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Abstract 
Maternal care is an important environmental factor for rats early in life. Previously it was 
shown that adult offspring from dams exhibiting extremely high versus low maternal care 
differ remarkably in dendritic complexity and the ability to exhibit long-term synaptic 
potentiation in the CA1 area. Yet, over 70% of the pups do not belong to these extreme 
categories of maternal care, questioning the general relevance of the earlier observations. 
Therefore we here investigated if the influence of maternal care is discernable over its 
entire range and can serve as an index predicting later CA1 structure and function. To this 
end, we determined the amount of licking and grooming (%LG) received by each pup 
during the first postnatal week and examined if this correlates significantly with dendritic 
morphology and synaptic plasticity of CA1 neurons. Interestingly, for nearly all 
parameters the direction of the correlation was different between male and female 
offspring. In males, both total apical branch length and apical dendritic complexity 
correlated significantly and positively with %LG. In females, we observed a non-
significant negative correlation, which was however significantly different from the 
situation in males. No significant correlation was found between the %LG and the 
amount of synaptic potentiation, neither in male nor in female offspring, whether slices 
had been treated with corticosterone or vehicle. However, in male rats the degree of 
potentiation seen after corticosterone compared to vehicle treatment was almost 
significantly (negatively) related to the %LG received early in life; this differed 
significantly from what was observed in females. The data suggests that %LG received in 
the first postnatal week results in moderate effects on adult CA1 structure and function, 
effects that are however clearly sex-dependent.     
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Introduction 
Adverse early environmental factors have been shown to affect hippocampal development 
and are associated with an increased chance of psychopathology in adulthood (Parker, 
1983; Repetti et al., 2002; McEwen, 2003; Nemeroff, 2004a, b). To study the underlying 
neurobiological substrate that may mediate these effects, several animal models have 
been used, mostly involving separation of offspring from their mother for shorter, longer 
and/or repeated periods of time (for review see Meaney, 2001a; Pryce et al., 2005), 
thereby intervening with normal maternal behavior. Since these disruptions in maternal 
care were shown to account for at least part of the effects in the offspring (Francis and 
Meaney, 1999; Pryce et al., 2001; Macri et al., 2008), a rat model directly addressing 
mother-pup interactions was developed to study the naturally occurring variations in 
maternal care (and specifically the amount of licking and grooming, LG) among a normal 
undisturbed population of dams. 

Previous studies using this maternal care model compared the adult offspring of 
dams displaying very low amounts (>1 standard deviation below the mean) of LG (i.e. Low 
LG mothers) with that of High LG dams (>1SD above the mean). These two extreme 
groups of animals differed in many respects, including their learning and memory 
performance, DNA methylation patterns, and stress reactivity (Bredy et al., 2003b; 
Weaver et al., 2004; Weaver et al., 2005; Champagne et al., 2008; Bagot et al., 2009). 
Moreover, we reported for both the dentate gyrus (DG) and CA1 area that dendritic 
complexity was higher in High versus Low LG male offspring (Champagne et al., 2008; 
Bagot et al., 2009). The ability to induce synaptic potentiation was stronger in tissue from 
High compared to Low offspring rats, but this reversed when the tissue was exposed to 
corticosterone (Champagne et al., 2008; Bagot et al., 2009).   

The disadvantage of this ‘between-litter observation’ model is that it does not 
investigate animals which receive intermediate amounts of care, which account for more 
than 70% of the offspring. Moreover, the contribution of the genetic background can only 
be excluded with additional cross-fostering control experiments. Therefore, we (Van 
Hasselt et al., 2011) and others (Claessens et al., personal communication) recently 
adapted this model, making use of the considerable within-litter differences in maternal 
care. We reasoned that if the %LG (regardless of the mother providing it) is a determining 
factor for brain function later in life, there should be a significant correlation between 
these two parameters over the entire range of LG. In the DG, the differential amount of 
maternal care received by individuals was indeed shown to correlate with synaptic 
plasticity, while predictions about morphology were less accurate (Van Hasselt et al., 
2011).  

We here report on data of the hippocampal CA1 area from the same cohort of 
animals; this brain region is very interesting too, since previous experiments - using the 
between-litter differences in maternal care- showed clear differences in the structure and 
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function of CA1 cells from animals that had received extremely high versus low amounts 
of maternal care (Champagne et al., 2008). The latter study only included male offspring. 
Since the susceptibility to psychopathology in humans appears to differ between males 
and females (Weissman and Klerman, 1977; Nolen-Hoeksema, 1987; Kessler et al., 1993; 
Solomon and Herman, 2009), we presently included female offspring in our 
investigations and tested the hypothesis that the amount of LG received by each pup in 
the litter correlates with CA1 synaptic potentiation and dendritic morphology later in life. 

 
 

Materials and Methods 
Maternal care 
All experimental procedures were approved by the animal ethical and welfare committee 
of the University of Amsterdam. The animals used in this study were bred in our facility, 
and kept on a 12h light/dark schedule (lights on at 8:00 hrs) at a room temperature of 20-

22C and 40-60% humidity. Food was available ad libitum.  
Male and female outbred Long Evans rats were obtained from Harlan (Indianapolis, 

US) at approximately 2.5 months of age. After habituation to the animal facility, one male 
and two females were housed together for one week to allow mating. About one week 
before giving birth, the females were separated and housed individually in large 
observation cages (30x55x45 cm). We checked for births every day at 17:00, and when a 
litter was found, that day was designated post-natal day 0 (PND0, day of birth). On 
PND1, each litter was preferably culled to 8 pups (gender distribution was kept as close to 
4 males / 4 females as possible), and each pup was uniquely marked with a non-toxic, non-
scenting surgical marker (Codman, Johnson and Johnson, Brunswick, NY; see for details 
Van Hasselt et al., 2011). The marking was repeated every morning until weaning to 
enable pup identification. At weaning, on PND 21, pups were ear-punched for later 
identification and group-housed with their same-sex littermates until testing around 7-8 
weeks of age. 

Maternal care observations were done from PND1 to PND7, as previously described 
(Champagne et al., 2003; Van Hasselt et al., 2011). Specific behaviors that we scored 
included arched-back nursing (ABN), passive nursing, time in contact with the pups and 
time away from the nest, but most importantly licking and grooming (LG). Dams were 
observed 5 times per day (7:00, 10:00, 13:00, 17:00 and 20:00 hrs) for one hour, and their 
behavior was scored every 3 minutes, resulting in a total of 700 observations in a week. In 
addition to scoring the maternal behavior towards the whole litter, we also determined 
LG scores for each individual pup within a litter. We were able to distinguish which pup 
underwent LG in about 60% of the cases, and because this percentage differed slightly 
between litters we used the following equation to correct for this: (% individual LG 
observed)/(% total LG identified) * 100%. In contrast with what previous studies suggest 
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(Liu et al., 1997; Pryce et al., 2001), the daily marking (and thus handling) of the pups did 
not affect overall LG scores, nor did the location of the markings on the body influence 
pup preference (unpublished data). Details of the cohort to which the current rats 
belonged are provided in Van Hasselt et al. (2010). The data reported in the present study 
were obtained from 18 litters, containing in total 74 female and 66 male rats. 

 
Morphological analysis 
Young-adult male and female offspring (7-8 weeks old) were decapitated at 9:00 hrs, 
when corticosterone (CORT) levels were low (see results section). As animals were group-
housed, inevitably one animal remained in the cage by itself after all others had entered 
the experiment, resulting in a stressful condition. This was indeed reflected by their 
elevated corticosterone levels (see results section). We used the data from these rats to 
get insight in the correlation between stress-induced corticosterone levels and CA1 
structure.  

To determine dendritic complexity of CA1 pyramidal cells, we used the Golgi-Cox 
method, as described previously (Boekhoorn et al., 2006; Van Hasselt et al., 2011). After 
decapitation, one of the hemispheres was immediately immersed in Golgi-Cox solution. 
After 28 days of incubation in the dark, the tissue was dehydrated and embedded in 
celloidine. A vibratome was used to cut whole-brain 200 μm-thick coronal slices 
containing the dorsal hippocampus. Sections were stained as described by Boekhoorn et 
al. (2006) and mounted on glass slides.  

For each animal, five cells that were randomly chosen from different slices were 
imaged and traced using ImagePro and NeuroDraw software. Only cells that i) were 
thoroughly filled and ii) did not substantially interfere with neighboring cells or debris, 
were selected for analysis. Dendritic tracing was carried out by experimenters blind to the 
background of the animals, and several morphological parameters were analyzed (total 
dendritic length, average branch length, number of branch points, and dendritic 
complexity index [DCI = (∑ branchtip orders + # of branch tips)/(# of primary dendrites) * 
(total dendritic length)]. 

 
Electrophysiology 
After decapitation, the brain was rapidly removed from the skull and immersed in chilled 
artificial cerebrospinal fluid (aCSF) containing 120 mM NaCl, 3.5 mM KCl, 1.3 mM 
MgSO4·7H2O, 1.25 mM NaH2PO4, 2.5 mM CaCl2·2H2O, 10 mM glucose and 25 mM 
NaHCO3, which was oxygenated with 95% O2 and 5% CO2. Coronal slices (400 μm thick) 
containing the dorsal hippocampus were cut using a vibratome (Leica VT1000S), and 
stored in oxygenated aCSF at room temperature for at least 2 hours before starting the 
experiment (Wiegert et al., 2006; Bagot et al., 2009). 
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For field potential recordings in the hippocampal CA1 area, the slices were 
transferred to a recording chamber with a constant flow of oxygenated aCSF (30-32˚C). A 
bipolar stainless steel stimulation electrode (60 μm diameter, insulated except for the tip) 
was positioned on the Schaffer collaterals, and field excitatory post-synaptic potentials 
(fEPSPs) were recorded with a glass recording pipette (2–5 MΩ impedance), filled with 
aCSF and placed in the middle third of the CA1 stratum radiatum. Each recording session 
started with establishing an input-output curve by gradually increasing the stimulus 
intensity until maximal evoked responses were recorded. The stimulus intensity that 
yielded half-maximal responses was determined and used throughout the remainder of 
the recording session (Wiegert et al., 2005). We recorded baseline synaptic transmission 
for at least 20 minutes before applying tetanic stimulation (10 Hz, 900 pulses; Mayford et 
al., 1996; Wiegert et al., 2005). To assess the modulation of synaptic plasticity by 
corticosterone, the slices were perfused with either vehicle (0.01% ETOH dissolved in 
aCSF) or CORT (Sigma-Aldrich, 100 nM in 0.01% ETOH dissolved in aCSF) during the last 
10 minutes of baseline recording. Drug perfusion co-terminated with tetanic stimulation 
(Wiegert et al., 2006). 

Synaptic responsiveness was recorded for 60 min following high-frequency 
stimulation, at a stimulus interval of 60 s. Only fEPSP slope was assessed, since in some 
cases the signal contained a population spike, confounding amplitude measurements. The 
degree of long-term potentiation was determined as 100 x (the evoked responses 
averaged over the post-tetanus period) / (the average of pre-tetanus baseline responses).  

 
Hormone assays 
At the time of decapitation, trunk blood from every animal was collected in EDTA-coated 
tubes, placed on ice and centrifuged for 20 minutes at 5000 rpm. The plasma was stored 
at -20˚C, until use for determination of circulating hormone levels by radio-immunoassay 
(RIA): corticosterone (MP Biomedicals, Amsterdam, The Netherlands), oestradiol (MP 
Biomedicals, Montréal, Canada) and progesterone (MP Biomedicals, Montréal, Canada).  

 
Statistical analysis 
Statistical analyses were conducted using SPSS 11.0 for Windows. All correlations were 
tested using linear regression with LG as the independent (predictor) variable. For each 
parameter we compared the correlation coefficient obtained in males with that in 
females. To determine if these coefficients were significantly different from each other, 
we converted their r-values to z-scores and calculated the z-score of the difference 
between the correlations and its corresponding two-tailed probability value (Field, 2009).  
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Results 
Maternal care 
All data were obtained from 18 litters, which formed a subset of a cohort of animals that 
we reported on earlier (Van Hasselt et al., 2011). Considering that the %LG was used as 
variable in each experiment, there is in principle no reason to analyze males (n=66) and 
females (n=74) separately. However, the young-adult females incorporated in the present 
experiments were subject to varying levels of sex hormones due to their estrous cycle, 
which might interfere with the effects associated with maternal care. Hence, we first 
determined for each parameter whether i) in females, that parameter correlated with 
plasma estradiol or progesterone levels and whether ii) the direction of the correlation 
with %LG differed between both sexes. If either of these two tests was affirmative, we 
refrained from pooling the data obtained in males and females. In contrast to the DG, the 
direction of the correlation for all parameters studied in the CA1 area turned out to be 
different for males and females (see below and Table I). Therefore, we report all data 
separately for males and females.  
 
Morphology 
Previous studies – using the model which focused on the extremely high and low LG/ABN 
mothers – have shown effects of maternal care on dendritic complexity in the 
hippocampal CA1 area (Champagne et al., 2008). Therefore, we here examined if 
individual differences in LG also correlate with adult CA1 pyramidal cell branch length, 
branch points and dendritic complexity (Figure 1A,B). 

In males, both the apical dendritic complexity index (DCI, Figure 1C; Table I) and 
total apical branch length (Figure 1D; Table I) showed a significant positive correlation 
with %LG. Between the number of branch points and %LG we found a positive, though 
non-significant, trend (Table I). All correlation coefficients for basal dendritic tree 
parameters were also positive, but none of them reached significance (see Table I). In 
females, we observed an opposite effect of LG on dendritic complexity. Apical DCI, total 
branch length and number of branch points all showed a negative relationship with the 
amount of LG although this did not reach significance (see Figure 1E; Table I). For the 
basal dendritic tree a similar pattern emerged (Table I), which was significant for the 
number of branch points (Figure 1F) and showed a trend with %LG for the total branch 
length. Additionally, when directly comparing the effects of LG on DCI in males and 
females, we found that their regression coefficients differ significantly from each other 
(apical: p=0.01, basal: p=0.03). This was also observed with respect to the total apical 
(p=0.01), but not basal, dendritic length, and for the number of branchpoints in the basal 
(p=0.03), but not apical, dendritic tree.  

In conclusion, CA1 pyramidal cells of males that received high compared to low 
amounts of LG exhibited big and complex apical and basal dendritic trees, whereas cells of 
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females in the higher %LG range tended to show smaller and less complex dendrites 
compared to animals that received less maternal care in early life. Overall, the data 
indicate a clear gender-dependent effect of LG on CA1 dendritic morphology.  

 
Figure 1. Effect of maternal care on 
CA1 dendritic morphology. (A,B) 
Typical examples of a Golgi-stained CA1 
pyramidal neuron, and the corresponding 
dendritic reconstruction drawing, basal 
and apical respectively. Calibration bars: 
20 μm. (C,D) In 7-8 week old male 
offspring, %LG showed a significant 
positive correlation with apical dendritic 
complexity index [DCI= (∑ branchtip 
orders + # of branch tips) /(# of primary 
dendrites) * (total dendritic length)] 
(n=13, r=0.589, p=0.03) and total apical 
branch length (n=13, r=0.637, p=0.02) 
respectively. (E) Conversely, in females, 
%LG tended to correlate negatively with 
apical DCI (n=12, r=-0.359, p=0.25). (F) 
For the basal dendritic tree, only the 
number of branch points showed a 
significantly negative correlation with 
%LG in young-adult female offspring 
(n=12, r=-0.588, p=0.04). Data points 
represent averaged values of five granule 
cells per animal. 
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Electrophysiology 
Synaptic potentiation was induced by a mild stimulation protocol which is sensitive to 
corticosterone and stress (Kim et al., 1996; Wiegert et al., 2005) and which was previously 
used in the study examining offspring from High versus Low LG mothers. This protocol 
resulted in synaptic potentiation in some but not all animals, as shown in figure 2A 
(typical examples). 

 

Figure 2. Synaptic potentiation in the hippocampal CA1 area in 7-8 week old offspring. (A) Typical examples of 
field recording traces from an animal that did exhibit LTP in the CA1 after high-frequency stimulation (left panel) and 
one that did not (right panel). (B) In male offspring, the CORT/VEH fEPSP slope ratio showed a nearly significant 
negative correlation with %LG received in the first postnatal week (n=7, r=-0.727, p=0.06). (C) In female offspring, 
however, this correlation was reversed, though not significant (n=10, r=0.167, p=0.65). 

 
In young-adult males, we found a slight, though non-significant, positive 

association between the amount of LG received and the amount of synaptic potentiation 
after high-frequency stimulation in vehicle conditions (see Table I). If high-frequency 
stimulation was applied in the presence of high levels of corticosterone, the direction of 
the correlation coefficient was reversed: animals with low individual LG scores showed 
somewhat stronger LTP-induction than animals with higher LG scores (see Table I). In a 
limited number of animals we were able to record synaptic potentiaton after 
corticosterone treatment as well as (in a different slice) after vehicle conditions, so that 
the ratio of potentiation observed under the two conditions could be determined per 
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animal. If this ratio was examined as a function of the %LG, a negative and almost 
significant correlation was found (p=0.06; Figure 2B; Table I).  

 
Table I. Correlations between individual %LG received during the first postnatal week and structural and functional 
parameters in the CA1 hippocampal area, and basal or stress-induced corticosterone (CORT) levels (* p≤0.05). 
 

MALES 

Parameter        r=  p=  n= 

Morphology 

Apical dendritic length       .637  .02*  13 

Apical # branch points       .485  .09  13 

Apical DCI         .589  .03*  13 

Basal dendritic length       .311  .30  13 

Basal # branch points       .213  .48  13 

Basal DCI         .224  .46  13 

Electrophysiology   

fEPSP slope LTP (0‐60 min), VEH     .203  .57  10 

fEPSP slope LTP (50‐60 min), VEH     .154  .67  10 

fEPSP slope LTP (0‐60 min), CORT    ‐.386  .27  10 

fEPSP slope LTP (50‐60 min), CORT    ‐.441  .20  10 

fEPSP slope LTP (0‐60 min), CORT/VEH  ‐.727  .06  7 

fEPSP slope LTP (50‐60 min), CORT/VEH  ‐.601  .15  7 

Endocrinology   

Basal CORT levels       .074  .70  30 

Stress‐induced CORT levels    ‐.012  .97  12   

 

FEMALES 

Parameter        r=  p=  n= 

Morphology 

Apical dendritic length      ‐.389  .21  12 

Apical # branch points      ‐.492  .11  12 

Apical DCI        ‐.359  .25  12 

Basal dendritic length      ‐.527  .08  12 

Basal # branch points      ‐.588  .04*  12 

Basal DCI        ‐.418  .18  12 

Electrophysiology 

fEPSP slope LTP (0‐60 min), VEH    ‐.143  .63  14 

fEPSP slope LTP (50‐60 min), VEH    ‐.183  .55  14 

fEPSP slope LTP (0‐60 min), CORT    .299  .30  14 

fEPSP slope LTP (50‐60 min), CORT    .378  .18  14 

fEPSP slope LTP (0‐60 min), CORT/VEH  .167  .65  10 

fEPSP slope LTP (50‐60 min), CORT/VEH  .279  .47  10 

Endocrinology   

Basal CORT levels      .183  .24  44 

Stress‐induced CORT levels    .483  .07  15   

 

In females, the opposite effect seemed to occur. We did not find any difference in 
synaptic plasticity between animals with different individual LG scores when vehicle 
solution was applied (Table I). When a high dose of corticosterone was applied during 
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high-frequency stimulation a slightly positive but non-significant trend emerged between 
post-tetanic fEPSP slope and %LG (Table I). Together, this lead to a positive correlation 
between the CORT/VEH fEPSP slope ratio and %LG (Figure 2C; Table I). When comparing 
the regression coefficients of the CORT/VEH fEPSP slope ratios, and thus the 
corticosterone x maternal care interaction effects, in males and females, we found a 
significant difference between genders (p=0.05). This indicates that males and females 
respond differently in terms of synaptic plasticity to the combination of a variable LG 
background and the presence of corticosterone.  

 
Hormones 
Basal corticosterone levels ranged between 0.8 ng/ml and 87.4 ng/ml in males and 0.2 
ng/ml and 159.0 ng/ml in females (mean +/- SEM: 8.7 +/- 3.0 ng/ml in 30 males and 32.0 
+/- 6.0 ng/ml in 44 females). In animals subjected to isolation stress, this was 
significantly (p<0.001 for both males and females) higher (mean +/- SEM: 52.3 +/- 15.6 
ng/ml in 12 males and 225.4 +/- 23.8 ng/ml in 15 females). 

Figure 3. Hormonal effects on structural and functional parameters. (A) Basal plasma corticosterone levels in 
male 7-8 week old offspring showed a significantly positive correlation with apical DCI in hippocampal CA1 pyramidal 
cells (n=6, r=0.836, p=0.04). (B) In females, basal CORT levels correlated significantly and negatively with total basal 
dendritic length (n=10, r=-0.635, p=0.05).  

 
As reported before for the entire cohort of animals (Van Hasselt et al., 2011, Table 

I), basal or stress-induced plasma corticosterone levels in the current subgroup did not 
correlate significantly with LG. Basal plasma corticosterone levels did also not correlate 
with the degree of CA1 synaptic potentiation and with most morphological parameters 
(see Table II). Only apical DCI in males showed a somewhat unexpected significant 
positive correlation with basal CORT levels (Figure 3A), but it should be noted that this 
was greatly influenced by one animal with a very high basal CORT level. By contrast, basal 
total dendritic length in females correlated negatively (Figure 3B) with basal CORT levels. 
Female sex hormone levels (estradiol and progesterone) were not found to correlate 
directly, or in interaction with LG, with structural parameters and plasticity 
measurements (see Table II).  
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Table II. Correlations of basal and stress-induced CORT level, estradiol (E2) level and progesterone (P) level with the 
main structural and functional parameters in the CA1 hippocampal area (* p≤0.05).  
 

MALES 

Parameter        r=  p=  n= 

Basal CORT vs apical dendritic length   .577  .23  6 

Basal CORT vs apical DCI     .836  .04*  6 

Basal CORT vs apical # branch points   .598  .21  6 

Stress CORT vs apical dendritic length   .312  .50  7 

Stress CORT vs apical DCI    ‐.052  .91  7 

Stress CORT vs apical # branch points   .390  .39  7 

Basal CORT vs basal dendritic length   .339  .51  6 

Basal CORT vs basal DCI    ‐.493  .32  6 

Basal CORT vs basal # branch points   .010  .99  6 

Stress CORT vs basal dendritic length   .686  .09  7 

Stress CORT vs basal DCI     .075  .87  7 

Stress CORT vs basal # branch points   .437  .33  7 

Basal CORT vs LTP (0‐60 min), VEH     .006  .99  9 

Basal CORT vs LTP (0‐60 min), CORT   .197  .64  8 

Basal CORT vs LTP (0‐60 min), CORT/VEH  ‐.112  .83  6 

   

FEMALES 

Parameter        r=  p=  n= 

Basal CORT vs apical dendritic length  ‐.325  .36  10 

Basal CORT vs apical DCI     .039  .92  10 

Basal CORT vs apical # branch points  ‐.030  .93  10 

Basal CORT vs basal dendritic length  ‐.635  .05*  10 

Basal CORT vs basal DCI    ‐.141  .70  10 

Basal CORT vs basal # branch points  ‐.526  .12  10 

Basal CORT vs LTP (0‐60 min), VEH     .310  .28  14 

Basal CORT vs LTP (0‐60 min), CORT  ‐.118  .70  13 

Basal CORT vs LTP (0‐60 min), CORT/VEH  ‐.304  .39  10 

E2 vs apical dendritic length     .183  .57  12 

E2 vs apical DCI       .074  .82  12 

E2 vs apical # branch points     .101  .75  12 

P vs apical dendritic length    ‐.027  .93  12 

P vs apical DCI       .058  .86  12 

P vs apical # branch points     .047  .89  12 

E2 vs LTP (0‐60 min), VEH     .118  .69  14 

E2 vs LTP (0‐60 min), CORT    ‐.058  .85  13 

E2 vs LTP (0‐60 min), CORT/VEH    ‐.078  .83  10 

P vs LTP (0‐60 min), VEH    ‐.049  .87  13 

P vs LTP (0‐60 min), CORT    ‐.167  .60  12 

P vs LTP (0‐60 min), CORT/VEH    ‐.145  .71  9   

 
 
Discussion 
Previously it was reported that offspring from dams exhibiting an extremely high as 
opposed to a low amount of LG (i.e. >1 SD from the mean) show a high dendritic 
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complexity and ability to exhibit long-term synaptic potentiation in the CA1 area in 
adulthood (Champagne et al., 2008). Interestingly, the ability to induce LTP was reversed 
when slices had been pretreated with corticosterone, 1-4 hrs before high frequency 
stimulation, showing strongest LTP in Low LG offspring. 

Similar observations were made in the dentate gyrus (DG), although in that study 
slices were treated with corticosterone (or vehicle) just prior to and during high frequency 
stimulation (Bagot et al., 2009). Since more than 70% of the pups are born from dams 
with moderate amounts of maternal care (<1SD from the mean), one may wonder about 
the general applicability of these findings. Therefore we examined if the amount of LG 
received early in life in general correlates with hippocampal structure and function. To 
avoid a possible influence of genetic background, we used the %LG received by each 
individual pup as an index, regardless of the overall amount of care of the mother towards 
the entire litter. Data were obtained from a larger cohort which was extensively described 
in a recent study (Van Hasselt et al., 2011). It was concluded that individual LG scores can 
indeed be reliably obtained by single-pup observations. The earlier study reported that 
%LG correlates significantly with LTP induction in the DG, with hippocampal GR and 
BDNF expression and to a lesser degree with DG granule cell dendritic complexity. 
However, %LG did not correlate with either basal plasma CORT levels, confirming 
findings in the between-litter maternal care model (Liu et al., 1997; Champagne et al., 
2008), or with stress-induced CORT levels. 

In the present study we focused on the CA1 area. In males, %LG correlated 
positively with the apical dendritic complexity index and total arbor length, indicating 
that animals that received more care early in life show a more complex apical dendritic 
tree in adulthood. In females a correlation in the opposite direction emerged, although 
this correlation turned out to be not significant. Yet, we observed a significant difference 
between male and female rats with respect to the correlation between %LG and CA1 
pyramidal cell dendritic structure. Such divergent effects of early life environment on 
dendritic structure of male versus female offspring were earlier also reported for the 
dentate gyrus (Van Hasselt et al., 2011). It should be noted that we used naturally cycling 
female rats in our study, so that circulating estradiol and progesterone levels differed 
between individual rats. Since these hormones are known to affect CA1 cell structure 
(Gould et al., 1990; Woolley and McEwen, 1993; Warren and Juraska, 1997; Cooke and 
Woolley, 2005) – and much more so than cells in other hippocampal areas – it can 
certainly not be excluded that influences by these hormones masked the effect of LG 
received early in life. Even though we did not find a direct correlation between CA1 
morphology and estradiol or progesterone levels at the time of decapitation, long-term 
effects of these hormones rather than effects exerted shortly before the experiment could 
have influenced the findings. Since estradiol is known to wield neuroprotective effects 
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through its receptors (Zhao and Brinton, 2007; Gingerich et al., 2010; Yang et al., 2010) it 
possibly protects CA1 cells against the effects of stress levels of CORT (Luine, 2002). 

Along the same vein, it is possible that long-term effects of corticosterone 
contributed to the eventual CA1 pyramidal structure. The fact that dendritic morphology 
in males generally did not correlate with stress-induced corticosterone levels at least 
supports that corticosteroid effects developing shortly before decapitation did not 
influence the correlations, but putative long-term influences could be due to the effect of 
basal plasma corticosterone levels. In female offspring basal CORT levels did correlate 
negatively with the total length of the basal dendritic tree, in line with studies showing 
that prolonged elevations of corticosterone alter dendritic complexity in the 
hippocampus, although this was more consistently reported for CA3 than CA1 pyramidal 
cells (Watanabe et al., 1992; Magarinos and McEwen, 1995; Sousa et al., 2000; Alfarez et 
al., 2009).  

Though largely in line with previous studies, the effects of licking and grooming on 
synaptic potentiation observed in the current study were rather subtle, and differed 
between males and females. Thus, CA1 synaptic plasticity hardly correlated with %LG, 
neither in males nor in females. Application of corticosterone around the time of high-
frequency stimulation to some extent reversed the LTP phenotype in both sexes, 
matching previous findings on rapid effects in the DG in the between-litter model (Bagot 
et al., 2009). In the CA1 area a similar reversal of the LTP phenotype after corticosterone 
application was observed (Champagne et al., 2008), but in that study corticosterone was 
applied 1-4 hrs before high frequency stimulation, focusing on gene-mediated effects of 
the hormone. Although corticosterone has been reported to also rapidly influence LTP in 
the CA1 area (Wiegert et al., 2006), this was not addressed in the between-litter maternal 
care model. As was the case with CA1 pyramidal cell morphology, the relation between 
%LG and CORT/VEH post-tetanic fEPSP ratios differed significantly between males and 
females, with males showing a stronger correlation with %LG than female offspring. As 
argued above, the correlation in females may have been obscured by the prior exposure to 
gonadal hormones. Direct interaction effects of sex hormones and CORT on synaptic 
plasticity have never been studied, although it has been shown that estrous cycle stage in 
females or sex hormones per se determine spatial memory performance, baseline 
hippocampal excitability and degree of synaptic potentiation in the CA1 (Warren and 
Juraska, 1997; Scharfman et al., 2003; Conrad et al., 2004; Smith and Woolley, 2004). 

Interestingly, the direction of the correlation coefficient differed for the 
electrophysiological parameters that we investigated between male and female offspring. 
This dichotomy in the way males and females responded to the combination of variable 
LG background and the presence of corticosterone during induction of synaptic plasticity 
differs from what was observed in the DG, where the effects of early life LG scores on LTP 
induction were similar in males and females (Van Hasselt et al., 2011). The differences 
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between the sexes precluded pooling of the data of male and female rats, which reduced 
the number of observations on which correlations could be based and hence the power of 
the analysis. This may explain why the effects of maternal care particularly on CA1 
function seem more subtle than those reported for the DG. The effect was also more 
subtle than expected based on the results for the CA1 area obtained with the between-
litter maternal care model (Champagne et al., 2008). It can therefore not be excluded that 
the maternal genetic background is also an important determinant of CA1 function in 
adulthood.  

In conclusion, our data supports previous studies, and emphasizes that early life 
experience, and in particular maternal care, might add to the individual variation in CA1 
hippocampal structure and function in adulthood, although the regulating factors that 
contribute to these long-lasting effects of early life environment, e.g. epigenetic factors, 
are largely unknown. Effects of licking and grooming in the CA1 area, however, were 
rather subtle, particularly in female offspring. Apparently, interactions of LG background 
with later-life experience, (gonadal) hormone environment and/or genetic background all 
contribute to the adult outcome. Despite these considerations, the present findings 
underpin that early life environment may modulate adult CA1 hippocampal structure and 
function in a sex-specific manner. 
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