.2 Experiment IB – Assessing the lasting impact of naturally occurring maternal environment 
combined with post-weaning social isolation on adult phenotypes tested in basal conditions 
(Fig. 1A). In order to investigate the effects of the combination of High, Med and Low maternal 
LG history with post-weaning social isolation on psychosis susceptibility under basal conditions, 
the offspring of the various LG groups was used (rat cohorts as described in 2.7.1) housed post-
weaning in social isolation. At the day of weaning (pnd 21), one or two males of each litter 
(characterized for maternal care) were isolated and placed individually (referred to as “isolates”) 
in Type III cage until testing. This is the commonly used isolation rearing procedure [22]. Note 
that High LG offspring were in a “mismatch” condition when housed post-weaning in isolation, 
whereas Low LG offspring were in a “match” when housed post-weaning in isolation. Adult rats 
were tested in basal conditions in apomorphine-induced gnawing and prepulse inhibition of 
acoustic startle (see section 2.10 for behavioral protocols).

2.7.3 Experiment II – Assessing the lasting impact of experimentally-induced adverse maternal 
environment combined with early-postnatal social isolation on adult phenotypes tested in basal 
conditions (Fig. 1A). We investigated the effects of the combination of repeated-MS and isolation 
from peers on psychosis susceptibility in basal conditions.  For this we used our recently developed 
repeated MS paradigm (i.e. HOME SEP & NOVEL SEP) [26]. MS occurred on pnd 3, 4 & 5; lasting 8h 
each. Litters were randomly distributed to the two experimental conditions. 
Dams’ transfer from the litter (“Dam out”). At 9:00h, dams selected for MS were removed from 
their cage (“home” cage), placed in a cage of the same type and transferred to an adjacent room 
(“dams” room).  In the “dams” room, the environmental conditions were similar except the lighting 
intensity was higher (illumination inside the cage: 50-60 lux). 
Separation procedure. After the dam was relocated to a new cage, litters were kept without any 
food or water available for 8h (9:00 to 17:00h). The home cage was placed on heating pads (33–38 
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°C; TM 22, Beurer, Ulm, Germany) to maintain the body temperature of the pups. To acquire the 
desired temperature, heating pads were turned on 30min prior use.  
We used two following separation contexts:
“Home separation” (HOME SEP). The pups remained in their familiar environment (housing room, 
home cage) together with their littermates.
“Novel separation” (NOVEL SEP). The pups were moved to an adjacent unfamiliar room, with similar 
conditions as the housing room. Pups were additionally isolated from peers in new clean cages 
(Type II macrolon-polycarbonate, containing fresh sawdust bedding, divided in compartments 
of 18 x 20 x 14 cm) and placed on heating pads. The pups housed singly in this novel context, 
experienced the absence of their dam, the home cage environment and lacked contact with their 
littermates (isolation). 
Reunion (“Dam back”). At 17:00h, the pups were returned to their home cage followed by their 
dams. Dams of separated pups in home and novel contexts were reunited with their litter at the 
same time.
Weaning of the pups from the dams happened at pnd 21. From that day and until testing, three 
male rats of every litter were housed together (referred to as “socials”) in Type IV cages. Note that 
HOME SEP and, especially, NOVEL SEP offspring were in a “mismatch” condition when housed 
post-weaning in groups. Adult rats were tested in basal conditions in apomorphine-induced 
gnawing and prepulse inhibition of acoustic startle (see section 2.10 for behavioral protocols).

2.8 Common control group (Med LG). 
Med LG offspring that were housed post-weaning in groups were used as controls in all 
experiments. Therefore their values were used as reference values for the other groups. Data 
are presented as % of controls. In Experiments IA and IB, the control group was named Med LG 
(in order to emphasize their Medium LG levels the first week of life) and was compared to High 
LG and Low LG. In Experiment II, the control group was named NON SEP/ Med LG (in order to 
emphasize that they don’t have any maternal separation history) and was compared to HOME SEP 
and NOVEL SEP.

2.9 LG levels across experiments (Fig. 1C). 
In Experiment II, HOME SEP and NOVEL SEP dams displayed the same levels of LG over the first 
week. We compared them with the average of High LG and Low LG dams of Experiments IA & 
IB. The mean LG of dams of Experiment II is in the range of the Low LG of Experiments IA & IB 
and statistically different only from the High LG dams (HOME SEP vs. High LG: t10=4.98, p≤0.001, 
NOVEL SEP vs. High LG: t12=6.16, p≤0.001). 

2.10 Psychosis susceptibility behavioral parameters. 
We defined as increased psychosis susceptibility increased stereotypic gnawing response to 
apomorphine and reduced sensorimotor gating.
2.10.1 Apomorphine-induced gnawing (APO-gnawing)
Rats given psychomimetic drugs often exhibit loco-motor hyperactivity, and at higher doses 
they might exhibit stereotyped/ perseverative behaviors [29-31]. In order to assess perseverative 
behavior in our rat populations, we measured the behavioral response to an injection of a large 
dose of APO using the so-called gnawing box [30, 32].
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Apparatus. The gnawing box was slightly modified from the box originally described by Ljungberg 
and Ungerstedt [30]. It consisted of a Perspex hole-board (L69 x W69 x H25 cm) with a central 
cubicle (L25 x W25 x H25 cm). The board contained 32 holes (diameter approx. 3cm), each of 
which is surrounded by five concentric ridges. A microphone was placed underneath the central 
cubicle to allow registration of sounds. Stereotypic gnawing on the ridges surrounding the holes 
produced a characteristic sound that was detected by the microphone, fed into the computer and 
scored as a gnawing count [32, 33]. 
Procedure. The procedure followed for the APO-test was described before [32]. Briefly, after 60min 
of habituation period in the room of the gnawing box with food and water ad libitum (individually 
placed in type III cages), the rat was given a SC APO injection (dose: 1.5mg/kg). Immediately after 
injection the rat was put in the gnawing box (facing the front right corner) and measuring of 
gnawing lasted 45min. After the test, the rat was transferred back to its home cage. 
Testing conditions.
Basal conditions (1st time – Experiment IA, IB & II): Rats were weighed in the housing room and 
transferred to the testing room containing the gnawing box.
Acute CORT condition (2nd time – Experiment IA): From our previous work we knew that rats APO-
gnawing performance is stable across time [34]. Therefore, the rats were tested in exact the same 
way for a 2nd time at least one month after the 1st time, but the 2nd time they were pretreated 
with CORT (SC, dose: 3mg/kg) one hour prior the test in the beginning of the habituation period. 
Measurements. The total number of gnawing counts per 45min was recorded for each rat. Data are 
presented either as the average gnawing counts of a given experimental group or as a population 
distribution of gnawing response into 3 sub-groups:  no gnawing response (<10 counts/45min), a 
very intense gnawing response (>500/45min) and an intermediate response (11-500/45min) [32, 
33, 35]. 
Note. Apomorphine susceptibility depends importantly on genetic background [32, 35, 36]. 
Therefore, in Experiment IA, we used the same rats both in the “1st time-no CORT pretreatment” 
condition and in the “2nd time-CORT pretreatment” condition in order to evaluate the effect of 
acute CORT, independent of the genetic background. In Experiment IB, we used rats coming from 
the same litters with the only difference the post-weaning environment in order to evaluate the 
effect of the combination isolation rearing with maternal care history independent of the genetic 
background. In Experiment II, since we used animals from different litters in the three conditions, 
we recognize that a percentage of the APO-gnawing variance reported could be due to a random 
genetic variation between the different experimental groups (NON SEP/ Med LG, HOME SEP and 
NOVEL SEP). 
2.10.2 Sensorimotor gating
Apparatus. PPI measurements were performed in four startle chambers (SR-LAB, San Diego 
Instruments, San Diego, CA) consisting of a Plexiglas tube (diameter 8.7 cm, length 20.5 cm) 
attached on top of a piezoelectric accelerometer platform, which detected and transduced the 
movements of the rat. A speaker above the tube presented the acoustic pulses. Calibration of all of 
the four chambers was done with a calibration device and protocol provided by the manufacturer 
and adjustments of the chamber speakers were done daily with the help of decibel-meter (; dB[A] 
scaling was used).  
PPI protocol. The PPI protocol was based on previously described rat protocols [37] and specifically 
on the protocol used before with apormorphine susceptible and unsusceptible rats [38]. Rats 
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were placed individually in the apparatus and the 17min testing protocol started. First, 5min of 
acclimatization were given with a background noise of 70 dB. Second, the PPI protocol started 
and consisted of 3 parts. The protocol started with a startle block of 6 pulse alone trials and ended 
with a startle block of 5 pulse alone trials. In pulse alone trials we used a pulse of 120 dB[A] for 40 
ms. The main (middle) part of the protocol consisted of 39 trials: 10 pulse alone trials, 20 prepulse-
pulse trials (5 trials for each of the four different prepulse intensities; prepulse intensities: 72, 74, 
78, 86 dB[A] for 20 ms), 5 prepulse alone (86 dB[A] was only used) and 4 no-stimulus/background 
trials. These 39 trials were given in pseudorandom order; preventing two identical trials following 
each other and ensuring that the interval between two consecutive trials was different (mean 
intertrial interval duration 15 sec). The prepulse to pulse onset duration was stable at 100 ms. 
Testing conditions. Basal conditions (Experiments IA, IB & II): Rats tested in baseline conditions 
were transferred in their home cage into the testing room with the startle chambers and allowed 
a 45min habituation period in the room. After PPI testing, they were weighted and then returned 
to their respective cages. 
Acute CORT condition: Animals when tested after drug administrations (SC injections) were 
weighted before PPI testing, because injection volume was calculated using the body weight. Rats 
were weighted in the housing room and transferred individually in Type III cages to the testing 
room to habituate for 45min. Rats were SC injected with VEH, CORT (at dose 3 mg/kg) and APO 
(at dose 0.5 mg/kg). The three littermates were randomly subjected to one of the three injections. 
After injection, rats were put back in their cages for 5min, then into the startle chambers and 
the PPI protocol started.  Note that injections happened 10min before PPI testing (counting 
additional 5min of acclimatization period as part of the PPI protocol). VEH and APO injections 
were the control conditions for the CORT injection since VEH was expected not to disrupt PPI 
(negative control) and APO was expected to disrupt it (positive control). 
Measurements. The startle response after each trial is calculated by the software and the unit 
of measurement is Volts. The software was set to gather 1000 samples per sec for a sampling 
period of 100msec after the onset of the pulse. A Vmax is determined and Vaverage (Vavg) is 
calculated for the whole 100msec period. We used Vmax as more accurate since Vavg depends on 
the duration of the sampling period.
Startle reactivity and Startle Habituation: The initial startle response is considered too variable and 
was discarded according to previously described protocols [37]. The average of pulse alone trials 
No 2-6 was used as the startle reactivity. To access habituation of acoustic startle, we compared 
the startle responses in the initial part (1st startle block) of the testing protocol with the other two 
startle blocks (middle pulse alone trials, last five trials).
PPI: PPI % (for each prepulse intensity) was calculated as: 100% x (Avg. Middle 10 Pulse alone trials 
– Avg. PPIx trials)/ Middle 10 Pulse alone trials. The average of PPI of the four different prepulse 
intensities was used as a measure of overall PPI.

2.11 Statistical analysis. 
Data are presented as mean ± SEM and were analyzed by one-way, one-way repeated measures 
or two-way analysis of variance (ANOVA) with the significance level set at p< 0.05. Where 
appropriate, simple and interaction main effects were investigated further with subsequent 
post-hoc comparisons (by Tukey test or student t-test). Wilcoxon Signed Ranks Test was used to 
compare APO-gnawing counts distribution of different groups of rats. The statistical analysis was 
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adjusted for non-equivalent groups when needed. When data from different generations were 
used together, we have performed separate analyses on each generation. If the different analyses 
showed the same main effects, the data was pooled.

3. Results
3.1 Experiment IA - Naturally occurring maternal environment (basal conditions & 
acute CORT condition). 

3.1.1 Body weight (Table 1)
Low maternal LG history led to a significant reduction (vs. High LG or Med LG) in 

body weight only in two instances at adulthood (pnd 74 & 95). 

3.1.2 Eye-opening (data not shown)
Maternal care history did not have a significant effect on eye-opening.  

3.1.3 APO-gnawing - Basal conditions (Fig. 2A)
Maternal care history did not have a significant main effect on APO-gnawing. 

3.1.4 Sensorimotor gating – Basal conditions (Fig. 2B,C)
Acoustic Startle (Fig.2B). There was a significant effect of startle block within the 

protocol on acoustic startle for all groups reflecting habituation (F2,230=56.40; p<0.001/ 
p<0.001 for all groups). Maternal care history had also a significant effect (F2,116=11.77; 
p<0.001).  Overall, Low LG offspring startled more than the other LG groups (p<0.001 
for both comparisons). They startled more than High LG and Med LG in all startle blocks 
(first: p=0.002 and p=0.001 respectively, middle: p=0.001 and p=0.002 respectively, last: 
p=0.003 and p=0.021 respectively).

PPI (Fig. 2C). There was a significant effect of the increasing prepulse intensity on 
PPI in all groups (F3,345=166.59; p<0.001/ p<0.001 for all groups). The maternal care 
history and its interaction with prepulse intensity effect had also a significant effect 
(F1,115=3.72; p=0.027). Surprisingly, Low LG, overall, displayed more PPI than the other 
LG groups (p=0.016 for both comparisons).  In the highest prepulse intensity 16dB[A] 
over background and in average (Fig. 2D), Low LG offspring display more PPI than High 
LG (p=0.023 and p=0.026 respectively).

3.1.5 APO-gnawing – Acute CORT condition (Fig. 3)
Compared to the non CORT pretreated condition, CORT pretreated High LG offspring 

had more extreme responders to APO [both more rats with no gnawing response, more 
rats with intense gnawing response and less rats with intermediate responnse] in their 
gnawing distribution. Therefore, both the distribution and the average gnawing counts 
were not different between the two groups.
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A Wilcoxon Signed Ranks Test showed a significant difference of the APO-gnawing 
distributions between CORT-pretreated and non CORT-preteated Low LG offspring 
(Z=-3.288; p<0.001). A right shift towards higher gnawing scores was actually found in 
CORT-pretreated rats (Fig. 3C). Additionally, Low LG offspring, displayed higher average 
APO-gnawing in the CORT pre-treatment condition than without CORT pretreatment 
(Fig. 3D; p=0.042). 

3.1.6 Sensorimotor gating – Acute CORT condition (Fig. 4A-F)
High LG (Fig. 4A,B). Acoustic Startle: All the injected groups displayed a significant 

effect of startle block, indicating habituation (p≤0.001). CORT injected group, during 
the second startle block, startled less than the VEH injected group (p=0.043).

PPI: All the injected groups displayed a significant effect of prepulse intensity (VEH: 
p=0.001, CORT: p=0.001, 0.002). CORT injected High LG offspring socials displayed more 
PPI than VEH injected in 8 dB[A] prepulse intensity (p=0.046). There was a significant 
effect of APO injection (F1,15=10.07; p=0.007) that interacts with  the prepulse intensity 
effect (F3,42=3.23; p=0.032). The APO injected rats displayed lower PPI than the VEH 
injected in all prepulse intensities, apart from 2 dB[A], (4: p=0.021, 8: p=0.006, 16: 
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Figure 2. Apomorphine-induced gnawing (A), 
acoustic startle (B) and its prepulse inhibition 
(C) of socially reared rats with previous naturally 
occurring maternal environment. Treatment 
groups: rats with maternal care history of High 
Licking & Grooming (High LG), Med LG or Low LG. 
Post-weaning rats were socially reared (socials). 
Left panel C show PPI expressed per prepulse 

intensity level, whereas right panel C show PPI data 
expressed as average across all prepulse intensities. 
Data presented as MEAN ± SEM. τ denotes 
startle block effect, π denotes prepulse intensity 
effect, * vs. corresponding values of Med LG, Ψ 
vs. corresponding values of High LG. The exact 
number of rats used is indicated in the different 
panels.
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p=0.014) and in the overall average (F1,15=10.07; p=0.007).
Med LG (Fig. 4C,D).  Acoustic Startle: All the injected groups display a significant 

effect of startle block, indicating habituation (p≤0.001). There is a significant interaction 
effect of CORT injection and startle block (F2,68=3.79; p=0.028). CORT injected Med LG 
socials startle more than the VEH injected in the first startle block (p=0.009).

PPI: All the injected groups display a significant effect of prepulse intensity (p≤0.001)
There is a significant effect of CORT injection (F1,35=4.40; p=0.043) that interacts with  

the prepulse intensity effect (F3,102=2.79; p=0.044). CORT injected Med LG socials display 
less PPI than VEH injected in 2 dB[A] prepulse intensity (p=0.001) and in the overall 
average (F1,35=4.40; p=0.043). There is a significant effect of APO injection (F1,35=26.59; 
p<0.001) that interacts with  the prepulse intensity effect (F3,102=4.47; p=0.005). The 
APO injected rats display lower PPI than the VEH injected in all prepulse intensities, 
apart from 2 dB[A], (4: p=0.021, 8: p<0.001, 16: p<0.001) and in the overall average 
(F1,35=26.59; p<0.001).

Low LG (Fig. 4E,F).   Acoustic Startle: CORT and APO injected groups display a 
significant effect of startle block, indicating habituation (p=0.004 for both). 
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Figure 3. Apomorphine-induced gnawing 
distributions with/without CORT pre-treatment 
of socially reared rats with previous naturally 
occurring maternal environment. Treatment 
groups: rats with maternal care history of High 
Licking & Grooming (High LG: panel A), Med 
LG (panel B)  or Low LG (panel C). In panel D 

the average gnawing counts of the different 
populations is presented. Post-weaning rats were 
socially reared (socials). Data presented as MEAN 
± SEM. Z denotes significant shift of the gnawing  
distribution, # significant effect of CORT injection. 
The exact number of rats used is indicated in the 
different panels.
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PPI: All the injected groups displayed a significant effect of prepulse intensity (VEH: 
p<0.001, CORT:  p=0.001, APO: p=0.003). There was also a significant effect of CORT 
injection (F1,15=8.15; p=0.013). The CORT injected Low LG socials displayed lower PPI 
than the VEH injected in the lower prepulse intensities (2 dB[A]: p=0.030, 4 dB[A]: 
p=0.003) and in the overall average (F1,15=8.15; p=0.013). There was a significant effect 
of APO injection (F1,15=20.45; p<0.001). The APO injected rats displayed lower PPI than 
the VEH injected in all prepulse intensities, apart from 8 dB[A], (2: p=0.002, 4: 0.036, 16: 
p=0.011) and in overall average (F1,15=40.94; p<0.001).
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Figure 4. Acute effects of CORT on acoustic 
startle and its prepulse inhibition of socially 
reared rats with previous naturally occurring 
maternal environment. Treatment groups: rats 
with maternal care history of High Licking & 
Grooming (High LG: panel A, B), Med LG (panel 
C,D) or Low LG (panel E,F).  Left panel at B, D and 
F show PPI expressed per prepulse intensity level, 

whereas right panel show PPI data expressed 
as average across all prepulse intensities. Post 
weaning rats were housed in groups (socials). 
Data presented as MEAN ± SEM. τ denotes startle 
block effect, π denotes prepulse intensity effect, * 
vs. corresponding values of Med LG, # significant 
effect of CORT injection, э significant effect of 
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3.1 Experiment IB - Naturally occurring maternal environment with post-weaning 
social isolation (basal conditions)

3.2.1 Body weight (Table 1)
Isolation rearing led to a reduction of body weight of Med LG rats in two instances 

at adulthood (pnd 74 & 102). 

3.2.2 APO-gnawing - Basal conditions (Fig. 5A)
For rats reared in social isolation, there was a significant effect of maternal care 

history (F2,63=5.61; p=0.006). Low LG isolates displayed lower gnaw count levels than 
both Med LG isolates (p=0.047) and High LG isolates (p=0.005).

3.2.3 Sensorimotor gating – Basal conditions (Fig. 5B,C)
Acoustic Startle (Fig. 5B). For rats reared in social isolation, there was a significant 

effect of startle block within the protocol on acoustic startle for all groups reflecting 
habituation (F2,134=24.83; p<0.001/ High LG: p<0.001, Med LG: p<0.001, Low LG: 
p=0.006). Overall, High LG isolates startled less than the Med LG (p=0.035). In particular, 
they startled less during the second and third startle blocks (p=0.026 and p=0.021 
respectively).

PPI (Fig. 5C). For rats reared in social isolation, there was a significant effect of the 
increasing prepulse intensity on PPI in all groups (F3,201=190.22; p<0.001/ p<0.001 for all 
LG groups). The maternal care history and its interaction with prepulse intensity effect 
had also significant effects (F2,69=8.63; p<0.001, F6,201=15.54; p<0.001 respectively). Low 
LG isolates, overall, displayed more PPI than the other LG groups (vs. High LG: p<0.001, 
vs. Med LG: p=0.004). More in detail, Low LG isolates displayed higher PPI compared 
to Med LG (2 dB[A]: p=0.005, 16 dB[A]: p=0.002), which displayed higher PPI than the 
High LG (2 dB[A]: p<0.001). In almost all prepulse intensities, Low LG isolates displayed 
more PPI than High LG (2: p<0.001, 4: p=0.014, 16 p=0.034). However, at 8 dB[A] over 
background High LG displayed the highest PPI (vs. Med LG: p<0.001, vs. Low LG: 
p=0.012).  In average PPI, Low LG displayed higher PPI levels than the other LG groups 
(F2,69=34.69; p<0.001/ p<0.001 for both separate comparisons).

3.3 Experiment II - Experimentally-induced adverse maternal environment with 
early-postnatal social isolation (basal condition)  

3.3.1 Body weight (table 2)
From pnd 11, HOME SEP rats were lighter than NON SEP/Med LG and NOVEL SEP. We 

have confirmed this difference in body weight, on a weekly basis, up to pnd 137.
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3.3.2 Eye-opening (data not shown)
NOVEL SEP pups eye-opening occurred approximately one day earlier compared to 

HOME SEP (p=0.038).

3.3.3 APO-gnawing - Basal conditions (Fig. 6A) 
NOVEL  SEP rats gnawed more than the HOME SEP (p=0.013).
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Figure 5. Apomorphine-induced gnawing (A), 
acoustic startle (B) and its prepulse inhibition 
(C) of rats reared in social isolation with previous 
naturally occurring maternal environment.  
Treatment groups: rats with with maternal care 
history of High Licking & Grooming (High LG), 
Med LG or Low LG.  Post weaning rats were 
reared in social isolation (isolates). Left panel C 
show PPI expressed per prepulse intensity level, 

whereas right panel C show PPI data expressed 
as average across all prepulse intensities. Data 
presented as MEAN ± SEM. τ denotes startle 
block effect, π denotes prepulse intensity effect, 
* vs. corresponding values of Med LG, Ψ vs. 
corresponding values of High LG. The exact 
number of rats used is indicated in the different 
panels.
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3.3.4 Sensorimotor gating – Basal conditions (Fig. 6B,C)
Acoustic Startle (Fig. 6B). There was a significant effect of startle block within the 

protocol on acoustic startle for all groups reflecting habituation (F2,96=95.508; p<0.001/ 
p<0.001 for all groups). The interaction of early-life adversity history and startle block 
had also significant effects (F6,96=3.30; p=0.014 respectively).  Overall, NOVEL SEP 
startled more than the controls NON SEP/Med LG (p=0.003). In the first startle block, 
NOVEL SEP more than NON SEP/Med LG (p=0.032) and the HOME SEP (p=0.028). 

PPI (Fig. 6C). There was a significant effect of the increasing prepulse intensity on PPI 
in all groups (F3,141=86.15; p<0.001/ p<0.001 for all groups). Overall and in average PPI, 
NOVEL SEP displayed less PPI than the HOME SEP (p=0.039). 
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Figure 6. Apomorphine-induced gnawing (A), 
acoustic startle (B) and its prepulse inhibition 
(C) of rats exposed to experimentally-induced 
adverse maternal environment +/- postnatal social 
isolation. Treatment groups: non separated (NON 
SEP/Med LG) had no previous history of treatments, 
repeatedly separated pups were exposed to 8h-
MS on pnd 3, 4 & 5 in a home (HOME SEP; home 
separated) or novel context (NOVEL SEP; novel 
separated). Post-weaning rats were socially reared. 

Left panel C show PPI expressed per prepulse 
intensity level, whereas right panel C show PPI data 
expressed as average across all prepulse intensities. 
Data presented as MEAN ± SEM. τ denotes startle 
block effect, π denotes prepulse intensity effect, 
£ vs. corresponding values of HOME SEP, * vs. 
corresponding values of NON SEP/Med LG. The 
exact number of rats used is indicated in the 
different panels.
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4. Discussion 

The goal of this study was to investigate the effect of the interaction of early-life 
adversity and later-life stress context on the programming of psychosis susceptibility. 
Our data of Experiment IA support the cumulative stress hypothesis since the adult Low 
LG offspring were more susceptible to the effects of acute CORT than Med LG or High 
LG offspring. However, the data of Experiments IB and II are in line with the predictions 
of the mismatch hypothesis since we demonstrated that if there is a “mismatch” 
between the early-life environment and the later social environment, the susceptibility 
for psychosis was increased. This was demonstrated in the case of the combination of 
High maternal LG history with social isolation at weaning and in the case of NOVEL SEP 
rats that matured post-weaning in social (group) housing conditions.

4.1 Naturally occurring variation in maternal environment (basal conditions)
In Long Evans rats, early-life adversity can predict altered social behavior, an enhanced 

psychoneuroendocrine response to stress and impaired cognitive functioning, but also 
alterations in working memory and social interaction, increased DA susceptibility and 
decreased sensorimotor gating [17-19, 39, 40]. A naturally occurring Low maternal LG 
in Wistar rats did not increase basal APO-gnawing, decrease basal PPI or reduce body 
weight. It increased only acoustic startle and, surprisingly, increased PPI at high pre-
pulse intensity levels. 

Low maternal care, alone, in Wistars did not yield the outcome expected from 
studies in Long Evans rats. This suggests that genetic background may influence the 
programming sensitivity of the pups to early-life adversity [41]. Our recent data indicate 
actually that genetic predisposition for DA susceptibility contributes to the sensitivity 
to naturally occurring variations of maternal care [33, 34, 42, 43]. Genotype dependent 
vulnerability (as seen in Long Evans rats) versus resilience (as seen in Wistar rats) towards 
adversity of the early-life environment has been demonstrated also in humans [44, 45].

4.2 Naturally occurring variation in maternal environment (acute CORT condition)
First, we observed that CORT-pretreatment, one hour prior testing, increased the 

average APO-gnawing of Low LG offspring due to a shift to the right of their gnawing 
distribution towards higher APO-gnawing counts.  Acute stress and glucocorticoids 
can enhance DA synthesis and release [46, 47]. Studies with knock-out mice have 
demonstrated that this glucocorticoid action is mediated by GR expressed in the 
midbrain DA neurons of the reward circuitry and their targets (dopaminoceptive neurons 
of the NAc, caudate putamen, and PFC) [48]. The role of GR-mediated mechanisms in 
the observed phenotype of the Low LG offspring needs, however, further investigation.

Interestingly, our APO injections created a fast disruption, within 10min, of PPI in all 
groups. The high doses of APO, can be considered a control condition to validate the 
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maximum disruption of PPI possible in our experimental setup. All groups responded 
similarly to these injections indicating that the effect of APO we observed is indeed 
probably a “floor effect”. Furthermore, CORT-injections also caused a fast disruption of 
PPI in Med LG and Low LG offspring, but not in High LG offspring. The effect was strong 
after a history of enhanced adversity of the maternal environment (Low LG). Previously 
in healthy human volunteers with no psychiatric history a similar fast reduction of 
PPI levels after infusion of CORT was observed [20]. The CORT effect is probably not 
mediated through a genomic pathway [49], but possibly via the recently identified 
membrane variant of the MR and/or GR [50, 51], as it was induced within 10min of 
administration.

Taken together, acute CORT administration could reveal the negative impact of 
enhanced adversity of the maternal environment on psychosis susceptibility (APO-
gnawing and PPI), supporting the cumulative stress hypothesis. The difference of High 
and Low LG in the sensitivity to acute CORT calls for further investigation. 

4.3 Naturally occurring variation in maternal environment with post-weaning social 
isolation 

We investigated the interaction of early-life experience and post-weaning social 
environment. In previous studies using the combination of maternal deprivation 
and isolation rearing or chronic CORT administration it was discovered that the 
combination of two environmental stressors in development led to restoration of 
normal functions. One study showed that the basal PPI deficit caused by 24h-MD was 
restored after social isolation at adulthood [12]. Another two studies found that the 
DA (APO or amphetamine)-induced PPI deficit was reduced in maternally deprived 
rats chronically treated with CORT post puberty [14, 15]. These findings supported the  
mismatch hypothesis [4, 52], since when the later testing environment resembled (i.e. a 
“match”) the early-postnatal social environment a low psychopathology susceptibility 
can be predicted, whereas if the early-postnatal and the later social environment were 
different (i.e. a “mismatch”) there was increased susceptibility for psychopathology.  

Interestingly, in our study when the (naturally occurring) Low LG offspring were 
housed in a post-weaning social isolation, psychosis susceptibility was reduced. Low 
LG displayed clearly an enhancement of PPI and their acoustic startle was no longer 
increased. In contrast, High LG individuals were sensitive to isolation rearing, which 
caused disruption of PPI.  The Low LG offspring displayed better outcome than High 
LG offspring when reared in isolation in terms of DA susceptibility. Isolation rearing 
led to a reduced APO-gnawing in Low LG offspring, compared to High LG offspring. 
These findings demonstrate that maternal care history can modulate programming 
sensitivity to such an extent that the well groomed offspring becomes sensitive to 
social isolation, as an environmental factor precipitating psychosis susceptibility, while 
the reverse is observed in the offspring that received poor maternal care. Hence, this is 
a prime example of the “mismatch” hypothesis. 
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4.4 Experimentally-induced adverse maternal environment 
MS imposed reduced levels of maternal care to the neonate Wistar pups and, as 

adults, they displayed reduced body weight, if they stayed as a litter in the home cage 
during maternal absence (HOME SEP). If during MS pups were in a novel environment 
isolated from their peers (NOVEL SEP), maternal care was also decreased, but body 
weight was not affected. However, this group compared to controls displayed increased 
DA-system sensitivity to APO and increased acoustic startle, while PPI was decreased. 

An increase in perseverative behaviors, manifested here by APO-gnawing, and 
a reduction of sensorimotor gating induced by early-life stress was not unexpected. 
Maternally deprived rats (i.e. 24h-MD) also displayed higher APO-gnawing and 
disruption of basal sensorimotor gating in previous studies [36, 53-56]. In these studies, 
maternally deprived rats displayed deficits in PPI together with deficits in latent 
inhibition, that were both linked with altered NMDA receptor-dependent hippocampal 
plasticity [53-55]. 

Interestingly both MS groups (and especially NOVEL SEP) were in a mismatch 
condition when tested at adulthood: their adverse maternal environment did not match 
with later “normal” social rearing. The importance of our finding lies in the fact that 
we could distinguish the impact of early-life adversity per se from the effect of a non-
shared early stressful experience because of the isolation in a novel environment. From 
our previous research using this model, we know that the NOVEL SEP pups’ amygdala is 
activated prematurely early in life (pnd 5) and this predicted an adult fearful phenotype 
with deficits in social interaction [57]. Our studies imply that increased fear and stress 
reactivity and psychosis susceptibility coincide. This interesting co-precipitation of 
phenotypes, after early stressful experience that is not shared with peers, is supported 
by human data suggesting a link between HPA reactivity and psychotic symptoms 
[21]. Hence programming sensitivity can be modulated early in life not only by genetic 
background but also by the individual’s experience.

4.5 Beyond maternal care levels: role of experience
HOME SEP/NOVEL SEP and Low LG groups shared reduced LG levels the first 

postnatal week, but yet their phenotypes in later life are different or even opposing. 
Obviously, experimentally-induced and naturally-occurring maternal care deficits 
do not represent the same degree or quality of early-life adversity and the maternal 
mediation hypothesis maybe not the sole mechanism programming adult phenotypic 
plasticity [58, 59]. It was proposed that environmental adversity contributes, on its own 
and together with the maternal repertoire, to lasting alterations on the offspring’s HPA 
responses and behavior [60].  The notion that the pups’ experience during maternal 
absence can influence the outcome [26, 57] is in line with recent pioneering studies on 
neonatal learning of preference or avoidance depending on dam’s presence, the pup’s 
CORT levels and amygdala maturation [61, 62].
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5. Conclusion

This study was designed to investigate the lasting impact of the interaction 
between early-life adversity and later stress contexts on psychosis susceptibility in 
adult life. The CORT experiment revealed that possibly acute stress has an additive 
impact on psychosis susceptibility in individuals with increased early-life adversity, 
which is evidence in support of the cumulative stress hypothesis. We also found that the 
interaction of post-weaning social environment with the early-life experience supports 
the mismatch hypothesis for psychosis susceptibility. Finally, experience-related 
factors, like early isolation from peers, can influence the sensitivity to developmental 
programming.
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