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ABSTRACT

Rat pups reared apart from their siblings, mother, and nest environment in the ‘pup-in-a-cup’
regime show many alterations in behavior reminiscent of the Institutional Inattention/
Overactivity Syndrome that characterizes children whose first few months are spent in
institutions. In this report, we compare mother-reared (MR) and artificially reared (AR) male
rats in concentrations and distributions of brain proteins that are involved in normal brain
development. When assessed during the juvenile period and in adulthood, AR animals showed

Maternal elevations in Neu-N (a neuronal marker) and in S-100 (an astrocyte marker) but reductions in
Neural plasticity synaptophysin (synapse protein), N-CAM (cell-adhesion molecule), GAP-43 (axon elongation
Development protein), and BDNF (brain derived neurotrophic factor) in comparison to MR controls in many
Rat brain sites involved in attention, impulsivity, activity, and social behavior. Daily ‘licking-like’
Synaptophysin stimulation provided to AR animals (AR-MAX) throughout early development that reverses
many of the behavioral deficits, also reverses many of the isolation effects on brain proteins.

Study 2 showed that elevations in the number of neurons in combination with decreases in

functionality are associated with a reduction in neuronal pruning and apoptosis during the very

early post-partum period in AR animals and their reversal through daily ‘licking-like’ stimulation.

© 2007 Elsevier B.V. All rights reserved.

1. Introduction term behavioral and brain development (Li and Fleming, 2003;

for a review see Numan et al., 2006).

Most young mammals require nurturance from their care- The effects of maternal separation or deprivation on
givers (usually the mother) to survive and flourish, and in the offspring have been studied most extensively in rodents. Daily

absence of that nurturance, undergo disruptions in their long maternal separations or single prolonged separations lead to
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Abbreviations: AR, artificially reared; MR, mother reared; AR-MIN, artificially reared, minimal stimulation; AR-MAX, artificially reared,
maximal stimulation; MR-CONTROL, mother reared, control; MR-SHAM, mother reared, sham; BDNF, brain-derived neurotrophic factor;
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changes in many adult attentional, affective, and emotional
behaviors, in stress and metabolic physiology (Francis et al,
2002; Kuhn et al., 1990; Lehmann et al., 2002; Plotsky et al., 2005;
Pryce et al., 2001; Rhees et al., 2001; Schmidt et al., 2002), and in
patterns of neural development of the autonomic emotional
motor circuits (Card et al., 2005) and other brain systems. Some
of these maternal separation effects are the result of the absence

of the mother rat (Levine, 2002; Macri et al., 2004) and/or the
amount of licking provided by her (Lovic and Fleming, 2004;
Pauk et al., 1986). Licking during the first few postnatal days
maintains cleanliness of and excretion in pups (Gubernick and
Alberts, 1983). It also has multiple effects on general growth
metabolism (Levine, 1994; Schanberg et al., 1984), development
of the HPA axis and neurochemistry (Caldji et al., 1998;
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Fig. 1 - Statistical analysis of (A) the number of neuronal cells (Neu-N immunostaining), (B) astrocyte density (S-100 immunostaining),
(C) synaptophysin immunostaining, (D) NCAM immunostaining, and (E) GAP-43 immunostaining in different areas of
MR-CONTROL (MR-CON), MR-SHAM, AR-MIN, and AR-MAX juvenile rat brains. Results are the mean + SE of seven independent sets.
% MR-CON vs. AR-MIN, % MR-CON vs. AR-MAX, A MR-SHAM vs. AR-MIN, A MR-SHAM vs. AR-MAX, # AR-MIN vs. AR-MAX.
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Fig. 1 (continued).

Champagne et al.,, 2003; Francis and Meaney, 1999; Levine et al.,
1991, Liu et al., 1997; Weaver et al., 2004b), and development of
sexually dimorphic physiology (Moore, 1982, 1984) and behavior
(Liu et al., 2000).

When pups are raised entirely without their mothers and
littermates, as adults they become hyperactive and show reduced
‘fear’ in a plus maze task (Burton et al., 2006), exhibit marked
inattention in prepulse inhibition and attention set-shifting tasks
(Lovic and Fleming, 2004), show enhanced ‘impulsivity’ (Lovic
and Fleming, unpublished data), and display deficits in social
learning (Lévy et al., 2003; Melo et al., 2006) and social behaviors
(Gonzalez et al., 2001; Lovic and Fleming, 2004) in comparison to
mother-reared siblings. For many of these behaviors, tactile
stimulation (provided by stroking the pup with a paintbrush 5-
8 times per day) can partially or completely reverse these effects
(Fleming et al., 2002; Gonzalez et al., 2001; Lévy et al., 2003).
Interestingly, these behavioral effects of deprivation are similar
in many important respects to the Institutional Inattention/
Overactivity syndrome seen in infants raised in institutions who
are then adopted into enriched homes (Fries and Pollak, 2004;
Gunnar et al., 2001; Rutter and O’Connor, 2004).

Given these extensive maternal deprivation effects on behav-
ior and their reversal with ‘stroking’, the present studies were
designed to determine whether changes occur in molecular
markers and indices of brain plasticity in artificially reared (AR)
and maternally reared (MR) rats. A second purpose was to
determine whether ‘licking-like’ stimulation reverses these

effects. The extensive changes found in behavior due to artificial
rearing procedures suggest that structural brain changes should
also occur (Akbari et al., unpublished data; Gonzalez and Fleming,
2002; Monfils et al., 2005) in systems mediating effected behaviors.

For the present studies, we evaluated the expression of
several neural proteins that are important for postnatal rat brain
development and cellular functions in the juvenile and adult
brain. In study 1, we used two brain structural proteins, Neu-N
and S-100, to quantify neuronal cell number and astrocyte cell
marker intensity, respectively (Ingvar et al., 1994; Gittins and
Harrison, 2004) and protein markers that reflect synapse
integrity (synaptophysin, Masliah et al., 1991; Thiel, 1993), cell-
cell communication (NCAM, Cremer et al., 1998; Ronn et al,,
1998), axonal path finding (GAP-43", Benowitz et al., 1990; Irwin

1 GAP-43 is the protein expressed primarily at an early age, during
axonal and dendritic elongation (Benowitz and Routtenberg, 1997)
and undergoes a decrease across the brain during early develop-
ment (Karimi-Abdolrezaee et al., 2002; Harry et al., 2000; Hulsebosch
et al., 1998; Hughes-Davis et al., 2005; Schauwecker et al., 1995). Our
attempts to assay this protein marker in the targeted areas in
adulthood resulted in extremely low levels of expression. As such,
we decided to assay GAP-43 only in the juveniles. BDNF clearly plays
a role in the maintenance of synaptic functions and plasticity in
adult animals (Thoenen, 1995; Jankowsky and Patterson, 1999;
Yamada etal., 2002; Marini et al., 2004); therefore, in these studies we
carried out assays for BDNF in adulthood. The absence of assays of
juvenile brains was due to practical constraints.
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and Madsen, 1997), and neurotrophic activity (BDNF?, Alderson
et al.,, 1990; Thoenen, 1995). Many of these factors have been
implicated in long-term behavioral changes (Liithi et al., 1994;
Muller et al., 1996; Tyler et al., 2002).

In study 2, we attempted to determine whether any early
experience induced changes in neuron number seen in
juvenile and/or adult animals were due to changes in

programmed cell death or apoptosis during postnatal devel-
opment. Since the peak time for apoptosis in normal
development occurs during the early postnatal period (Oppen-
heim, 1991), we assessed apoptosis on postnatal day (PND) 7 in
groups of animals who were either raised with (MR) or without
(AR) their mother and littermates during the first week of life
(Becker and Bonni, 2004; Nunez et al., 2001; Oppenheim, 1991).

I BAR-MIN DARMAX BEMR-CON EIMR-SHAM l

o 3001
E
E 250
. .
& -
E g 200/
S & 1m0{f
s )
8
T 100 1
E
o 501
&=
| corTEX | | aAmvepaLA | [ NucLEus HYPO- CAU-
ACCUMBENS | | THALAMUS | | DATE
[ @ar-MN_ DARMAX WMR-CON EMR-sHAM |
B
600 -
g 500
¢ “g 400 1 .
A
Z % 004
Q% :
O = 200 4 -
3 = :
= 100 4 [ 2 5
2 ;
MPFC MC BLAM DAM MAM NAS NAC MPOA VMH
| cortex | | amvepaLa || NucLeus HYPO-
ACCUMBENS | | THALAMUS
C [ @AR-MIN_ DARMAX WMR-CON EMR-sHAM |
700 -
g 600 -
(=]
;) & 5001
E ;
Z E 400 q
S g 300 3 !
U a ] B4 2
= [ & :‘3
§ 200 5 8
100 £ i =
: . |
o B i

| cortex | |

AMYGDALA

|| wueLeus HYPO-

ACCUMBENS THALAMUS

Fig. 2 - Statistical analysis of (A) the number of neuronal cells (Neu-N immunostaining), (B) astrocyte density (S-100
immunostaining), (C) synaptophysin immunostaining, (D) NCAM immunostaining, and (E) BDNF immunostaining in
different areas of MR-CONTROL (MR-CON), MR-SHAM, AR-MIN, and AR-MAX adult rat brains. Results are the mean +SE of 7
independent sets. x MR-CON vs. AR-MIN, % MR-CON vs. AR-MAX, A MR-SHAM vs. AR-MIN, A MR-SHAM vs. AR-MAX,

# AR-MIN vs. AR-MAX.
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Fig. 2 (continued).

The brain areas of interest are those involved in the
circuitry underlying maternal, sexual, and other species-
typical behaviors found to be affected by early maternal
deprivation in our lab, as well as others (Gonzalez et al., 2001;
Lovic and Fleming, 2004). These include the motor cortex (MC;
movement), medial prefrontal cortex (mPFC; attention and
impulsivity), medial preoptic area (MPOA; maternal and
sexual behaviors), ventromedial hypothalamus (VMH; sexual
behavior), nucleus accumbens (NA; reinforcement and mem-
ory consolidation), and amygdala (AMY; stimulus salience,
emotional behavior and social learning) (for a review see
Numan and Insel, 2003; Numan et al., 2006). The caudate
nucleus (CA) served as a control site because the caudate has
not been specifically implicated in the behavioral systems
known to be affected by early maternal deprivation.

2. Results

Four groups of animals were assessed during the juvenile and
adult age periods. At each age the following groups were
assessed: (i) AR-MIN (artificially reared with 2 anogenital
stimulations per day); (ii) AR-MAX (artificially reared with 2
anogenital stimulations and 8 tactile body stimulations per
day); (iii) MR-SHAM (mother reared and underwent surgery to

control for possible confounds due to AR surgical procedures);
(iv) MR-CONTROL (mother reared and left undisturbed).

2.1. Study 1: Early experience effects on plasticity proteins
in the brain

2.1.1.  Neuronal cell numbers and astrocyte marker S-100
Neuronal cell numbers (Neu-N) and astrocyte structural marker
intensities (S-100) in different brain areas of the four experimen-
tal groups are shown in Figs. 1A and B for juvenile rats and Figs. 2A
and B for adult rats. In both cases and for all brain sites, with the
exception of the control site (CA), there were significant main
group effects (see Table 1). As shown in Figs. 1A and B, post hoc
tests for Neu-N showed that for most sites, AR-MIN showed
significantly higher numbers of Neu-N cells than both MR groups.
MR groups did not differ from one another for either protein or
site. Post hoc tests for S-100 found that AR-MIN significantly
differed from AR-MAX and both MR groups for all brain sites,
except the CA in juvenile rats and the CA and VMH in adult rats.

In contrast, the AR-MAX group showed levels of Neu-N and
S-100 that fell between AR-MIN and the two MR groups,
differing either from both MR and AR-MIN groups or from only
the AR-MIN group (see Figs. 2A and B). Fig. 3A shows the
representative photomicrographs of the anti-Neu-N staining
in the MPOA region of all four groups in adult rats.



Table 1 - Summary of statistical analyses for all proteins in all brain sites of juvenile and adult rat brains

Brain area Neonatal Juveniles Adults
Protein  Apoptosis GAP43 N-CAM Neu-N S-100 Synaptophysin BDNF N-CAM Neu-N S-100 Synaptophysin
Site df=(3,12) df=(3,24) df=(3,24) df=(3,24) df=(3,24) df=(3,24) df=(3,24) df=(3,24) df=(3,24) df=(3,24) df=(3,24)
Cortex MPFC 32.048* 13.299* 24.601* 38.203* 22.253* 47.938* 69.241* 28.783* 56.438" 43.03" 31.148™
p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001
MC 29.099* 152.208* 67.765™ 12.054* 143.393* 3.745* 65.691** 43.307* 18.481* 33.495* 31.262*
p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p=0.024 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001
Amygdala BLAM 23.749™ 58.85™ 1.401 3.088" 46.561"" 12.203* 65.95" 2.797 0.381 21.245™ 47.82™
p<0.001 p<0.001 p=0.267 p=0.046 p<0.001 p<0.001 p<0.001 p=0.062 p=0.768 p<0.001 p<0.001
CAM 0.177 21.626™ 36.277* 2.471 42.958* 2.593 1.155 29.593* 3.857* 11.1* 2.739
p=0.910 p<0.001 p<0.001 p=0.086 p<0.001 p=0.076 p=0.347 p<0.001 p=0.022 p<0.001 p=0.066
MAM 15.628"" 40.63™ 47.313" 16.379*" 14.425™ 26.762* 24.731™ 56.799*" 15.31* 34.423" 3.302*
p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p=0.037
Nucleus NAS 15.449* 3.187* 17.302** 17.407* 30.301* 7.313* 19.26™ 13.005** 11.163* 27.908* 16.212*
accumbens p<0.001 p=0.042 p<0.001 p<0.001 p<0.001 p=0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001
NAC 17.075* 81.098™ 15.175* 27.871* 59.826* 15.103* 61.49% 28.145* 10.768* 19.603* 12.392*
p<0.001 p<0.001 p=0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001
Hypothalamus MPOA 26.432™ 3.139* 51.913* 12.247* 33.728" 16.578" 169.48"" 35.093* 19.761* 57.922* 30.746™
p<0.001 p=0.044 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001
VMH 11.640" 18.713* 12.71* 31.751* 21.53* 8.225* 30.769* 24.352* 20.632* 40.257* 25.026™
p=0.001 p=0.001 p=0.001 p<0.001 p<0.001 p=0.008 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001
Caudate CAU 0.962 0.458 3.246 0.144 0.149 0.994 0.146 0.842 1.940 0.210 0.968
p=0.442 p=0.719 p=0.081 p=0.931 p=0.928 p=0.443 p=0.931 p=0.484 p=0.150 p=0.889 p=0.438

F values are in bold; p<0.05%, p<0.001**.
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2.1.2. Synaptophysin, NCAM, BDNF, and GAP-43

The intensity of synaptophysin and NCAM in the different
brain areas of the four experimental groups is shown in
Figs. 1C and D for juvenile rats and in Figs. 2C and D for adult
rats. In all cases and for all brain sites, with the exception of
the control site (CA), there were significant main group effects
(see Table 1). As shown in Figs. 1C and D and Figs. 2C and D,
post hoc tests for synaptophysin and NCAM showed that for

the majority of sites, AR-MIN showed significantly lower
densities than both the MR groups. Also, the two MR groups
did not differ from one another for either protein or site. In
contrast, the AR-MAX group showed levels of marker that fell
between AR-MIN and the two MR groups. Hence, AR-MAX
animals differed either from both MR groups, but not AR-MIN,
from AR-MIN only, or from all three groups. Figs. 3B and C
show the representative pictures of anti-synaptophysin and

A NeuN STAINING - ADULT MPOA (200x)

Neuronal Nucleus

MR-CONTROL

-SHAM

B SYNAPTOPHYSIN STAINING - ADULT MPOA (200x)

Synapse

/

AR-MIN

MR-CONTROL

MR-SHAM

Fig. 3 - Representative photomicrographs showing (A) the number of neuronal cells (Neu-N immunostaining),

(B) synaptophysin immunostaining, (C) NCAM immunostaining, and (D) BDNF immunostaining in the MPOA region of
MR-CONTROL, MR-SHAM, AR-MIN, and AR-MAX adult rat brains under 20x objective. The immunofluorescence staining
pattern of the MPOA region of a MR rat brain with different antibodies at higher magnification (100x objective) is shown as an

insert.
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Fig. 3 (continued).

anti-NCAM staining in the MPOA region of all four groups of
adult animals.

Juvenile brains were also assessed for GAP-43, while adult
brains were assessed for BDNF. For both these markers, the
pattern was virtually identical as that described for NCAM and
synaptophysin (see Figs. 1E and 2E). Hence, there were overall
group differences (except in the CA for juveniles and in central
AMY and CA for adults) (see Table 1). Post hoc tests indicated
that in almost all cases, AR-MIN animals had significantly
lower levels than AR-MAX and the two MR groups. The two MR
groups did not differ from one another (see Figs. 1E and 2E).

Also, as shown in Figs. 1E and 2E, BDNF expression in AR-
MAX groups had levels that were higher than those found in

AR-MIN animals but lower than or no different from the MR
control groups. AR-MAX animals were significantly different
from both MR groups and the AR-MIN group in many regions.
The representative pictures of anti-BDNF (in adults) in the
MPOA can be seen in Fig. 3D.

2.1.3.  Western blot analysis of synaptophysin, GAP-43,
S-100, BDNF, and NCAM proteins

We further confirmed the results of the above immunohistolo-
gical analysis by Western Blot analysis using antibodies against
synaptophysin, GAP-43, S-100, BDNF, and NCAM in different
brain areas of AR and MR juvenile (Fig. 4) and adult (Fig. 5) rats.
The Western Blot analysis results were in agreement with the
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Fig. 4 - Western Blot analysis visualizing the expression of S-100, synaptophysin, NCAM, and GAP-43 in different areas of
MR-CONTROL (C), MR-SHAM (S), AR-MIN (MIN), and AR-MAX (MAX) juvenile rat brains.

results of immunohistochemical studies in the different brain
regions, both in juvenile and adult brains. In most of the areas
studied in the juvenile brains, except in the caudate and VMH,
the stainingreflecting the expression of synaptophysin, GAP-43,
and NCAM was much darker in the two MR groups compared to
AR-MIN. However, S-100 staining was darker in AR-MIN animals
compared to MR-CONTROL and MR-SHAM animals. Expression
of these proteins for AR-MAX animals fell in between the two
MR groups and AR-MIN. In adult rats, we also observed similar
patterns of expression.

2.2. Study 2: Early experience effects on apoptosis in the brain
The intensity of apoptotic cell death or evidence of DNA
fragmentation by TUNEL reaction in the different brain areas
of the four experimental groups is shown in Fig. 6. In all cases
and for all brain sites, with the exception of the control site
(CA), there were significant main group effects (see Table 1).
As shown in Fig. 6, post hoc tests for TUNEL showed that, for
the majority of brain sites, AR-MIN animals showed signif-
icantly lower densities than both the MR groups. Also, the two
MR groups did not differ from one another for any site. In
contrast, the AR-MAX group showed levels of apoptotic cell
death that fell between AR-MIN and the two MR groups.

Hence, AR-MAX animals differed either from both MR groups,
but not AR-MIN, from AR-MIN only, or from all three groups.
Fig. 7 shows the representative photomicrograph of TUNEL
staining in the MPOA region of all four groups of neonatal
animals. There was good correspondence between the
different groups in apoptotic cell death and neuronal cell
numbers in the various brain areas of the juvenile as well as
adult AR/MR rat brains (Table 2). For example, in juvenile rats
there was 41% less apoptotic cell death and 38% more neuronal
cells present in the MPOA of AR-MIN brains compared to MR
brainsinjuveniles. In most of the other brain areas, the percent
reduction in apoptotic cell death and percent elevation in
neuronal cells in AR-MIN brains compared to MR brains also
resulted in good correspondence (viz. NAC 45% vs. 38%; see
Table 2). In adults this correspondence existed though there
were some recoveries from damage in most of the targeted
areas.

3. Discussion

Taken together these results indicate that if rats are deprived
of their mothers and usual nest environment during the early
postnatal period, brain development is altered such that rats
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Fig. 5 - Western Blot analysis visualizing the expression of S-100, synaptophysin, NCAM, and BDNF in different areas of

MR-CONTROL (C), MR-SHAM (S), AR-MIN (MIN), and AR-MAX (MAX) adult rat brains.
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Fig. 6 — Statistical analysis of the number of TUNEL positive cells in different areas of MR-CONTROL (MR-CON), MR-SHAM,
AR-MIN, and AR-MAX neonatal (PND 7) rat brains. Results are the mean +SE of 4 independent sets. * MR-CON vs. AR-MIN,
% MR-CON vs. AR-MAX, A MR-SHAM vs. AR-MIN, A MR-SHAM vs. AR-MAX, % AR-MIN vs. AR-MAX.

show persistent elevations in the number of neurons and
supporting astroglial cells, but reduced indices of functionality
in most brain sites investigated. These effects were seen in
juvenile rats and persisted into adulthood. Hence, in most
brain sites of interest, rats reared without their mothers
showed elevated numbers of cells stained for Neu-N (neurons)
and S-100 (astrocytes), but reduced staining for synaptophysin
and NCAM, proteins that reflect activity of synaptic vesicles
and neurite outgrowth, respectively (Cremer et al., 1998; Ronn
et al,, 1998). Juvenile rats reared without their mothers also
showed reduced GAP-43, a protein expressed in early devel-
opment that is involved in axonal path finding and synaptic
plasticity (Benowitz et al., 1990; Irwin and Madsen, 1997).

Artificially reared adult rats showed reduced BDNF, a neuro-
trophic factor that is involved in regulating survival, differen-
tiation, and maintenance functions of specific populations of
neurons and other processes of neuronal plasticity (Alderson
et al., 1990; Thoenen, 1995). Taken together these effects are
consistent with the results of Card et al. (2005) and Rinaman
et al. (2000) who found an alteration in the neural develop-
ment of limbic, cortical, and hypothalamic inputs to the
autonomic system in pups that had been separated from their
mothers for 15 min or 3 h daily during the first 10 days of life.
In this case, disruptions in neural connectivities or assemblies
were established through the use of trans-synaptic pseudo-
rabies virus (PRV) injection and immunolabeling within the

NEONATAL (PND 7) MPOA APOPTOSIS

Apoptotic Nucleus

MR-CONTROL

.
MR-SHAM

Fig. 7 - Representative photomicrographs representing TUNEL positive cells showing apoptotic nuclei in the MPOA region of
MR-CONTROL, MR-SHAM, AR-MIN, and AR-MAX neonatal (PND 7) rat brains under 20x objective.
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Table 2 - Results showing correspondence between inhibition of neural apoptosis at PND 7 and increased accumulation of

neuronal nuclei in juvenile and adult AR rats compared to MR rats

AGE MPEC MC BLAM CAM MAM NAS NAC MPOA VMH CAU
Apoptosis

PND 7 59% 41% 58% 4% 64% 45% 43% 41% 48% 1%
NeuN

PND 23 juveniles 34% 32% 12% 6% 38% 38% 32% 38% 18% 1%
PND 85 adults 19% 23% 5% 5% 14% 22% 29% 24% 36% 0%

Correspondence between apoptosis and neuronal number:

Percent decrease in apoptosis (TUNEL reaction) between AR-MIN and MR-SHAM on PND 7 in rat brains.
Percent increase in neuronal number (NeuN) between AR-MIN and MR-SHAM in juvenile (PND 23) and adult (PND 85) in rat brains.

circuit. Not all cell groups were equally affected by the early
separation regime; primarily those involved in the autonomic-
emotional motor circuit.

In the present study, most of the effects of artificial rearing
can be reversed, in part or completely, by providing young pups
with additional ‘licking-like’ stimulation during development.
These AR-MAX effects are consistent with, and may in part
explain, the very elegant findings by Meaney and his collea-
gues who have described in detail the multiple effects of
variations in maternal licking stimulation received by pups
during the early postnatal period. Among the effects reported
by Meaney and his group are licking-induced differences in
various behaviors (such as spatial learning (Liu et al., 2000), fear
(Caldji et al., 1998), attention (Zhang et al., 2005), and maternal
behavior (Francis et al, 1999)) and in related underlying
neuroendocrinology and neurochemistry (Champagne et al,,
2003; Zhang et al., 2005). For example, pups receiving a low
level of licking show hyperactivity of the HPA stress response
and of underlying molecular and epigenetic mechanisms (Liu
etal., 1997; Weaver et al., 2004a). Evidence that these effects are
based on postnatal experiences and on maternal behavior
rather than on prenatal experiences or genetics is indicated by
the findings that the effects of low licking stimulation can be
reversed through cross-fostering (high to low and low to high
licking mothers) (Francis and Meaney, 1999). The Meaney low-
high licking distinction is quite similar to the maternal
deprivation and stroking replacement comparisons reported
here and by Levine and colleagues (Levine et al., 1991; Levine,
2002; Van Oers et al., 1998). Specifically, the similarities lie in
the effects on behavior and physiology and are likely mediated
by many of the same neural changes during development that
we find in the present study.

The present AR effects were seen in most brain sites, but
notin all. In a number of sites not involved in the regulation of
species-specific behaviors, especially the caudate nucleus,
effects of artificial rearing were rarely found. This suggests
that although the effects are quite widespread, they are by no
means universal. The inverse relation between the structural
markers of neurons and astrocytes and functionality of
synapses and communication markers indicates that the
abundance of neurons present in these early isolates is not
functional and hence, is likely not ‘normal’.

These results also suggest that the deprivation and
replacement regimes have effects on a process occurring
early in development, resulting in elevations in the number of
neurons and glial cell structural marker intensity. To better

understand how the different proteins could affect neuronal
development, work on cortical development may constitute
an instructive model (Anderson, 2001). For instance, during
the development of the cerebral cortex, several events take
place leading to the formation of a proper neuronal network in
the brain. First, blast cell proliferation generates neuroblasts
and glioblasts (during the embryonic period through to PND 2-
3 (Meyer et al., 1998; Volkova, 1975; Bayer and Altman, 1987;
Jacobson et al., 1985). The neuroblasts and glioblasts then
differentiate into mature neurons and various glial cells.
During this phase, neuronal migration along glial cell fibers
is very important for the organization of neuronal networks
and glial cells. In the rat brain, this occurs during the first
2 weeks after birth (Parnavelas, 2000; O’Leary and Koester,
1993). NCAM plays a vital role in this migration. During this
period, a substantial number of neurons die to make room for
proper network formation, i.e. elongation of axons and
dendrites. Apoptotic cell death starts late in the embryonic
stage, peaks on PND 7 and then falls sharply by PND 10 (Nunez
et al., 2001; Ferrer et al., 1994). GAP-43, BDNF, and NCAM all
play an important role during this period, whereas synapto-
physin and BDNF are involved in the formation of mature
synapses.

To understand the mechanism behind the elevated cell
density in AR rat brains, in the second study, we examined
apoptotic cell death during brain development in all four
groups of rats. We chose PND 7 for the apoptosis study as this
is the peak period for neuronal apoptosis in male rat brains
(Nunez et al., 2001, Ferrer et al., 1994). This neuronal cell death
is not random—it takes place in a very specific manner known
as programmed cell death, or apoptosis. During development,
the nervous system initially generates an excess number of
neurons; thus, apoptosis is an integral process in the normal
development of the nervous system. Apoptosis takes place
during a restricted period of brain development, leading to the
elimination of as much as half of the originally produced
neurons (Becker and Bonni, 2004; Oppenheim, 1991). We
found, as hypothesized, that there were significantly lower
numbers of TUNEL positive cells (apoptotic cells) in many
areas of AR-MIN rat brains, in comparison to brains in the MR
groups and frequently in the AR-MAX group. These results
may then explain the higher number of neuronal cell bodies in
AR-MIN animals sacrificed either as juveniles or in adulthood.
These results are somewhat different from those reported by
Zhang et al. (2002), who reported more cell death after
maternal separation. Differences in results likely reflect
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differences in the methods of maternal separation used in the
two studies. In Zhang et al. (2002), maternal separation
consisted of a single 24-h period, whereas in this study, pups
were continually reared without a mother. Another major
difference was that during the single 24-h separation, pups
were completely deprived of food and water. In contrast, in the
present study, pups were provided with sufficient milk/food
during the entire separation procedure. There have been
several reports of induction of apoptosis of neuronal cells after
food/glucose deprivation in vivo as well as in vitro (Ferrand-
Drake et al., 1999; Ioudina et al., 2004; Wieloch, 1985). Similar
inconsistencies have been found for BDNF where Greisen et al.
(2005) reported higher levels of BDNF expression in the
hippocampus of maternally deprived rat brains, whereas in
our study, as well as in that of Roceri et al. (2002), decreased
BDNF expression was found.

This is the first direct report of widespread deficient
neuronal development in the brains of rats reared in isolation.
Using markers of neuronal structure and function, differences
in the expression of several important proteins involved in
neural development, synapse functions, and neural plasticity
were observed. We also found that deficits in processes
of neuronal development occur very early during the neo-
natal period when artificial rearing affects the process of
programmed cell death or apoptosis. These results may
explain the elevations in neurons found in the artificially
reared adult animal. The major achievement of our study is
that artificial ‘licking-like’ stimulation received by the AR-
MAX group not only can reverse some behavioral and
neuroendocrine abnormalities produced by artificial rearing
reported earlier (Fleming et al., 2002; Gonzalez et al., 2001,
Gonzalez and Fleming, 2002; Lévy et al, 2003; Lovic and
Fleming, 2004; Numan et al., 2006), but can also significantly
enhance processes of brain development likely underlying
many of these behavioral and physiological effects. This
reversal of improper neural network formation by artificial
‘licking-like’ stimulation raises hope for intervention strate-
gies for infants who experience neglect during early develop-
ment (Fries and Pollak, 2004; Gunnar et al., 2001; Rutter and
O’Connor, 2004). At present we are working on how “stroking”
can reverse the adverse effects of isolation rearing on brain
development. A number of potential mechanisms exist. How-
ever, currently our focus is on the secretion of factors related
to skin stimulation (growth factors or cytokines) that are
known to influence early brain development; these include
FGF, IL6, and TNFa.

4. Experimental procedures

4.1. Statistical analyses

For each marker at each brain site and for each age group, one-
way ANOVAs comparing the 4 early experience groups were
computed. For some of these analyses, brain weights were
also added as a covariate. Where overall group differences
were found, post hoc Tukey tests were performed comparing
the different pairs of groups. Given the large number of
comparisons undertaken, p values of 0.01 were taken as
reflecting significant differences for ANOVAs. In general,

however, p values <0.005 and higher were found as indicated
by Table 1 which includes the F and p values for all analyses
completed for the different proteins in juvenile and adult
animals and for the different brain sites.

4.2, Animals

4.2.1. Subjects

In the first study, 56 male Sprague-Dawley rats were analyzed
either as juveniles (n=28) or as adults (n=28). In the second
apoptosis study, 16 rats were sacrificed on postnatal day (PND)
7. Experimental animals were born and raised at the Univer-
sity of Toronto at Mississauga from a stock originally obtained
from Charles River Farms (St. Constant, Quebec, Canada).
Rearing conditions are described below. In general, the
progenitor colony was maintained on a 12:12 h light:dark
cycle with lights on at 0800 h in a room maintained at
approximately 22 °C, humidity 50-60%. Beginning on PND 21,
all mother rats producing experimental offspring were housed
two per cage (clear, 20x43x22 cm), with food (Purina Rat
Chow, Brentwood, MO) and water available ad libitum until
they were mated, as adults, with stud males. Mother rats were
housed singly throughout their pregnancies. All procedures
involving animals were approved by the University of Toronto
Animal Care Committee and completed in accordance with
the guidelines of the Canadian Council on Animal Care.

4.3. General procedures

Mother rats of experimental animals gave birth undisturbed.
On day 1 of parturition (PND 1), litters were culled to 10 rats
(6 males and 4 females). On PND 3, three male pups were
removed from the nest and implanted with a cheek cannulae
(see Surgery below) while the remaining three male pups
stayed with their four female littermates and the mother rat
(MR-CONTROL). One of the three males removed from the nest
received a sham surgery and was returned to the nest (MR-
SHAM), and the remaining two pups were artificially reared
(AR) and randomly assigned to one of two AR groups (see
Treatments and Groups below).

4.3.1. Surgery and artificial rearing
Prior to surgery, pups were weighed and a topical anesthetic
(EMLA, AstraZeneca, Mississauga, ON) was applied to the
surface of the cheek. A lubricated (mineral oil) lead wire
(stainless steel, 0.25 mm diameter) with silastic and PE 10
tubing was used to pierce the cheek. The lead wire and silastic
tubing were removed once the flared end of the tubing was
adjusted appropriately. Polysporin (Pfizer, Toronto, ON) was
applied topically to the site of penetration. Another lead wire
was used to insert a flat and t-washer which was secured
in place with superglue. This same procedure was used for
MR-SHAM pups except the PE 10 tubing was removed. Black
marker was applied to the ears of MR-SHAM pups prior to
placing the pups back with the litter for later identification.
After surgery, AR pups were placed individually in plastic
cups (11 cm diameter x 15 cm deep) containing corn cob bedding
(Bed O’Cobs, Maumee, OH). The cups floated in temperature
controlled water (36-40 °C). Animals were connected to time-
controlled infusion pumps (Harvard Apparatus Syringe, PHD
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2000, St-Laurent, QC) by cheek cannulae tubing. The pumps
delivered milk (Messer diet; Messer et al.,, 1969; Smart et al.,
1983) for 10 min every hour, 24 h a day. The amount infused was
calculated based on mean pup body weight. Beginning on PND
3, pups received a volume of milk equal to 33% of the mean body
weight, and this amount increased by 1% daily. Each morning,
pups were disconnected from the pumps, their weights were
recorded, and all tubing was flushed with double distilled
water. New syringes with fresh formula were prepared and the
new infusion rates programmed based on the weights for that
day.

4.3.2. Treatment and groups

Study 1: AR rats were randomly assigned to either AR-MIN or
AR-MAX groups. AR-MIN pups were stimulated twice daily
(morning and night) for 30 s each with a wet camelhair
paintbrush in the anogenital region to promote urination and
defecation. AR-MAX pups received two anogenital stimula-
tions in the same manner as the AR-MIN pups, as well as five
2-min body stimulations daily using a dry camelhair
paintbrush. Stimulations for both groups occurred from
PND 4 to PND 16. Due to the constraints of the AR procedure
(pup-in-a-cup), on PND 18, AR pups were removed from the
pumps and given warm milk formula mixed with rat chow
powder. The concentration of rat chow powder was slowly
increased daily. From PND 20 to 22, AR animals were
provided with solid pellets in addition to the milk formula
mixed with rat chow powder. On PND 22, all AR pups were
only fed solid pellets. MR-pups” were removed from their
mothers and fed solid food pellets on PND 22. On PND 22,
both AR and MR pups were removed and housed in a cage
with a littermate and provided with food pellets and water,
ad libitum. Rats in the juvenile group were left undisturbed
until PND 23, whereas animals in the adult group remained
undisturbed until PND 85. PND 23 was selected as the age for
the juvenile groups since this is when most regions of the
brain that were studied in this report first attain steady
levels of synaptogenesis (Jacobson, 1991; O’Callaghan, 1992;
Rice and Barone, 2000).

This resulted in the following group compositions: JUV: AR-
MIN, n=7; JUV: AR-MAX, n=7; JUV MR-SHAM, n=7; JUV MR-
CONTROL, n=7; ADULT AR-MIN, n=7; ADULT AR-MAX, n=7;
ADULT MR-SHAM, n=7; ADULT MR-CONTROL, n=7. Rats were
taken from 14 litters. All litters were represented among the
groups such that no more than one animal from each litter
was used in each group.

Study 2: All groups and conditions were the same as in Study
1, with the exception of the duration of rearing manipulations
which occurred from PND 3 to 7. Animals were sacrificed on
PND 7. This resulted in the following group compositions: AR-
MIN, n=4; AR-MAX, n=4; MR-SHAM, n=4; MR-CONTROL, n=4.
Four pups were used per group each deriving from a different
litter.

4.4. Procedures prior to assays

Study 1: Brain samples were taken at two ages: the juvenile
period (PND 23) and in adulthood (PND 85). Rats sampled
during the juvenile period were sacrificed following full
weaning, classified as when the animals were able to eat

solid food. Rats sampled during adulthood were paired with
a same sex mother-reared conspecific until they were
sacrificed. After decapitation, brains were extracted and
quickly frozen on dry ice and stored at —80 °C until assayed
with immunohistochemical procedures and Western Blot
analyses.

Study 2: Brain samples were taken during the neonatal
period (PND 7) and brains were extracted and frozen as
described above.

4.5.  Molecular procedures

4.5.1. Study 1A and B: Immunohistochemical studies

Prior to immunohistochemical procedures, brains were fixed
in a 4% paraformaldehyde solution. The brains were dehy-
drated through ascending graded concentrations (10%, 20%,
and 30%) of sucrose in 4% paraformaldehyde. The brains were
then sectioned (25 pm) using a cryostat (Leica HM 500 OM,
Microm International GmbH, Walldorf, Germany). The brain
was sectioned throughout all the areas of interest and con-
secutive sections were mounted onto separate slides, such
that each brain area was able to be stained by all antibodies.
Immunohistochemical analysis was performed according to
Mortensen and Larsson (2001) and Mehra et al. (2005). Tissue
sections (25 pm) were incubated with 5% normal goat serum
(Antibodies Incorporated, Davis, CA) in sPBS for 10 min to
block non-specific binding. Tissues were then exposed to
specific monoclonal antibodies for the target proteins [anti-
Neu-N (Chemicon, Temecula, CA); anti-synaptophysin (Sigma
Chemicals, St. Louis, MO); anti-S-100 (Sigma Chemicals, St.
Louis, MO); anti-NCAM (Sigma Chemicals, St. Louis, MO); anti-
GAP-43 (Sigma Chemicals, St. Louis, MO); anti-BDNF (rabbit
polyclonal, Chemicon, Temecula, CA)]. Exposure to TRITC
coupled anti-mouse IgG was used for Neu-N, synaptophysin,
GAP-43, NCAM, and S-100 antibodies and FITC coupled anti-
rabbit IgG for the BDNF antibody followed. The slides were
washed with sPBS buffer and mounted using immu-mount
mounting media (Thermo Electron Corporation, Pittsburgh,
PA).

4.5.2. Study 1C: Western blot analysis

Western blot analysis was carried out as described by Miyake
et al. (2002). Samples from each brain site were collected by
puncturing the area of 25 um sections from MR-CONTROL,
MR-SHAM, AR-MIN, and AR-MAX brains. Samples were taken
from four animals from the same group and pooled together
in 15 pl of 10 mM phosphate buffer. Samples were sonicated
for 5 s at setting two. Proteins were assayed using Pierce’s
BCA protein assay reagent (PIERCE, Rockford, IL, USA). SDS-
sample buffer (5 ml, 4x concentration) was added to each
sample.

Five micrograms of protein from each sample were loaded in
each lane and separated by SDS-polyacrylamide gel electropho-
resis in BioRad mini gels (BioRad, Hercules, CA). Separated
proteins were transferred to PVDF membranes using a BioRad
mini transblot apparatus. Membranes were incubated with
monoclonal anti-synaptophysin, anti-S-100, anti-NCAM, and
anti-GAP-43 antibody followed by HRP coupled anti-mouse IgG.
For BDNF the same procedure was applied, but the primary
antibody was anti-BDNF polyclonal (rabbit polyclonal,
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Fig. 8 — Schematic diagrams of the brain areas where pictures were taken for analysis.

Chemicon, Temecula, CA) and the secondary antibody was HRP
coupled anti-rabbit IgG (Sigma Chemicals, St. Louis, MO). The
immunoreactivity was visualized by ECL technique according to
the manufacturer’s instructions (GE Healthcare Bio-Sciences
Corp., Cardiff, Wales) using a phospho-imager.

4.5.3. Study 2: TUNEL staining for apoptosis

Apoptosis was identified by labeling the DNA 3’-OH nick-
ends using a variant of TUNEL staining of 25 pm brain
sections. Staining for cell death was carried out according to
the manufacturer’s instructions using the materials provided
in the kit (Roche Diagnostics). Briefly, rats (PND 7) were
decapitated. The brains were immediately extracted and
fixed in 4% paraformaldehyde and ultimately transferred to
a 30% sucrose solution in 4% paraformaldehyde containing
PBS. Coronal sections (25 um) were cut using a cryostat and
transferred onto superfrost plus slides (Fisher Scientific,
Canada) and stored at —80 °C. Brain cryosections were then
treated with ice cold 0.1% Triton X100 in Tris buffered saline
(TBS, pH 7.4) for 2-min followed by 5 washes with TBS. The
sections were then incubated in a humidified chamber at
37 °C for 1-h in the presence of terminal deoxytransferase
(TdT) and FITC-labeled nucleotides (enzyme-substrate
reagent from kit). After washing 5 times with (2 min each
wash) TBS, the slides were mounted using immu-mount
mounting media (Thermo Shandon, Pittsburgh, PA, USA).
The positive cells in each region were detected under the
fluorescence microscope using imaging procedures described
below, but adjusted for PND 7 brains.

4.6. Image analysis

A number of sections across the anterior-posterior (A-P)
sectioning plane were collected from the various brain sites.
Juvenile brains were assessed for anti-Neu-N, anti-synapto-
physin, anti-S-100, anti-NCAM, and anti-GAP-43. Adult brains
were assessed for the same antibodies with the exception of
anti-GAP-43, which was substituted with anti-BDNF. All slides
were coded for group identification such that experimenters
completing the microscopy, imaging, and quantification were
blind to the groups and conditions. For inter-observer
reliability, the same sections for each brain area for 10 juvenile
brains and 10 adult brains were quantified by two indepen-
dent experimenters. For intra-observer reliability, 1/2 of all
sections were quantified two times by the same experimenter.
In both cases reliabilities (r) exceeded 0.90.

Immunoreactivity was visualized under an immunofluores-
cence microscope (OLYMPUS BX60, Japan) and analyzed using
Image-Pro Plus (Media Cybernetics, Inc., Silver Spring, MD)
software. Proper filters for TRICT were used with a 10x objective
(Neu-N staining) or 20x objective (synaptophysin, S-100, NCAM,
and GAP-43 staining, TUNEL). Different brain sites were identi-
fied on the basis of surrounding landmarks and pictures were
taken from identical sites based on these landmarks. Fig. 8
shows a schematic diagram of the sites where pictures were
taken depending on the landmarks in the brain sections. For
analysis, four to nine pictures were taken of a particular brain
site from each section, depending on the area of interest; and 8-
18 fields per animal for each area and antibody (expressed as
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number of cells or number of pixels/mm?). For most brain sites,
one side of the brain was quantified using three A-P sections for
each site and the average of the 3 sections was taken.” Pictures
were taken usinga 20x objective at a fixed exposure time for each
type of staining. The exposure time was set on the basis of the
highest signal to noise ratio for that particular antibody staining
under the conditions of our microscope and imaging software
factory setting (e.g. 8 s for Neu-N staining; 6 s for synaptophysin,
NCAM, GAP-43, and S-100 staining; 12 s for BDNF staining). For
Neu-N staining, the background for all pictures was set to an
identical intensity and the number of nuclei was counted using
Image-Pro Plus (Media Cybemnetics, Inc., Silver Spring, MD)
software using a size-cut off value of 200. Neu-N staining was
expressed as the number of neuronal nuclei per mm? Back-
grounds for all pictures were set to identical settings using the
digital control of the Image-Pro Plus (Media Cybemnetics, Inc.,
Silver Spring, MD) software (pixels ranged from 0 to 3) for
synaptophysin, S-100, NCAM, BDNF, and GAP-43. Staining
intensity was measured using Image-Pro Plus (Media Cybernet-
ics, Inc., Silver Spring, MD) software and expressed as pixel per
mm?.

Acknowledgments

Many thanks to Emis Akbari and to Vedran Lovic for their help
in providing ‘blind’ inter-observer reliabilities on the imaging
and quantification procedures and to the animal vivarium
staff for help in maintaining the animals. Supported by a CIHR
grant awarded to Alison S. Fleming.

REFERENCES

Alderson, R.F., Alterman, A.L., Barde, Y.A., Lindsay, R.M., 1990.
Brain-derived neurotrophic factor increases survival and
differentiated functions of rat septal cholinergic neurons in
culture. Neuron 5, 297-306.

Anderson, DJ., 2001. Stem cells and pattern formation in the
nervous system: the possible versus the actual. Neuron 30, 19-35.

Bayer, S.A., Altman, J., 1987. Development of the preoptic area:
time and site of origin, migratory routes, and settling patterns
of its neurons. J. Comp. Neurol. 265, 65-95.

Becker, E.B.E., Bonni, A., 2004. Cell cycle regulation of neuronal
apoptosis in development and disease. Prog. Neurobiol. 72,
1-25.

Benowitz, L.I., Routtenberg, A., 1997. GAP-43: an intrinsic
determinant of neuronal development and plasticity. Trends
Neurosci. 20, 84-91.

Benowitz, L.I., Perrone-Bizzozero, N.I., Neve, R.L., Rodriguez, W.,
1990. GAP-43 as a marker for structural plasticity in the mature
CNS. Prog. Brain Res. 86, 309-320.

Burton, C., Lovic, V., Fleming, A.S., 2006. Effects of early adversity
on attention and locomotion in adult Sprague-Dawley rats.
Behav. Neurosci. 120, 665-675.

2 For some sites (MPOA and AMY) a single section was imaged
and quantified. However, when we compared sites in which 3 A-P
sections were analyzed (mPFC, MC, VMH, NAC, NAS, and Caudate)
and compared the average of the three sections with the value of
the middle section, we found very little difference in the densities
indicating that the value of the one section was a good
representation of the A-P sectioning plane of the quantified site.

Caldji, C., Tannenbaum, B., Sharma, S., Francis, D., Plotsky, P.M.,
Meaney, M.J., 1998. Maternal care during infancy regulates the
development of neural systems mediating the expression of
fearfulness in the rat. Proc. Natl. Acad. Sci. U. S. A. 95, 5335-5340.

Card, J.P., Levitt, P., Gluhovsky, M., Rinaman, L., 2005. Early
experience modifies the postnatal assembly of autonomic
emotional motor circuits in rats. J. Neurosci. 25, 9102-9111.

Champagne, F.A,, Francis, D.D., Mar, A., Meaney, M.J., 2003.
Variations in maternal care in the rat as a mediating influence
for the effects of environment on development. Physiol. Behav.
79, 359-371.

Cremer, H., Chazal, G., Carleton, A., Goridis, C., Vincent, ].D., Lledo,
P.M., 1998. Long-term but not short-term plasticity at mossy
fiber synapses is impaired in neural cell adhesion
molecule-deficient mice. Proc. Natl. Acad. Sci. U. S. A. 95,
13242-13247.

Ferrand-Drake, M., Friberg, H., Wieloch, T., 1999. Mitochondrial
permeability transition induced DNA-fragmentation in the rat
hippocampus following hypoglycemia. Neuroscience 90,
1325-1338.

Ferrer, 1., Tortosa, A., Blanco, R., Martin, F., Serrano, T., Planas, A.,
Macaya, A., 1994. Naturally occurring cell death in the
developing cerebral cortex of the rat. Evidence of
apoptosis-associated internucleosomal DNA fragmentation.
Neurosci. Lett. 182, 77-79.

Fleming, A.S., Kraemer, G.W., Gonzalez, A., Lovic, V., Rees, S., Melo,
A., 2002. Mothering begets mothering: the transmission of
behavior and its neurobiology across generations. Pharmacol.
Biochem. Behav. 73, 61-75.

Francis, D., Meaney, M.J., 1999. Maternal care and the development
of stress responses. Curr. Opin. Neurobiol. 9, 128-134.

Francis, D., Diorio, J., Liu, D., Meaney, M.J., 1999. Nongenomic
transmission across generations of maternal behavior and
stress responses in the rat. Science 286, 1155-1158.

Francis, D.D., Diorio, J., Plotsky, P.M., Meaney, M.J., 2002.
Environmental enrichment reverses the effects of maternal
separation on stress reactivity. J. Neurosci. 22, 7840-7843.

Fries, A.B., Pollak, S.D., 2004. Emotion understanding in
postinstitutionalized Eastern European children. Dev.
Psychopathol. 16, 355-369.

Gittins, R., Harrison, P.J., 2004. Neuronal density, size and shape in
the human anterior cingulate cortex: a comparison of Nissl and
Neu-N staining. Brain Res. Bull. 63, 155-160.

Gonzalez, A., Fleming, A.S., 2002. Artificial rearing causes changes
in maternal behavior and c-fos expression in juvenile female
rats. Behav. Neurosci. 116, 999-1013.

Gonzalez, A., Lovic, V., Ward, G.R., Wainwright, P.E., Fleming, A.S.,
2001. Intergenerational effects of complete maternal
deprivation and replacement stimulation on maternal
behavior and emotionality in female rats. Dev. Psychobiol. 38,
11-32.

Greisen, M.H., Altar, C.A., Bolwig, T.G., Whitehead, R., Wortwein,
G., 2005. Increased adult hippocampal brain-derived
neurotrophic factor and normal levels of neurogenesis in
maternal separation rats. J. Neurosci. Res. 79, 772-778.

Gubernick, D J., Alberts, J.R., 1983. Maternal licking of young: resource
exchange and proximate controls. Physiol. Behav. 31, 593-601.

Gunnar, M.R., Morison, S.J., Chisholm, K., Schuder, M., 2001.
Salivary cortisol levels in children adopted from Romanian
orphanages. Dev. Psychopathol. 13, 611-628.

Harry, GJ., Rartenbach, M., Haines, W., Bruccoleir, A., 2000.
Developmental profiles of growth-associated protein (Gap43),
Ngfb, Bndf and Ntf4 mRNA levels in the rat forebrain after
exposure to 60 Hz magnetic fields. Radiat. Res. 153, 642-647.

Hughes-Davis, E.J., Cogen, J.P., Jakowec, M.W., Grenninglob, G.,
Meshul, C.K., McNeill, T.H., 2005. Differential regulation of the
growth-associated proteins GAP-43 and superior cervical
ganglion 10 in response to lesions of the cortex and substantia
nigra in the adult rat. Neuroscience 135, 1231-1239.



26 BRAIN RESEARCH

1158 (2007) 11-27

Hulsebosch, C.E., DeWitt, D.S., Jenkins, L.W., Prough, D.S., 1998.
Traumatic brain injury in rats results in increased expression
of Gap-43 that correlates with behavioral recovery. Neurosci.
Lett. 16 (255), 83-86.

Ingvar, M., Schmidt-Kastner, R., Meller, D., 1994.
Immunohistochemical markers for neurons and astrocytes
show pan-necrosis following infusion of high-dose NMDA into
rat cortex. Exp. Neurol. 128, 249-259.

Ioudina, M., Uemura, E., Greenlee, H.W., 2004. Glucose insufficiency
alters neuronal viability and increases susceptibility to
glutamate toxicity. Brain Res. 1004, 188-192.

Irwin, N., Madsen, J.R., 1997. Molecular biology of axonal outgrowth.
1. Growth cones and GAP-43. Pediatr. Neurosurg. 27, 113-120.

Jacobson, M., 1991. Formation of dendrites and development of
synaptic connections. Developmental Neurobiology. Plenum
Press, New York, pp. 223-284.

Jacobson, C.D., Davis, F.C., Gorski, R.A., 1985. Formation of the
sexually dimorphic nucleus of the preoptic area: neuronal
growth, migration and changes in cell number. Brain Res. 353,
7-18.

Jankowsky, J.L., Patterson, P.H., 1999. Cytokine and growth factor
involvement in long-term potentiation. Mol. Cell. Neurosci. 14,
273-286.

Karimi-Abdolrezaee, S., Verge, V.M., Schreyer, D.J., 2002.
Developmental down-regulation of GAP-43 expression and
timing of target contact in rat corticospinal neurons. Exp.
Neurol. 176, 390-401.

Kuhn, C.M,, Pauk, J., Schanberg, S.M., 1990. Endocrine responses to
mother-infant separation in developing rats. Dev. Psychobiol.
23, 395-410.

Lehmann, J., Russig, H., Feldon, J., Pryce, C.R., 2002. Effect of a single
maternal separation at different pup ages on the corticosterone
stress response in adult and aged rats. Pharmacol. Biochem.
Behav. 73, 141-145.

Levine, S., 1994. The ontogeny of the
hypothalamic-pituitary-adrenal axis. The influence of many
factors. Ann. N.Y. Acad. Sci. 746, 275-288.

Levine, S., 2002. Regulation of the hypothalamic-pituitary-adrenal
axis in the neonatal rat: the role of maternal behavior.
Neurotox. Res. 4, 557-564.

Levine, S., Huchton, D.M., Wiener, S.G., Rosenfeld, P., 1991. Time
course of the effect of maternal deprivation on the
hypothalamic-pituitary-adrenal axis in the infant rat. Dev.
Psychobiol. 24, 547-558.

Lévy, F., Melo, AL, Galef Jr., B.G., Madden, M., Fleming, A.S., 2003.
Complete maternal deprivation affects social, but not spatial,
learning in adult rats. Dev. Psychobiol. 43, 177-191.

Li, M., Fleming, A.S., 2003. Differential involvement of nucleus
accumbens shell and core subregions in maternal memory in
postpartum female rats. Behav. Neurosci. 117, 426-445.

Liu, D., Diorio, J., Tannenbaum, B., Caldji, C., Francis, D., Freedman,
A., Sharma, S., Pearson, D., Plotsky, P.M., Meaney, M.J., 1997.
Maternal care, hippocampal glucocorticoid receptors, and
hypothalamic-pituitary-adrenal responses to stress. Science
277, 1659-1662.

Liu, D., Diorio, J., Day, J.C., Francis, D.D., Meaney, M.]., 2000.
Maternal care, hippocampal synaptogenesis and cognitive
development in rats. Nat. Neurosci. 3, 799-806.

Lovic, V., Fleming, A.S., 2004. Artificially-reared female rats show
reduced prepulse inhibition and deficits in the attentional set
shifting task-reversal of effects with maternal-like licking
stimulation. Behav. Brain Res. 148, 209-219.

Liithi, A., Laurent, J.P., Figurov, A., Muller, D., Schachnert, M., 1994.
Hippocampal long-term potentiation and neural cell adhesion
molecules L1 and NCAM. Nature 372, 777-779.

Macri, S., Mason, G.J., Wurbel, H., 2004. Dissociation in the effects
of neonatal maternal separations on maternal care and the
offspring’s HPA and fear responses in rats. Eur. J. Neurosci. 20,
1017-1024.

Marini, A.M,, Jiang, X., Wu, X,, Tian, F., Zhu, F., Okagaki, P., Lipsky,
R.H., 2004. Role of brain-derived neurotrophic factor and
NF-kappaB in neuronal plasticity and survival: from genes to
phenotype. Restor. Neurol. Neurosci. 22, 121-130.

Masliah, E., Fagan, A.M., Terry, R.D., DeTeresa, R., Mallory, M.,
Gage, F.H., 1991. Reactive synaptogenesis assessed by
synaptophysin immunoreactivity is associated with
GAP-43 in the dentate gyrus of the adult rat. Exp. Neurol. 113,
131-142.

Mehra, R.D., Sharma, K., Nyakas, C., Vij, U., 2005. Estrogen receptor
4 and 4 immunoreactive neurons in normal adult and aged
female rat hippocampus: a qualitative and quantitative study.
Brain Res. 1056, 22-35.

Melo, A.L, Lovic, V., Gonzalez, A., Madden, M., Sinopoli, K.,
Fleming, A.S., 2006. Maternal and littermate deprivation
disrupts maternal behavior and social-learning of food
preference in adulthood: tactile stimulation, nest odor, and
social rearing prevent these effects. Dev. Psychobiol. 48,
209-219.

Messer, M., Thoman, E.B., Galofre, A., Dallman, T., Dallman, P.R.,
1969. Artificial feeding of infant rats by continuous gastric
infusion. J. Nutr. 98, 404-410.

Meyer, G., Soria, J.M., Martinez-Galan, J.R., Martin-Clemente, B.,
Fairen, A., 1998. Different origins and developmental histories
of transient neurons in the marginal zone of the fetal and
neonatal rat cortex. J. Comp. Neurol. 397, 493-518.

Miyake, K., Yamamoto, W., Tadokoro, M., Takagi, N., Sasakawa, K.,
Nitta, A., Furukawa, S., Takeo, S., 2002. Alterations in
hippocampal GAP-43, BDNF, and L1 following sustained
cerebral ischemia. Brain Res. 935, 24-31.

Monfils, M.H., Driscoll, I., Vandenberg, P.M., Thomas, N.J., Danka,
D., Kleim, J.A., Kolb, B., 2005. Basic fibroblast growth factor
stimulates functional recovery after neonatal lesions of motor
cortex in rats. Neuroscience 134, 1-8.

Moore, C.L., 1982. Maternal behavior of rats is affected by hormonal
condition of pups. J. Comp. Physiol. Psychol. 96, 123-129.

Moore, C.L., 1984. Maternal contributions to the development of
masculine sexual behavior in laboratory rats. Dev. Psychobiol.
17, 347-356.

Mortensen, K., Larsson, L., 2001. Quantitative and qualitative
immunofluorescence studies of neoplastic cells transfected
with a construct encoding p53-EGFP. J. Histochem. Cytochem.
49, 1363-1368.

Muller, D., Wang, C., Skibo, G., Toni, N., Cremer, H., Calaora, V.,
Rougon, G., Kiss, J.Z., 1996. PSA-NCAM is required for
activity-induced synaptic plasticity. Neuron 17, 413-422.

Numan, M., Fleming, A.S., Lévy, F., 2006. In: Neill, ].D. (Ed.),
Maternal Behavior in Physiology of Reproduction, 3rd edition.
Elsevier, San Diego, pp. 1921-1993.

Numan, M., Insel, T.R., 2003. The Neurobiology of Parental
Behavior. Springer-Verlag, New York.

O’Callaghan, J.P., 1992. Assessment of neurotoxicity using assays
of neuron- and glia-localized proteins: chronology and critique.
In: Tilson, H.A., Mitchell, C. (Eds.), Neurotoxicology. Raven
Press Ltd., New York, pp. 83-99.

O’Leary, D.D.M., Koester, S.E., 1993. Development of projection
neuron types, axon pathways, and patterned connections of
the mammalian cortex. Neuron 10, 991-1006.

Oppenheim, R.W., 1991. Cell death during development of the
nervous system. Annu. Rev. Neurosci. 14, 453-501.

Nunez, J.L., Lauschke, D.M., Juraska, .M., 2001. Cell death in the
development of the posterior cortex in male and female rats.
J. Comp. Neurol. 436, 32-41.

Parnavelas, J.G., 2000. The origin and migration of cortical
neurones: new vistas. Trends Neurosci. 23, 126-131.

Pauk, J., Kuhn, C.M,, Field, T.M., Schanberg, S.M., 1986. Positive
effects of tactile versus kinesthetic or vestibular stimulation on
neuroendocrine and ODC activity in maternally-deprived rat
pups. Life Sci. 39, 2081-2087.



BRAIN RESEARCH

1158 (2007) 11-27 27

Plotsky, P.M., Thrivikraman, K.V., Nemeroff, C.B., Caldji, C.,
Sharma, S., Meaney, M.J., 2005. Long-term consequences of
neonatal rearing on central corticotropin-releasing factor
systems in adult male rat offspring. Neuropsychopharmacology
30, 2192-2204.

Pryce, C.R., Bettschen, D., Bahr, N.I,, Feldon, J., 2001. Comparison
of the effects of infant handling, isolation, and
nonhandling on acoustic startle, prepulse inhibition,
locomotion, and HPA activity in the adult rat. Behav.
Neurosci. 115, 71-83.

Rhees, R.W., Lephart, E.D., Eliason, D., 2001. Effects of maternal
separation during early postnatal development on male sexual
behavior and female reproductive function. Behav. Brain Res.
123, 1-10.

Rice, B., Barone Jr., S., 2000. Critical periods of vulnerability for the
developing nervous system; evidence from human and animal
models. Environ. Health Perspect. 108 (suppl 3), 511-533.

Rinaman, L., Levitt, P., Card, J.P., 2000. Progressive postnatal
assembly of limbic-autonomic circuits revealed by central
transneuronal transport of pseudorabies virus. J. Neurosci. 20,
2731-2741.

Roceri, M., Hendriks, W., Racagni, G., Ellenbroek, B.A., Riva, M.A.,
2002. Early maternal deprivation reduces the expression of
BDNF and NMDA receptor subunits in rat hippocampus. Mol.
Psychiatry 7, 609-616.

Ronn, L.C., Hartz, B.P., Bock, E., 1998. The neural cell adhesion
molecule (NCAM) in development and plasticity of the nervous
system. Exp. Gerontol. 33, 853-864.

Rutter, M., O’Connor, T.G., English and Romanian Adoptees (ERA)
Study Team, 2004. Are there biological programming effects for
psychological development? Findings from a study of
Romanian adoptees. Dev. Psychol. 40, 81-94.

Schanberg, S.M., Evoniuk, G., Kuhn, C.M., 1984. Tactile and
nutritional aspects of maternal care: specific regulators of
neuroendocrine function and cellular development. Proc. Soc.
Exp. Biol. Med. 175, 135-146.

Schauwecker, P.E., Cheng, H.W., Serquinia, R.M., Mori, N., McNeill,
T.H., 1995. Lesion-induced sprouting of
commissural/associational axons and induction of GAP-43
mRNA in hilar and CA3 pyramidal neurons in the
hippocampus are diminished in aged rats. J. Neurosci. 15,
2462-2470.

Schmidt, M., Okimoto, D.K., Dent, G.W., Gordon, M K., Levine, S.,
2002. Maternal regulation of the hypothalamic-pitutary-adrenal

axis in the 20-day old rat: consequences of laboratory weaning.
J. Neuroendocrinol. 14, 450-457.

Smart, B.J.L., Stephens, D.N., Katz, H.B., 1983. Growth and
development of rats artificially reared on a high or a low plane
of nutrition. Br. J. Nutr. 49, 497-506.

Thiel, G., 1993. Synapsin I, synapsin II, and synaptophysin: marker
proteins of synaptic vesicles. Brain Pathol. 3, 87-95.

Thoenen, H., 1995. Neurotrophins and neuronal plasticity. Science
270, 593-598.

Tyler, WJ., Alonso, M., Bramham, C.R., Pozzo-Miller, L.D., 2002.
From acquisition to consolidation: on the role of brain-derived
neurotrophic factor signaling in hippocampal-dependent
learning. Learn. Mem. 9, 224-237.

Van Oers, HJ., de Kloet, E.R., Whelan, T., Levine, S., 1998. Maternal
deprivation effect on the infant’s neural stress markers is
reversed by tactile stimulation and feeding but not by
suppressing corticosterone. J. Neurosci. 18, 10171-10179.

Volkova, R.L., 1975. Proliferation of piriform neurons in the rat
cerebellar cortex in the pre- and postnatal periods of
development. Bull. Eksp. Biol. Med. 80, 117-119.

Weaver, I.C., Cervoni, N., Champagne, F.A., D’Alessio, A.C.,
Sharma, S., Seckl, J.R., Dymov, S., Szyf, M., Meaney, M.J., 2004a.
Epigenetic programming by maternal behavior. Nat. Neurosci.
7, 847-854.

Weaver, 1.C., Diorio, J., Seck], J.R., Szyf, M., Meaney, M.J., 2004b.
Early environmental regulation of hippocampal glucocorticoid
receptor gene expression: characterization of intracellular
mediators and potential genomic target sites. Ann. N.Y. Acad.
Sci. 1024, 182-212.

Wieloch, T., 1985. Hypoglycemia-induced neuronal damage
prevented by an N-methyl-p-aspartate antagonist. Science 230,
681-683.

Yamada, K., Mizuno, M., Nabeshima, T., 2002. Role for
brain-derived neurotrophic factor in learning and memory. Life
Sci. 70, 735-744.

Zhang, L.X., Levine, S., Dent, G., Zhan, Y., Xing, G., Okimoto, D.,
Gordon, M., Post, R M., Smith, M.A., 2002. Maternal deprivation
increases cell death in the infant rat brain. Brain Res. Dev. Brain
Res. 133, 1-11.

Zhang, T.Y., Chrétien, P., Meaney, M.J., Gratton, A., 2005. Influence
of naturally occurring variations in maternal care on prepulse
inhibition of acoustic startle and the medial prefrontal cortical
dopamine response to stress in adult rats. J. Neurosci. 25,
1493-1502.



	Maternal isolation alters the expression of neural proteins during development: ‘Stroking’ stim.....
	Introduction
	Results
	Study 1: Early experience effects on plasticity proteins in the brain
	Neuronal cell numbers and astrocyte marker S-100
	Synaptophysin, NCAM, BDNF, and GAP-43
	Western blot analysis of synaptophysin, GAP-43, �S-100, BDNF, and NCAM proteins

	Study 2: Early experience effects on apoptosis in the brain

	Discussion
	Experimental procedures
	Statistical analyses
	Animals
	Subjects

	General procedures
	Surgery and artificial rearing
	Treatment and groups

	Procedures prior to assays
	Molecular procedures
	Study 1A and B: Immunohistochemical studies
	Study 1C: Western blot analysis
	Study 2: TUNEL staining for apoptosis

	Image analysis

	Acknowledgments
	References


