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ABSTRACT: Neonatal maternal separation alters

adult HPA axis responsiveness to stress, adult emotion-

ality, and glucocorticoid receptor (GR) concentrations

in forebrain regions such as hippocampus. To investi-

gate effects of neonatal maternal separation on emotion

regulation and its neural substrates, we assessed acquisi-

tion and extinction of conditioned fear in adult rats that

underwent neonatal maternal separation. Corticolimbic

structures including basolateral amygdala and medial

prefrontal cortex are critical for acquisition and extinc-

tion of conditioned fear, and such learning is N-methyl-

D-aspartic acid (NMDA) receptor-dependent. Thus, we

used immunohistochemistry to assess expression of the

GR and the NR1 subunit of the NMDA receptor in baso-

lateral amygdala and medial prefrontal cortex. On post-

natal days 2–14, pups underwent control rearing or

maternal separation for 15 min per day. Fear condition-

ing and extinction in adulthood were then assessed in

male rats. Rats received five tone-alone habituation tri-

als, then seven tone/footshock pairings. After 1 h, rats

received tone-alone extinction trials to criterion, and 15

recall of extinction trials the next day. Brains were proc-

essed for immunohistochemical labeling of GR and

NR1, and staining was quantified. Brief maternal sepa-

ration did not alter acquisition or initial extinction, but

impaired extinction recall. Brief maternal separation

did not alter GR or NR1 expression in basolateral amyg-

dala. However, brief maternal separation increased GR

and decreased NR1 expression specifically in the infra-

limbic region of medial prefrontal cortex, consistent

with work implicating this area in extinction recall.

Thus, brief maternal separation impaired extinction

recall and altered GR and NR1 expression in its neural

substrate in adults. ' 2008 Wiley Periodicals, Inc. Develop Neuro-

biol 69: 73–87, 2009
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receptor

INTRODUCTION

Neonatal maternal separation alters adult HPA axis

responsiveness to stress, emotionality (McIntosh

et al., 1999; Wigger and Neumann, 1999; Kalinichev

et al., 2002; De Jongh et al., 2005), and glucocorti-

coid receptor concentrations in forebrain regions such

as the hippocampus (Meaney et al., 1985; Ladd et al.,

2004). Neonatal maternal separation also produces

changes in several forms of adult learning and mem-

ory, including spatial learning and memory (Huot

et al., 2002; Pryce et al., 2003; Gibb and Kolb, 2005;

Uysal et al., 2005; Aisa et al., 2007), eyeblink condi-

tioning (Wilber et al., 2007), inhibitory avoidance

(Kosten et al., 2007), and object recognition (Kosten

et al., 2007). Although acquisition of fear condition-

ing for context and tone is not affected by either brief

or prolonged maternal separation (Pryce et al., 2003;

Kosten et al., 2005, 2006), adult recall of conditioned

fear may be reduced following maternal separation
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(e.g., Meerlo et al., 1999; but see Kosten et al., 2005).

However, to our knowledge, the effects of maternal

separation on learning and unlearning of conditioned

fear and the corticolimbic structures mediating these

behaviors have not been assessed.

The neural substrates for acquisition of condi-

tioned fear and recall of extinction are well character-

ized, though the circuitry underlying initial extinction

is less clear (Falls et al., 1992; Barad et al., 2006;

Bouton et al., 2006). Electrophysiological data from

basolateral amygdala indicate both a precise conver-

gence of conditioned and unconditioned stimuli

(Romanski et al., 1993; Bordi and LeDoux, 1994)

and patterns of neuronal activity that model the con-

ditioned response (McKernan and Shinnick-Gal-

lagher, 1997; Quirk et al., 1997; Collins and Pare,

2000; Repa et al., 2001). Lesions of the basolateral

amygdala impair acquisition and expression of condi-

tioned fear (Blanchard and Blanchard, 1972; Kim

et al., 1993), and temporary inactivation prevents nor-

mal conditioning (Muller et al., 1997; Wilensky

et al., 1999; Calandreau et al., 2005). The central nu-

cleus of the amygdala projects to brain areas that con-

trol the expression of the fear response (Price and

Amaral, 1981; Schwaber et al., 1982; Cassell et al.,

1986; Iwata et al., 1986; LeDoux et al., 1988; Van de

Kar et al., 1991; Kim et al., 1993; Oliveira et al.,

2004), and seems to be important for expression of

conditioned fear. For instance, stimulation of the cen-

tral nucleus of the amygdala results in expression of

fear responses similar to those seen following fear

conditioning (Applegate et al., 1983).

Although the amygdala is a key site of plasticity

for acquisition of fear conditioning, medial prefrontal

cortex is critical for recall of extinction. Lesions of

medial prefrontal cortex (mPFC) impair extinction

learning (Morgan and LeDoux, 1995; Quirk et al.,

2000); in addition, electrophysiological data have

demonstrated that firing patterns of neurons in ventral

mPFC are correlated with memory for fear extinction

(Milad and Quirk, 2002; Burgos-Robles et al., 2007).

Lesion and stimulation studies have implicated the

infralimbic (IL) region of the mPFC, in particular, as

a critical structure for recall of extinction (Morgan

and LeDoux, 1995; Milad and Quirk, 2002; Milad

et al., 2004; Garcia et al., 2006; Corcoran and Quirk,

2007). Further, consolidation of extinction is

impaired by inhibition of protein synthesis in ventral

mPFC (Santini et al., 2004) or blockade of N-methyl-

D-aspartic acid (NMDA) receptors in IL and prelim-

bic (PL) mPFC (Baker and Azorlosa, 1996; Burgos-

Robles et al., 2007).

NMDA receptors are important for both acquisi-

tion and extinction of fear conditioning. Blockade of

NMDA receptors in the basolateral, but not the cen-

tral amygdala, before fear conditioning prevents the

acquisition of conditioned fear, and infusion of an

NMDA receptor blocker into the amygdala after

training prevents expression of the conditioned fear

response (Miserendino et al., 1990; Fanselow and

Kim, 1994; Lee and Kim, 1998; Lee et al., 2001;

Rodrigues et al., 2001). Likewise, blockade of

NMDA receptors in mPFC impairs consolidation of

extinction (Baker and Azorlosa, 1996; Burgos-Robles

et al., 2007).

Similarly, glucocorticoid receptors (GR) are pres-

ent in the amygdala and prefrontal cortex and are

altered in forebrain regions such as the hippocampus

(Meaney et al., 1985; Ladd et al., 2004) and in the

cerebellum by prolonged or brief neonatal maternal

separation (Wilber et al., 2007). Additionally, gluco-

corticoids modulate adult learning and memory, with

facilitated or impaired memory performance depend-

ing on the timing and duration of glucocorticoid ex-

posure (Roozendaal et al., 1996; Kim et al., 2006).

Thus, the effects of neonatal maternal separation on

learning and memory could be mediated in part by

GRs in the central nervous system. Additionally, glu-

cocorticoids modulate NMDA receptor-mediated

Ca2+ influx in cultured hippocampal neurons (Taka-

hashi et al., 2002) and NMDA-dependent LTP (Shors

et al., 1989), and these effects are mediated by gluco-

corticoid receptors (Xu et al., 1998; Yang et al.,

2004). Many adult stress effects are mediated by

NMDA-GR interactions (Magarinos and McEwen,

1995; Kim et al., 1996; Shors and Mathew, 1998;

Roozendaal et al., 2003). Thus, neonatal maternal

separation could influence fear conditioning and

extinction via alterations in either glucocorticoid or

NMDA receptors, or both.

Therefore, we examined the effect of brief neona-

tal maternal separation and handling on adult fear

conditioning, extinction, and recall of extinction. To

begin to assess potential changes underlying separa-

tion-induced effects on adult fear conditioning and

extinction, we used immunohistochemistry to assess

potential changes in NMDA NR1 subunit and GR

expression in the amygdala and medial prefrontal cor-

tex regions thought to be critical for fear conditioning

acquisition and extinction.

METHOD

Animals

Untimed pregnant Long-Evans Blue Spruce rats

(Harlan Indianapolis, IN, N ¼ 10) arrived *1 week

74 Wilber et al.

Developmental Neurobiology



before giving birth. Dams were housed individually in

standard laboratory cages (48 cm 3 20 cm 3 26 cm),

with food and water available ad libitum and a 12:12 h

light/dark cycle (lights on at 0700 h). The day of birth

was considered postnatal day (PND) 0. On PND two

pups were culled to litters of 9–11 while maintaining a

male:female ratio as close to 1:1 as possible. All ex-

perimental procedures were carried out in accordance

with the NIH Guide for the Care and Use of Labora-

tory Animals and approved by the Bloomington Insti-

tutional Animal Care and Use Committee.

Maternal Separation and Handling

Male rats from each litter were randomly assigned to

one of three groups: standard animal facilities rearing

(control; n ¼ 11 from 4 litters), gentle handling for

15 min (n ¼ 5 from 3 litters), or maternal separation

for 15 min (n ¼ 6 from 3 litters). Maternal separation

and handling were carried out using procedures

described previously (Wilber et al., 2007), and simi-

lar to those of Huot et al. (2002). All manipulations

were initiated between 0700 and 0900 h each day.

Dams were removed from the home cage and placed

in an adjacent container. Pups in both groups were

then removed from the home cage and placed in a

Plexiglas cage (28 cm 3 17 cm 3 12 cm) lined with

clean bedding and dams were returned to the home

cage for the duration of the separation period. Pups in

the brief maternal separation group were taken to a

nearby room and placed in an incubator (Ambient

Room Temperature Incubator; Avey Incubator; Ever-

green, CO) maintained at room temperature (22.5 6
0.58C) for the duration of the separation period. Pups

subjected to gentle handling were taken to a nearby

thermostat-controlled room maintained at *238C for

the duration of the handling period. Pups in both

groups were permitted to huddle with littermates dur-

ing the separation period. For the briefly handled

group, only the pup that was currently being handled

was prevented from huddling. On average, each pup

received 90 s of handling per session. We have previ-

ously shown that both of these manipulations produce

significant elevations of plasma corticosterone con-

centrations measured 12 h after the onset of separa-

tion (Wilber et al., 2007). On PND 28 all animals

were weaned and housed in same sex/same litter

groups of four or fewer until fear conditioning.

Fear Conditioning

Bar Press Training. When rats had reached a mini-

mum of 3 months of age, behavioral training and test-

ing commenced. To obtain a baseline level of activity

against which to measure freezing, rats were trained

to bar press for food reinforcement (see Quirk et al.,

2000; Miracle et al., 2006). Each rat was placed in an

operant chamber within a sound-attenuating cabinet

(Med Associates, St. Albans, VT). The chamber con-

tained one operant lever on either side of a food re-

ceptacle, a house light on the opposite wall, a cue

light over each lever, and a floor consisting of metal

rods. The house light and the cue light over the rein-

forced lever were illuminated throughout each ses-

sion. Rats were shaped to press the left lever for a

food pellet reinforcer (BioServ pellets, Holton Indus-

tries, Frenchtown, NJ); shaping lasted 1–2 sessions,

after which the reinforcement schedule was gradually

reduced over 4 days from FR-1 to VI-60. During all

subsequent phases of training and testing, rats were

allowed to bar press for pellets on a VI-60 schedule.

Computer-based operant software (MedPC-IV; Med

Associates, St. Albans, VT) controlled pellet delivery.

Fear Conditioning and Extinction. Fear condition-

ing and extinction took place over the following 2

days using a procedure similar to that of Quirk et al.

(2000). On Day 1, rats were placed in the operant

chambers and underwent fear conditioning. After a 3-

min acclimation period, rats received five habituation

trials consisting of presentation of a 30-s tone (4.5-

kHz, 80 db). Rats then underwent fear conditioning,

consisting of seven pairings of the tone conditioned

stimulus (CS) with a footshock US (500-ms, 0.5 mA)

coterminating with the tone CS. Rats were then

returned to their home cages for 1 h, after which they

were returned to the chambers and given extinction

trials consisting of tone alone. To ensure comparable

levels of extinction learning across both groups, on

Day 1 extinction trials continued until the rat exhib-

ited less than 10% (3 s) freezing on four consecutive

trials (i.e., criterion). The following day, rats were

given another 15 extinction trials. For all phases of

conditioning and extinction, variable intertrial inter-

vals averaged 4 min and computer-based operant

software (MedPC-IV; Med Associates, St. Albans,

VT) controlled the delivery of tones and shocks. For

all trials, the duration of freezing (defined as the ab-

sence of any visible movements except that due to

breathing) during the tone was measured with a digi-

tal stopwatch by an observer blind to experimental

conditions. Percent freezing (seconds spent freezing/

30 s) during habituation, fear conditioning, extinction

on Day 1, and extinction on Day 2 (recall of extinc-

tion) were calculated and compared across groups.

For statistical analyses, extinction Day 1 and Day 2

data were averaged into bins of three trials. Data
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were analyzed using 2-way repeated measures

ANOVAs (group 3 trial); when appropriate follow-

up planned comparisons were conducted consisting

of two-group t-tests done within the context of the

overall ANOVA (Hays, 1994; Maxwell and Delaney,

2003).

Percent freezing did not differ between handled

versus separated animals during fear conditioning

(main effect of group; F(1,9) ¼ 1.21, p ¼ 0.30; group

by trial interaction; F(6,54) ¼ 1.28, p ¼ 0.28), extinc-

tion of fear conditioning (main effect of group; F(1,9)

¼ 2.39, p ¼ 0.16; group by trial interaction; F(7,63) ¼
0.21, p ¼ 0.98), or extinction recall (main effect of

group; F(1,9) ¼ 0.42, p ¼ 0.53; group by trial interac-

tion; F(4,36) ¼ 0.46, p ¼ 0.77). Therefore, these ani-

mals were collapsed into a single group (n ¼ 11).

Finally, trials to criterion on extinction Days 1 and

2 were calculated and compared across groups using

t-tests (unpaired).

NMDA NR1 and GR Immunohistochemis-
try and Quantification of Expression

Brains from rats that had undergone fear conditioning

and extinction were processed using immunohisto-

chemistry for the NR1 subunit of the NMDA receptor

and three brains were eliminated due to histological

processing errors (final n’s ¼ 6 control, 8 separated).

Because the procedures for NR1 and GR immunohis-

tochemistry are not compatible, a separate set of con-

trol and separated rats were processed for GR immu-

nohistochemistry (control n ¼ 7 from 3 litters and

separated n ¼ 7 from 3 litters). All rats were deeply

anesthetized with urethane and transcardially per-

fused with cold 0.1M phosphate buffered saline (pH

7.4), followed by 4% paraformaldehyde in 0.1M
phosphate buffer (pH 7.4). Immediately following

transcardial perfusion, the brain was removed, post-

fixed for 2 h (NR1) or 24 h (GR), and cryoprotected

in 30% sucrose in 0.1M phosphate buffer (pH 7.4).

Frozen sections were cut coronally at 40 lm on a

sliding microtome and collected in 0.01M phosphate

buffered saline (PBS, pH 7.4). For each brain, two se-

ries of adjacent sections were collected through the

entire amygdala and prefrontal cortex. Each series

contained equally spaced sections (*400 lm apart

for the prefrontal cortex and *600 lm apart for the

amygdala). One series was processed free-floating for

immunohistochemistry, while the second series was

processed for thionin staining (see below).

NMDA NR1 Immunohistochemistry. For immuno-

histochemical labeling of the NMDA NR1 subunit,

sections were incubated for 30 min in 50% ethanol.

Sections were then incubated for 30 min in 0.2%

H2O2 in blocking solution (PBS, 1% normal goat se-

rum and 0.1% Triton-X) followed by 1 h in blocking

solution alone. Sections were incubated overnight at

48C in PBS containing 3% normal goat serum (NGS),

0.1% Triton-X, and a polyclonal antibody to the rat

GR (1:500; Chemicon, Temecula, CA). After rinsing

in PBS, sections were incubated for 30 min in PBS

containing 2% NGS and biotinylated goat anti-rabbit

IgG (1:200; Vector Laboratories; Burlingame, CA).

After rinsing in 0.3% triton X-100 in 0.01M phos-

phate buffered saline (PBST), sections were incu-

bated for 1 h in PBST with ABC Complex (Vector

Laboratories). Staining was visualized using a nickel-

intensified DAB reaction [Fig. 1(A–C)]. After rins-

ing, sections were mounted on gelatin-subbed slides,

dehydrated, cleared, and cover slipped. Control sec-

tions incubated without the primary antibody were

generated and demonstrated no staining.

GR Immunohistochemistry. For immunohistochemi-

cal labeling of GR, sections were incubated for 1 h in

PBS containing 3% normal goat serum and 0.1% Tri-

ton-X to block nonspecific binding. Sections were

then incubated for 1 h in 0.2% H2O2 in 50% metha-

nol. After rinsing in PBS, sections were incubated

overnight at 48C in PBS containing 3% normal goat

serum, 0.1% Triton-X, and a polyclonal antibody to

the rat GR (1:3000; Santa Cruz Biotechnology; Santa

Cruz, CA). After rinsing in PBS, sections were incu-

bated for 30 min in PBS containing 5% NGS and bio-

tinylated goat anti-rabbit IgG (1:200; Vector Labora-

tories; Burlingame, CA). After rinsing in 0.3% triton

X-100 in 0.01M phosphate buffered saline (PBST),

sections were incubated for 1 h in PBST with ABC

Complex (Vector Laboratories). Staining was

visualized using a nickel-intensified DAB reaction

[Fig. 1(D–F)]. After rinsing, sections were mounted

on gelatin-subbed slides, dehydrated, cleared, and

cover slipped. Control sections incubated without the

primary antibody were generated and demonstrated

no staining. NR1 and GR expression were quantified

in the central (CE) and basolateral (BLA) amygdala,

and layers II-III, V, and VI of the anterior cingulate

(AC), PL and IL regions of medial prefrontal cortex

(see Fig. 2). All data were collected with the experi-

menter blind to condition.

Defining Medial Prefrontal Cortex Regions. To

accurately identify laminar and areal borders within

medial prefrontal cortex, a series of sections adjacent

to the immunohistochemically processed sections

was stained with thionin. The thionin-stained sections
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were used to create templates of the laminar and areal

boundaries using the Neurolucida system (Neurolu-

cida; MBF Bioscience; Williston, VT) interfaced

with a microscope (Nikon Eclipse 80i; Nikon Instru-

ments; Melville, NY) via a video camera (Microfire;

Optronics; Santa Barbara, CA). This system was used

for the prefrontal cortex analyses to facilitate identifi-

cation of cortical and laminar boundaries on immuno-

histochemically stained sections. These boundaries

are readily identifiable in thionin-stained sections

using standard cytoarchitectural criteria such as cell

packing densities and thicknesses of layers. Tem-

plates were then aligned with the adjacent immuno-

histochemically processed section (NR1 or GR) to

ensure sampling took place within the appropriate

region.

Densitometry. NR1 and GR staining in medial pre-

frontal cortex and the amygdala were quantified using

a computer-based image analysis system interfaced

with a microscope via a video camera (for medial

prefrontal cortex, system: Neurolucida; MBF Bio-

science; Willston, VT; microscope: Nikon Eclipse

80i; Nikon Instruments; Melville, NY; camera:

Microfire; Optronics; Santa Barbara, CA; for amygdala,

system: MCID; Imaging Research; St. Catharines,

ON, Canada; microscope: Nikon Eclipse E600;

Nikon Instruments; Melville, NY; camera: Sony

Figure 1 (A–C) Digital light micrographs of NMDA NR1-immunopositive neurons in the baso-

lateral amygdala (A), central amygdala (B), and medial prefrontal cortex (C). (D–F) GR-immuno-

positive neurons in the basolateral amygdala (D), central amygdala (E), and medial prefrontal

cortex (F). Scale bar ¼ 25 lm. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]
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XC-ST70; Sony; Park Ridge, NJ). For each animal,

neurons were sampled at a final magnification of

18403 from a 200 lm by 200 lm sampling frame

(prefrontal cortex) or 12803 from a 125 lm by

125 lm sampling frame (basolateral amygdala) or a

75 lm by 75 lm sampling frame (central amygdala)

centered within the appropriate region. Sampling area

size was chosen to yield *15 neurons quantified per

frame. All labeled neurons contained within each

sampling area were identified based on standard mor-

phological criteria (large, multipolar soma) and the

average luminosity per pixel of each soma was meas-

ured with values ranging from 0 (black) to 255

(white). To control for spurious differences in stain-

ing and illumination across sections and animals,

luminosity measures within each section were

expressed relative to white matter staining. Luminos-

ity was measured in an area of white matter adjacent

to the relevant brain region averaging 541 lm2 for

amygdala and 532 lm2 for medial prefrontal cortex.

Luminosity of neuronal staining was then calculated

by dividing the luminosity of each neuron by the lu-

minosity of the white matter adjacent to the relevant

brain region. Thus, smaller ratios indicate darker

staining.

To assess potential differences in the distribution

of staining luminosities, 10-bin histograms of the

mean number of neurons (expressed as percent of

total) categorized as having relative luminosities

varying from two standard deviations below the mean

of controls (darkest) to more than two standard devia-

tions greater than the mean of controls (lightest) in

0.5 standard deviation increments were generated

(see Wilber et al., 2007). This method has been

shown to be reliable for categorizing neurons by im-

munostaining intensity for subsequent frequency

analyses and is sensitive to differences in pro-

tein expression assessed immunohistochemically

(Osborne et al., 2007; Wilber et al., 2007). Data were

compared across groups using repeated measures

ANOVAs (Hays, 1994; Maxwell and Delaney, 2003).

RESULTS

Brief Maternal Separation Impairs Recall
of Extinction in Adults

Brief maternal separation did not significantly alter

baseline freezing to the tone alone (Fig. 3, Habitua-

tion). There was no main effect of group on freezing

(F(1,20) ¼ 2.13, ns) and no group by trial interaction

(F(4,80) ¼ 1.42, ns). Similarly, acquisition of the con-

ditioned fear response was not altered by brief mater-

nal separation (Fig. 3, Conditioning). Both groups

acquired the conditioned fear response, with a signifi-

cant increase in freezing across trials (F(6,120) ¼
29.49, p < 0.001). There was no group effect (F(1,20)

¼ 3.29, ns); however, there was a difference in the

rate at which briefly separated rats acquired the con-

ditioned fear response, with a significant group by

trial interaction (F(6,120) ¼ 2.95, p < 0.05).

To further explore this difference, acquisition data

were further analyzed by performing separate analy-

ses on Trials 1–4 (before control rats reached asymp-

totic performance) and Trials 5–7 (after control rats

reached asymptotic performance). No significant

effect of brief separation was present during either

initial or asymptotic trials (for initial trials, F(1,20) ¼
2.56, ns; for asymptotic trials, F(1,20) ¼ 2.58, ns).

There was an interaction of brief separation and trial

for initial trials (F(3,60) ¼ 7.49, p < 0.001), in which

briefly separated rats showed increased freezing on

Trial 4 (Trial 4, t(20) ¼ 3.20, p < 0.01; Trials 1–3,

t(20) < 0.91, ns); however, there was no interaction

for asymptotic trials (F(2,40) ¼ 2.11, ns). Thus, though

separated rats may have acquired the fear response

slightly more rapidly, by the last acquisition trial the

two groups showed equivalent learning.

During initial extinction training, freezing dimin-

ished across trials (Fig. 3, Extinction; main effect of

trial, F(7,140) ¼ 20.31, p < 0.001), and brief maternal

separation did not significantly alter the rate of

extinction (for main effect of group, F(1,20) ¼ 3.28,

ns; for group 3 trial interaction, F(7,140) ¼ 0.39, ns).

Furthermore, trials to criterion (t(20) < 1.00, ns) did

not differ significantly across groups. Therefore, brief

Figure 2 Schematic diagram of coronal sections through

prefrontal cortex. The cortical regions (anterior cingulate,

AC; prelimbic; PL; infralimbic, IL) from which samples

were taken are shown. Coordinates indicate position rela-

tive to bregma (Paxinos and Watson, 1998).
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maternal separation did not significantly alter initial

extinction learning.

However, brief maternal separation significantly

altered extinction recall assessed 1 day later.

Although both groups showed a decrease in freezing

across trials (main effect of trial, F(4,80) ¼ 17.56, p <
0.001; main effect of group, F(1,20) ¼ 2.36, ns), sepa-

rated animals showed impaired extinction recall, with

77% more freezing than controls during the first three

trials (group by trial interaction, F(4,80) ¼ 2.54, p <
0.05). Planned comparisons indicated that briefly sep-

arated animals had significantly increased freezing

during Block 1 trials (t(20) ¼ 2.39, p < 0.05); how-

ever, consistent with performance on initial extinc-

tion, freezing was not significantly different between

groups on subsequent trials (ts(20) � 1.54, ns). Like-

wise, the average number of trials required to reach

criterion on extinction Day 2 was not affected by

brief maternal separation (t(20) < 0.81, ns).

Brief Maternal Separation Decreases
Adult NMDA NR1 Immunostaining
in Medial Prefrontal Cortex But
Not Amygdala

Overall, mean (6SEM) luminosity of the white mat-

ter samples in the amygdala were 211.19 6 0.59, and

in the prefrontal cortex were 192.77 6 1.32. Mean

white matter luminosity did not differ between the

groups for the amygdala (group main effect, F(1,12) ¼
0.96, ns) or the prefrontal cortex (group main effect,

F(1,12) ¼ 0.90, ns). The average number of neurons

measured per region was 44.10 6 9.03 for the amyg-

dala and 26.14 6 0.93 for the prefrontal cortex. As

with white matter values, the mean number of neu-

rons per animal did not differ between the groups for

the amygdala (group main effect, F(1,12) ¼ 0.01, ns)

or prefrontal cortex (group main effect, F(1,12) ¼
0.21, ns). Approximately two sections were sampled

per animal for each region.

Amygdala. Brief maternal separation did not alter

NMDA NR1 expression in the basolateral or central

amygdala, consistent with a lack of group differences

in acquisition of fear conditioning (see Fig. 4). The

distribution of staining luminosity in basolateral

Figure 3 Mean percent freezing to tone in rats that

underwent control (black circles) versus maternal separa-

tion for 15 min (Separated) per day on PND 2–14 (white

circles) across habituation (A), conditioning (B), extinction

(Day 1, C), and recall of extinction (extinction Day 2, D)

trials. Vertical bars represent SEMs.
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amygdala was not different from control in the

separated group (group by bin interaction, F(9,108) ¼
0.72, ns). Similarly, the distribution of staining lumi-

nosity in central amygdala did not differ from control

(group by bin interaction, F(9,108) ¼ 0.10, ns).

Medial Prefrontal Cortex. Brief maternal separation

specifically and significantly decreased NMDA NR1

subunit staining in layer VI of infralimbic cortex (see

Fig. 5). The distribution of staining luminosity in IL

VI of separated rats was significantly shifted to the

Figure 4 Histograms of the mean number of NMDA

NR1 positive neurons (expressed as percent of total) in ba-

solateral amygdala (BLA) and central amygdala (CE) cate-

gorized as having relative luminosities varying from two

standard deviations below the mean of controls (darkest) to

greater than two standard deviations above the mean for

controls (lightest) for animals that underwent either stand-

ard animal facilities rearing (Control) or maternal separa-

tion for 15 min (Separated). For graphic purposes, data

have been collapsed into five bins (very dark, greater than

1.5 standard deviations (SD) below the mean; moderately

dark, 0.5 to 1.5 SD below the mean; average 60.5 SD from

the mean; moderately light, 0.5 to 1.5 SD above the mean;

very light, greater than 1.5 SD above the mean). Vertical

bars represent SEMs.
Figure 5 Histograms of the mean number of NMDA

NR1 positive neurons (expressed as percent of total) in

infralimbic (IL) cortex categorized as having relative lumi-

nosities varying from two standard deviations below the

mean of controls (darkest) to greater than two standard

deviations greater than the mean for controls (lightest) for

animals that underwent either standard animal facilities

rearing (Control) or maternal separation for 15 min (Sepa-

rated). For graphic purposes, data have been collapsed into

five bins (very dark, greater than 1.5 standard deviations

(SD) below the mean; moderately dark, 0.5 to 1.5 SD below

the mean; average 60.5 SD from the mean; moderately

light, 0.5 to 1.5 SD above the mean; very light, greater than

1.5 SD above the mean). Vertical bars represent SEMs.
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right, reflecting less NR1 expression (Fig. 5, group by

bin interaction, F(9,108) ¼ 2.31, p < 0.05). For

instance, in control animals, only 36% of neurons fell

into the four most lightly-stained categories, whereas

for separated animals, 60% of neurons fell into these

categories. No significant group by bin interaction for

NR1 staining luminosities was present in any layer of

AC (Fs(9,108) < 1.64, ns) or PL (Fs(9,108) < 0.95, ns),

or the more superficial layers of IL (Fig. 5; Fs(9,108) <
1.16, ns) of mPFC.

Brief Maternal Separation Increases
Adult GR Immunostaining in Medial
Prefrontal Cortex But Not Amygdala

Overall, mean (6SEM) luminosity of the white mat-

ter samples in the amygdala were 211.92 6 0.58, and

in the prefrontal cortex were 192.77 6 1.32. Mean

white matter luminosity did not differ between the

groups for the amygdala (group main effect, F(1,12) ¼
0.72, ns) or the prefrontal cortex (group main effect,

F(1,10) ¼ 0.60, ns). The average number of neurons

measured per region was 45.93 6 1.50 for the amyg-

dala and 27.26 6 1.88 for the prefrontal cortex. As

with white matter values, the mean number of neu-

rons per animal did not differ between the groups for

the amygdala (group main effect, F(1,12) ¼ 0.39, ns)

or prefrontal cortex (group main effect, F(1,10) ¼
3.56, ns).

Amygdala. Brief maternal separation did not alter

GR expression in the basolateral or central amygdala,

consistent with a lack of group differences in acquisi-

tion of fear conditioning (see Fig. 6). The distribution

of staining luminosity in basolateral amygdala was

not different from control following brief maternal sep-

aration (group by bin interaction, F(9,108) ¼ 0.14, ns).

Similarly, the distribution of staining luminosity in cen-

tral amygdala did not differ from control (group by bin

interaction,F(9,108)¼ 0.20, ns).

Medial Prefrontal Cortex. Prefrontal cortex data

from two separated animals was eliminated due to

histological processing error (thus, for prefrontal cor-

tex n ¼ 7 control, and n ¼ 5 separated). Brief mater-

nal separation increased GR subunit expression, and

again this effect was region- and layer- specific (Figs.

6 and 7). The distribution of staining luminosity in

layer VI in both PL and IL in separated rats was sig-

nificantly shifted to the left, reflecting more GR

expression (Fig. 7; PL VI, group by bin interaction,

F(9,90) ¼ 2.08, p < 0.05 and Fig. 8; IL VI, group by

bin interaction, F(9,90) ¼ 2.28, p < 0.05). For

instance, in IL VI only 43% of control neurons fell

into the four most darkly-stained categories, whereas

for separated animals, 78% of neurons fell into these

categories. Similarly, in PL VI only 37% of control

neurons fell into the four most darkly-stained catego-

ries, whereas for separated animals, 62% of neurons

fell into these categories. No significant group by bin

interaction for GR staining intensities was present for

any layer of AC (Fs(9,90) < 1.86, ns) or the more

superficial layers of PL (Fig. 7; Fs(9,90) < 1.04, ns)

and IL (Fig. 8; Fs(9,108) < 1.50, ns) of mPFC.

Figure 6 Histograms of the mean number of GR positive

neurons (expressed as percent of total) in basolateral amyg-

dala (BLA) and central amygdala (CE) categorized as hav-

ing relative luminosities varying from two standard devia-

tions below the mean of controls (darkest) to greater than

two standard deviations above the mean for controls

(lightest) for animals that underwent either standard animal

facilities rearing (Control) or maternal separation for 15

min (Separated). For graphic purposes, data have been col-

lapsed into five bins (very dark, greater than 1.5 standard

deviations (SD) below the mean; moderately dark, 0.5 to

1.5 SD below the mean; average 60.5 SD from the mean;

moderately light, 0.5 to 1.5 SD above the mean; very light,

greater than 1.5 SD above the mean). Vertical bars repre-

sent SEMs.
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Figure 8 Histograms of the mean number of GR positive

neurons (expressed as percent of total) in infralimbic (IL)

cortex categorized as having relative luminosities varying

from two standard deviations below the mean of controls

(darkest) to greater than two standard deviations greater

than the mean for controls (lightest) for animals that under-

went either standard animal facilities rearing (Control) or

maternal separation for 15 min (Separated). For graphic

purposes, data have been collapsed into five bins (very

dark, greater than 1.5 standard deviations (SD) below the

mean; moderately dark, 0.5 to 1.5 SD below the mean; av-

erage 60.5 SD from the mean; moderately light, 0.5 to 1.5

SD above the mean; very light, greater than 1.5 SD above

the mean). Vertical bars represent SEMs.

Figure 7 Histograms of the mean number of GR positive

neurons (expressed as percent of total) in prelimbic (PL)

cortex categorized as having relative luminosities varying

from two standard deviations below the mean of controls

(darkest) to greater than two standard deviations greater

than the mean for controls (lightest) for animals that under-

went either standard animal facilities rearing (Control) or

maternal separation for 15 min (Separated). For graphic

purposes, data have been collapsed into five bins (very

dark, greater than 1.5 standard deviations (SD) below the

mean; moderately dark, 0.5 to 1.5 SD below the mean; av-

erage 60.5 SD from the mean; moderately light, 0.5 to 1.5

SD above the mean; very light, greater than 1.5 SD above

the mean). Vertical bars represent SEMs.
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DISCUSSION

The present study demonstrates a long-lasting effect

of brief (15 min) neonatal maternal separation on

extinction of conditioned fear and a key component

of its neural substrate, medial prefrontal cortex, in

adult male rats. It is important to note that the 15 min

of maternal separation used in the present study is

comparable to the neonatal manipulation that is

often referred to as handling (Meaney et al., 1985;

O’Donnell et al., 1994). Brief maternal separation did

not significantly alter acquisition of the conditioned

fear response or its initial extinction, but impaired

recall of extinction. Furthermore, brief maternal sepa-

ration did not significantly alter immunohistochemi-

cal staining of either glucocorticoid receptors or the

NR1 subunit of the NMDA receptor in either basolat-

eral or central amygdala. However, brief maternal

separation resulted in an increase in expression of

glucocorticoid receptors in layer VI of prelimbic and

infralimbic cortex and a decrease in expression of the

NR1 subunit of the NMDA receptor in layer VI of

infralimbic cortex. Previously, we demonstrated that

the same brief maternal separation manipulation used

in the present study marginally increases neonatal

plasma corticosterone on PND 2 and significantly

increases concentrations by PND 12 (Wilber et al.,

2007), suggesting that the manipulation is stressful.

Thus, the stress of brief neonatal maternal separation

may have been responsible for the alterations in GR

expression, NR1 expression, and recall of extinction.

Effects of Maternal Separation on
Learning and Memory

The present study found that brief neonatal maternal

separation impaired extinction of conditioned fear in

adults. Our finding of a specific impairment of extinc-

tion recall is similar to the effect of adult stress, in

which conditioning and initial extinction are also

spared, but extinction recall is impaired (Miracle

et al., 2006). Impaired extinction following brief

maternal separation is consistent with other studies

showing brief separation-induced deficits in learning

and memory tasks such as fear conditioning and

eyeblink conditioning in adults (Meerlo et al., 1999;

Kosten et al., 2007; Wilber et al., 2007). On the other

hand, others have failed to find effects of brief mater-

nal separation on learning and memory tasks (Gibb

and Kolb, 2005). Similarly, we previously found an

effect of brief maternal separation but not handling

on delay eyeblink conditioning (Wilber et al., 2007).

Additionally, our finding that brief maternal separa-

tion specifically impaired recall of extinction with

minimal effects on acquisition of the conditioned fear

response is fairly consistent with previous studies that

found no effect of brief separation on acquisition of

cued conditioned fear (Pryce et al., 2003; Kosten

et al., 2006) or retention of the conditioned fear

response (Kosten et al., 2005). Thus, brief maternal

separation differentially affects some types of learn-

ing and memory while sparing others, possibly de-

pendent on how brief maternal separation differen-

tially affects the neural substrates for various types of

learning and memory.

Effects of Maternal Separation
on NR1 Expression

In addition to the deficit in recall of extinction, briefly

separated animals had reduced NR1 expression in

layer VI of IL, whereas NR1 staining was unaltered

in AC and PL, as well as in basolateral and central

amygdala. Similarly, though maternal separation and

isolation similarly failed to alter NMDA receptor

binding in the amygdala of the 2 week old degus, it

increased NMDA receptor binding in the mPFC in

this precocial species (Ziabreva et al., 2000). Further-

more, our effect is consistent with recent findings that

early postnatal shock exposure alters extinction of

contextual fear conditioning in adults, and this effect

is ameliorated by administration of an NMDA recep-

tor facilitator during extinction (Matsumoto et al.,

2008). Taken together, these results suggest that

NMDA receptors in prefrontal cortex may be espe-

cially sensitive to early experience.

We found that NR1 expression is decreased in

medial prefrontal cortex of adult rats that experience

neonatal maternal separation. However, the NMDA

receptor is a tetramer composed of pairs of NR1 sub-

units along with pairs of NR2A, B, or C subunits,

which confer unique functional properties to the

receptors. Thus, future studies should explore exactly

how the NMDA receptor is changing by assessing

other subunits and potential changes in the function

of the receptor.

Effects of Maternal Separation
on GR Expression

Brief maternal separation also altered GR expression,

with increased expression in layer VI of PL and IL.

This increase is consistent with previous demonstra-

tions of increased GR expression in cerebellum and

forebrain regions including the frontal cortex follow-

ing brief neonatal maternal separation (Meaney et al.,
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1985; Ladd et al., 2004; Wilber et al., 2007). Addi-

tionally, GR’s have been reported to modulate learn-

ing and memory (Roozendaal et al., 1996; Kim et al.,

2006).

The alterations in GR and NR1 expression in our

study were specific to layer VI of mPFC. The speci-

ficity of this effect is particularly interesting because

IL is particularly important for recall of extinguished

fear (Morgan and LeDoux, 1995; Quirk et al., 2000;

Milad and Quirk, 2002; Milad et al., 2004; Garcia

et al., 2006; Burgos-Robles et al., 2007; Corcoran

and Quirk, 2007). The reduced NR1 expression in IL

in adulthood might contribute to the impaired recall

of extinction, as infusion of an NMDA receptor an-

tagonist into IL and PL mPFC also impairs recall of

extinction (Burgos-Robles et al., 2007). Additionally,

the alterations to mPFC were confined to layer VI.

Layer VI is a major output layer, and IL sends more

projections from layer VI to the amygdala than does

either AC or PL (Vertes, 2002; Gabbott et al., 2005;

Reynolds and Zahm, 2005), again suggesting a relation-

ship between separation-induced changes in NMDA

receptors in IL and deficits in recall of extinction.

Reduced Stress Responsiveness

The effect of brief maternal separation on recall of

extinction is likely an effect on learning and not due

to altered stress responsiveness modulating recall of

extinction. However, given that brief maternal sepa-

ration in adult male Long-Evans rats can decrease

stress responsiveness and anxiety behavior, the

extinction deficits we have found could be secondary

to altered stress/anxiety behavior (Caldji et al., 2000).

However, others have reported no effect of brief

maternal separation on somatic response to footshock

in male Sprague-Dawley rats (Kosten et al., 2005).

Further, alteration in stress responsiveness would

likely affect all phases of fear conditioning and

extinction, whereas, we found that brief maternal sep-

aration only impaired recall of extinction, sparing

fear conditioning, and initial extinction. Thus, it is

unlikely that differences in stress responsiveness

explain the deficit in recall of extinction of condi-

tioned fear.

Possible Mechanisms

Given that our manipulation increases neonatal corti-

costerone, and perinatal corticosterone exposure

inhibits neuronal growth and differentiation (Balazs

and Cotterrell, 1972; Ardelenu and Sterescu, 1978;

De Kloet et al., 1988), it is possible that the effects of

brief maternal separation on adult learning and mem-

ory are mediated by neonatal increases in corticoster-

one. Additionally, increased GR expression in the

prefrontal cortex could be present neonatally and thus

may simulate long-term increased glucocorticoid ex-

posure, which has been shown to impair prefrontally

mediated behaviors (e.g., Lyons et al., 2000; Miracle

et al., 2006). Thus, neonatal glucocorticoid exposure

may be responsible for the alteration in GR and NR1

expression we observed, which may ultimately alter

extinction of conditioned fear.

Alternatively, the observed effects may be medi-

ated by maternal interactions. For example, brief

maternal separation results in increased maternal lick-

ing and grooming (Lee and Williams, 1975; Lee and

Williams, 1977; Liu et al., 1997; Pryce et al., 2001),

and pups that received high, naturally occurring lev-

els of maternal care show facilitated spatial learning

and memory as adults (Liu et al., 2000). Thus, altera-

tions in maternal care that result from brief separation

may contribute to the changes in prefrontal cortex

and extinction that we have observed.

Finally, brief maternal separation alters hippocampal

GR expression (Meaney et al., 1985). The hippocampus

provides direct inputs to prefrontal cortex (Swanson,

1981) and plays a modulatory role in some forms of

fear conditioning (Selden et al., 1991; Anagnostaras

et al., 2001). Thus, separation-induced changes in hip-

pocampal inputs to the circuit may also play a role in

the deficits in recall of extinction and alterations in pre-

frontal receptors that we have documented.

Regardless of the precise mechanism, we have

shown that brief neonatal maternal separation affects

extinction of conditioned fear, GR expression, and

NMDA NR1 expression in layer VI of IL. This is the

first demonstration that brief neonatal maternal sepa-

ration affects recall of extinction and the structure

that mediates this behavior. The specific impairment

of extinction recall seen following brief neonatal sep-

aration is similar to the effect of adult stress on recall

of extinction. Therefore, daily neonatal maternal sep-

aration, even when brief, can have quite selective and

lasting effects on both brain and behavior.

The authors thank Samantha Singler for assistance with

data collection.
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