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Abstract

The Effects of Rodent Maternal Separation on Consumption and Motivation for Sucrose
Reward and Its Relationship to Anxiety

By Kelly Dixon Watts

There is evidence that an adverse early-life environment is associated with susceptibility
to anxiety and depression later in life. Separation of rat pups from their mother during
early development may lead to an exaggerated stress response and increased anxiety in
adulthood. Recent studies suggest that maternal separation also alters reward behavior.
These experiments tested whether maternal separation would alter both anxiety and
motivation to obtain sucrose reward in adulthood. On postnatal days 2-14, Long-Evans
rat pups were subjected to either 180 min of maternal separation (HMS 180), 15 min of
separation (HMS 15), animal facility raised (AFR), or unhandled (UNH). Adult male
offspring were tested for anxiety-like behaviors on the open field and elevated plus maze
(EPM), locomotor activity, sucrose preference, and operant responding for sucrose at
increasing fixed-ratio (FR) requirements. HMS 180 had increased anxiety in both the
open field and elevated plus maze compared to AFR and UNH. UNH had increased
locomotion compared to HMS 15 and HMS 180. No rearing group differences were
observed in preference for sucrose solution in the home cage. However, HMS 180 rats
took significantly longer than UNH to eat freely available sucrose pellets in the operant
chamber. Anxiety measures correlated with initial sucrose consumption in the novel
chamber. There were no significant differences in acquisition of FR1 responding, in
maintenance responding at any fixed-ratio requirement, or in extinction. However,
anxiety measures on the EPM and the open field correlated significantly with operant
responding at both low and high ratio requirements across groups. General activity did
not correlate with responding at high fixed ratios. This suggests that even in rats
habituated to the test setting, anxiety is associated with lower levels of responding for
sucrose. Together, these observations suggest that maternal separation consistently leads
to increased anxiety, which correlates with delayed initial response to sucrose reward in a
novel environment. While no group differences were observed on operant responding for
sucrose, anxiety was associated with lower incentive motivation across animals.
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The Effects of Rodent Maternal Separation on Consumption and Motivation for
Sucrose Reward and Its Relationship to Anxiety
Introduction

There is strong evidence that an adverse early-life environment is associated with
susceptibility to anxiety and depression later in life (Heim, et al, 2002). While good
maternal care is associated with resilience to affective disorders (Gourion et al., 2008),
early life stressors such as poverty, abuse, and neglect correspond with increased stress-
reactivity and increased risk for psychopathology in adulthood. (e.g. Lupien et al., 2000;.,
De Bellis, 2005, Gilmer and McKinney, 2003; Gunnar et al., 2001, 2009; Heim, et al,
2002; Kendler et al., 2002; 2003).

Separation of rat pups from their mother during a critical period of early
development is thought to lead to a constellation of behavioral, endocrine, and molecular
changes in the brain that are proposed to model stress and depression in the adult
offspring (Plotsky and Meaney, 1993; Caldji et al., 1998; Wigger and Neumann, 1999;
Ladd et al., 2000; Huot et al., 2002; Aisa et al., 2007; Arborelius et al., 2004). Brief
periods (15 min) of separation of rat pups from the mom has been shown by some to
decrease stress reactivity in these rats as adults, presumably because of an increase in
sensory stimulation from the mom upon return of her pups (Plotsky and Meaney, 1993;
Bhatnagar and Meaney, 1995; Sanchez et al, 2001). However, animals experiencing a
longer duration of separation (3-6 hours around postnatal days 2-14) frequently show a
hyperactive stress hormone response to an acute stressor and anxiety behaviors as adults.
(Plotsky and Meaney, 1993; Caldji et al., 1998; Mcintosh et al., 1999; Wigger and

Neumann, 1999; Ladd et al., 2000). Additionally, recent experiments suggest maternally
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separated rats show altered reward behavior in adulthood, indicative of anhedonia, which
is a hallmark symptom of depression (Matthews & Robbins, 2003; Ruedi-Bettschen et
al., 2005; 2006). However, results from the separation procedure are not always
consistent, making interpretation of findings difficult. We proposed that multiple
measures of anxiety might be used to ensure that the maternal separation procedure led to
a robust phenotype. Then we examined whether maternal separation differentially

affected consumption of reward versus motivation, or willingness to work for reward.

Background
Impaired Stress Response after Maternal Separation

Stress increases release of corticotropin-releasing factor (CRF) from the
paraventricular nucleus (PVN) of the hypothalamus which triggers the release of
adrenocorticotropin hormone (ACTH) from the pituitary gland (Liu, et al, 2000a).
ACTH causes the synthesis and release of glucocorticoids (GC, or corticosterone in the
rat) from the adrenal gland into circulation.

Studies have shown that as adults, long-separated rats (HMS 180) exhibit an
exaggerated HPA axis response to an acute stressor in adulthood, with prolonged
elevations of ACTH and/ or CORT (Plotsky and Meaney, 1993; Ladd et al., 1996, 2000,
2004; Schmidt et al., 2004). Short-separated rats (HMS 15) or offspring of dams with
high frequencies of licking and grooming show enhanced suppression of the stress
response during adulthood (Sanchez et al., 2001; Fenoglio et al., 2006b). These short-

separated rats are thought to be stress-resilient.
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Feedback and Feed-forward Regulation of the Stress Response

There are two types of glucocorticoid receptors in the hippocampus and cortex,
mineralocorticoid receptors (MR) and glucocorticoid receptors (GR). Mineralocorticoid
receptors have a much higher affinity for circulating glucocorticoids than GRs, and most
MRs are occupied basally. During stress, MRs become saturated and GRs bind
glucocorticoids which triggers a negative feedback reduction of the stress response by
inhibiting PVN CRF expression (Tottenham and Sheridan, 2010).

HMS 180’s have increased hippocampal MR expression and binding and
decreased GR expression and binding in the hypothalamus, hippocampus, and frontal
cortex (Plotsky and Meaney, 1993; Ladd et al. 2000, 2004, 2005; Huot et al 2004;
Francis et al., 2002). This decrease in hippocampal or cortical GR is associated with
reduced negative feedback control of CRF expression in HMS 180’s. Conversely, HMS
15 rats have increased GR expression in the hippocampus and reduced CRF expression in
the hypothalamus (Plotsky and Meaney, 1993; Avishai-Eliner et al., 2001a). Long-
separated adult offspring have impaired negative feedback control over the stress
response, while short-separated rats have enhanced negative-feedback. Functional
variants of the brain mineralocorticoid and glucocorticoid receptor (GR) genes have also
been identified in humans (de Kloet et al, 2007), suggesting that genetics can predispose
individuals to HPA axis hyperactivity.

In contrast to the negative feedback initiated in the hippocampus and frontal
cortex, glucocorticoids acting in the amygdala can increase CRF production. The
amygdala and bed nucleus of stria terminalis (BNST) play an important role in the

initiation of the stress response to a threatening or emotional stimulus (Tottenham and
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Sheridan, 2010). Aside from increases in hypothalamus CRF, HMS 180 rats also have
increased CRF immunoreactivity levels in the central nucleus of the amygdala (CeA), the
bed nucleus of stria terminalis (BNST), the locus coeruleus (LC), and the parabrachial
nucleus, plus increased CRF receptor 1 mRNA in the locus coeruleus and the raphe
nucleus (Ladd et al., 1996, Plotsky et al., 2005). This excess in CRF activity helps
explain the prolonged stress response in long-separated rats. Mice over-expressing CRF
exhibit reduced hippocampus, PVN, and amygdala volumes compared to wild-type mice
(Goebel et al, 2010).

Stress also increases norepinephrine (NE) release from the locus coeruleus (LC)
and nucleus tractus solitarius (NTS) to regions including the PVN, amygdala, and medial
prefrontal cortex (Liu et al, 2000b; Morilak et al, 2005). The central nucleus of the
amygdala (CeA) releases CRF to the locus coeruleus to trigger NE release, which, in
turn, may activate further CRF release from the CeA in a feedforward circuit (Lui, et al.,
2000b). These LC neurons receive presynaptic CRF input (Van Bockstaele et al., 1996).
Early experience can alter both the number of cells and the volume of the LC nucleus,
thus causing stable structural changes in this region (Lucion et al, 2003).

NE release in the PVN and other brain regions is attenuated by glucocorticoids
acting in the medial prefrontal cortex (mPFC) and benzodiazepines (BDZ) acting at
GABAA / BDZ receptors in the amygdala and LC (Lui et al 2000b). HMS 15 rats have
higher levels of GABAA and BDZ receptors in the CeA, LC, and NTS which is
associated with decreased anxiety (Caldji et al., 2000, 2003). Conversely, in HMS 180
rats, the combination of increased CRF and NE and reduced BDZ binding sites in the

amygdala, frontal cortex, LC, and NTS facilitate anxiety (Caldji et al., 2000, 2003;
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Morilak et al, 2005; Plotsky et al., 2005). Increased anxiety on measures such as the
open field, elevated plus maze, and the startle response is a well replicated finding in
HMS 180 rats (Caldji et al., 1998, 2000; Wigger and Neumann, 1999; Ladd et al., 2000;
Huot et al., 2001; Kalinichev et al., 2002).

Long-separated rats also show impairments on hippocampal-dependent memory
(Aisa et al., 2007; 2009; Liu et al., 2000; Fenoglio et al., 2005). Low levels of
glucocorticoids in the hippocampus enhance long-term potentiation and memory, but
excess glucocorticoids impair both (Sapolsky, 1996). Furthermore, long-separated rats
show decreased brain-derived neurotrophic factor (BDNF) and neurogenesis in the
hippocampus (Branchi et al. 2006; Lippman et al. 2007; Roceri et al. 2002, 2004; Liu et
al. 2000; Mirescu, et al 2004). Decreases in hippocampal BDNF and neurogenesis are
thought to be a hallmark feature of depression, and their reversal may play a role in
antidepressant response (reviewed in Pittenger and Duman, 2008, but see Krishnan &
Nestler, 2008, 2010). However, maternal separation also increases BDNF in the Ventral
Tegmental Area (VTA), an area involved in reward and motivation (Lippman et al,
2007). One study found that injecting BDNF directly to the VTA caused depression-like
behavior on the forced-swim test (Eisch et al, 2003). Therefore, differential regulation of
BDNF expression in the hippocampus and the reward system may be involved in

depressive behaviors.

Influence of Touch on Life-Long Stress Reactivity
One critical difference researchers have found between short maternal separation
and longer intervals is a burst of licking, grooming, and arched-back nursing from the

dam after a short separation (Plotsky and Meaney, 1993; Bhatnagar and Meaney, 1995;
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Sanchez et al., 2001). In fact, touch may account for up to 70% of the variability in HPA
axis response to a stressor in adult offspring (Liu et al., 1997; Francis et al., 1999; but see
Feldon & Pryce, 2003). Even substituting the dam’s touch by stroking pups with a brush
is sufficient to increase hippocampal GR expression and decrease HPA hyperactivity due
to long separation (Suchecki et al, 1993; Gonzalez et al, 2001).

Higher GR expression in offspring of dams with high licking and grooming levels
is at least partially mediated by increases in the transcription factor nerve growth factor-
inducible protein A (NGFI-A) (Weaver et al, 2004). NGFI-A interacts with other
proteins to essentially “open up” the DNA to allow transcription. Conversely, pups from
low licking-grooming dams show increased methylation of the GR gene promoter, which
makes the glucocorticoid receptor DNA “unavailable” for transcription (Weaver et al,
2004).

Tactile stimulation from licking and grooming increases serotonin release in the
hippocampus (Weaver et al, 2004). Serotonin binds to 5-HT 7 receptors and ultimately
leads to increased expression of NGFI-A and CREB-binding protein (Weaver et al,
2004). NGFI-A and CREB-binding protein then act at the GR exon 1-7 promoter to
increase GR transcription (Weaver et al, 2004). NGFI-A may also regulate the increase
in GABA seen in short-separated offspring by upregulating the glutamic acid
decarboxylase enzyme needed for GABA production (Zhang et al, 2009). So, at least one
putative mechanism by which maternal touch acts through serotonin receptors is to
regulate expression of glucocorticoid receptors and GABA, thereby altering feedback
sensitivity to stress in short-separated rats. Serotonin levels are reduced in the

hippocampus and medial prefrontal cortex of long-separated rats (Matthews et al, 2001).



BDNF expression, which is altered by maternal separation, is also regulated by
methylation status of the promoter region of the BDNF gene (Roth et al. 2009). Such
epigenetic modifications might be responsible for mediating other changes resulting from
altered maternal care.

While these findings point to important effects of touch and serotonin on the
development of stress reactivity, the role of serotonin in anxiety and depression is
complex. Serotonin can be anxiogenic or anxiolyitic depending on which brain region
and specific receptor subtype is activated, among other factors (Charney, 2004).
Furthermore, there are complex interactions between serotonin and other
neuromodulators, such as dopamine and CRF. Stress or high doses of CRF activate a
specific subset of serotonin neurons in the dorsal part of the dorsal raphe (DRD) that
project to anxiety-related regions (Lowry et al, 2008). Blocking serotonin release from
the DRD is anxiolytic. Maternal separation increases CRF receptor density and serotonin

transporter mRNA in the DRD (Gardner et al, 2009).

Reward

Both maternal separation and studies of human depression suggest alterations in
the reward system (Matthews et al, 1996a,b; Krishnan & Nestler, 2008, 2010), although
results are not always consistent and sometimes contradictory. The reward system is
traditionally characterized by the mesocorticolimbic dopamine system projecting from
the ventral tegmental area (VTA) to the nucleus accumbens (NA), amygdala, and medial
prefrontal cortex (mPFC) (Yap and Miczek, 2008; Krishnan & Nestler, 2010). Dopamine
is released in response to drugs of abuse or natural rewards, as well as to cues predicting

reward (Schultz, 1996, 2000). As opposed to mediating pure hedonics, current studies



suggest dopamine is necessary for incentive motivation, or willingness to work for
reward (Neill and Justice, 1981; Berridge, 1996; Robbins and Everitt, 1996; Aberman
and Salamone, 1999). However, dopamine is also released from the VTA in response to
a stressor or glucocorticoid administration (Horger & Roth, 1996; Piazza, et al 1996;
Dichiara et al, 1999). Specifically, stress increases dopamine release in the mPFC and
the shell region of the NA, but not to the core or dorsal striatum (Deutch, et al, 1993;
Barrot, et al, 2000). This dopamine release may be adaptive in the short term, but chronic
stress can lead to long-term changes in the reward system (Pittenger and Duman, 2008).
Alterations in this reward system have been noted in both maternally separated rats and in

human depression (Krishnan and Nestler, 2008).

Human Reward and Depression

Studies of human depression suggest altered reward processing. One functional
MRI study found reduced NA and caudate activation to monetary reward in unmedicated
depressed subjects (Pizzagalli et al, 2009). Also from the same lab, anhedonia but not
other depression or anxiety symptoms correlated with reduced NA activation to reward
and with lower baseline activity in the rostral anterior cingulate cortex (ACC) (Wacker et
al, 2009). Kumar and colleagues (2008) also found reduced activation of the NA and
ACC to reward cues in medicated depressed subjects. The short allele of the serotonin
transporter gene (5-HTTLPR) may be a risk factor for altered ACC activation (Holmes et
al., 2010). A missense iso/val polymorphism of the mineralocorticoid receptor (MR)
gene is associated with less of a cortisol-induced increase in MR expression, a greater
reactivity to stress, and more depressive symptoms (Bogdan et al, 2010). A recent study

found that carriers of the val polymorphism had enhanced learning of reward associations
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at baseline, but showed greater impairment of shifting response towards the more
frequently rewarded stimulus under stress (Bogdan et al, 2010). Dillon and colleagues
(2009) found that subjects with childhood adversity were more anhedonic, rated reward
cues less positively, and had weaker activation of the globus pallidus to reward cues.

Changes in dopamine function have been found in human depression, but the
results are more equivocal. A subset of depressed patients with psychomotor slowing
showed increased binding of D2/ D3 receptors in the striatum (Ebert et al, 1996;
D'Haenen and Bossuyt, 1994). However, other studies have not found differences in
these receptors, perhaps because they did not include a significant number of subjects
with psychomotor slowing (as reviewed in Martin-Soelch, 2010). Studies have reported
both increased (Laason-Balk et al, 1999; Brunswick et al, 2003; Yang et al, 2008) and
decreased DAT binding in the striatum (Meyer et al, 2004; Sarchiapone, et al, 2006) or
no differences (Argyelan et al, 2005). Tremblay and colleagues (2005) found that
depressed subjects were hypersensitive to the rewarding effects of d-amphetamine, which
correlated with severity of anhedonic symptoms and with decreased activation of the
ventrolateral PFC and premotor cortex. Of particular relevance to the maternal
separation paradigm, Pruessner and colleagues (2004) found enhanced dopamine release
to stress in individuals with a history of poor maternal care. The magnitude of DA
enhancement correlated with salivary cortisol. Together these studies provide support for
the hypothesis of altered reward functioning in depression, but also highlight the

heterogeneity of the disorder.
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Reward and Rodent Maternal Separation

Some of the initial studies of rodent maternal separation and reward, led by
Matthews and colleagues, found an apparent decrease in responsivity of the dopamine
system in adult offspring (Matthews et al, 1996a; 1996b). They found a decrease in the
initial, but not the habituated, locomotor response to novelty (Matthews et al, 1996a), and
a blunted locomotor response to d-amphetamine in females (Matthews et al, 1996b).
Similarly, Li and colleagues (2003) did not find an effect of maternal separation on
locomotor response to novelty or cocaine. Male and female MS rats showed less of an
increase in “anticipatory” conditioned locomotion to an environment paired with food
(Matthews et al, 1996b). Additionally, they found a retarded acquisition for cocaine self-
administration at low doses in both sexes (Matthews et al, 1999). During the
maintenance phase, MS males had only a tendency to administer less cocaine, while
females responded significantly more for low-dose cocaine (Matthews et al, 1999).
While these studies may point to decreased sensitivity of the dopamine system,
differences in MS rats were largely confined to the initial testing phase and Pavlovian

conditioned actions or were sex-specific.

Later studies have found just the opposite: an apparent increased reactivity of the
dopamine system in maternal separation. Using the same female rats that exhibited a
blunted locomotor response to amphetamine (Matthews, 1996a), Hall and colleagues
(1999) found enhanced nucleus accumbens dopamine release in response to high
potassium or amphetamine using microdialysis. Also, Matthews and colleagues (2001)
found increased tissue levels of dopamine in the dorsal and ventral striatum, with

decreased dopamine turnover in the mPFC. Consistent with this finding, Brake and
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colleagues (2004) found a lower density of dopamine transporter in the nucleus
accumbens and dorsal striatum, and greater increases in NA dopamine release to stress.
Behaviorally, they found an increased locomotor response to cocaine and behavioral
sensitization to amphetamine (Brake et al, 2004; Kikusui et al, 2005) which is consistent
with human data (Tremblay et al, 2005). Moffett and colleagues (2006) found that only
MS 180 acquired cocaine self-administration at the lowest dose, while both HMS 180 and
unhandled rats had higher maintenance-phase responding than HMS 15. Some of the
different findings may be accounted for by the behavioral state of the animal, with

separated rats more sensitive to the effects of novelty or stress.

Changes in dopamine receptor binding have been more consistently found
altered in short separation offspring (HMS 15) versus long separation and AFR. HMS 15
are reported to have increased D2 receptor binding in the VTA compared to HMS 360
and AFR (Ploj et al, 2003; Meaney et al, 2002). Hippocampal D1 receptor density was
increased in HMS 15 compared to HMS 360 (Ploj et al, 2003). Reduced D3 receptor
binding in the NA shell was reported in HMS 15 (Brake, et al 2004). Both HMS15 and
HMS 180 had increased D1 receptor binding the nucleus accumbens compared to AFR
(Moffett et al, 2007). These findings mimic the heterogeneity of dopamine receptor

changes in humans.

Alcohol
Several studies have looked at the effects of alcohol intake after maternal
separation. There is consensus that handled (HMS 15) rats generally consume the least

amount of alcohol (reviewed in Roman and Nylander, 2005). Several studies have
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reported that HMS 180’°s consume significantly more alcohol than HMS 15 (Hout et al.,
2001; Jaworski et al., 2005; Roman et al, 2003), but not all studies reported differences
between HMS 180 and AFR or UNH (Jaworski et al., 2005; Roman et al., 2003; Francis
and Kuhar, 2008). In fact, Ploj and colleagues (2003) only found significantly higher
intake in maternally separated rats than handled and AFR if they looked at a subset of
“responders” that initiated and maintained alcohol consumption alcohol (reviewed in
Roman and Nylander, 2005). Importantly, Hout and colleagues (2001) found that
increased alcohol consumption in HMS 180’s correlated positively with cortisol response
to stress and correlated negatively with time spent in the open arm of the elevated plus
maze. This suggests a relationship between anxiety, stress response, and alcohol

consumption.

ICSS

Intracranial brain self-stimulation (ICSS) has traditionally been used as a measure
of pure reward state, although it has recently been suggested to tap into drive rather than
pure hedonics (Berridge & Kringelbach, 2008). Matthews and Robbins (2003) studied
only female rats and found no differences in baseline thresholds in medial forebrain
bundle ICSS. However, separated rats were less responsive to ICSS reward-enhancing
properties of heroin and more sensitive to the reward-diminishing properties of the D2
antagonist raclopride. Sweet and colleagues (unpublished data) found an acquisition
deficit for ICSS in maternally separated offspring but no differences in maintenance
responding across a range of frequencies and intensities. Michaels and colleagues (2007)
also found an acquisition deficit. Only female rats showed lower levels of responding

across frequencies compared to unhandled rats. Recently, Der-Avakian and Markou
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(2010) found no significant differences in baseline threshold currents over the first 14
days, though amphetamine lowered the threshold for responding to a greater extent in
HMS 180 rats versus unhandled. They also tested whether the additional stressor of
social defeat just before ICSS testing would unveil differences in responding. After the
initial social defeat, HMS 180 rats did not show a stress-induced elevation of ICSS
threshold like unhandled rats. However, after the seventh defeat, HMS 180 had
significant elevations in threshold compared to non-socially defeated HMS 180.
Together, these data suggest subtle alterations in responding for rewarding brain

stimulation, but the nature of that change depends on sex and subsequent stressors.

Specific Aims

While studies suggest maternal separation leads to alterations in reward behavior,
there is disagreement in the degree of change. Furthermore, not all separation procedures
yield the expected HPA axis hyperactivity and resultant increase in anxiety behaviors.
We proposed that measures of anxiety on digiscan activity, open field, and the elevated
plus maze might be used to ensure that the maternal separation procedure led to a robust
phenotype. The following experiments were designed to test the hypothesis that long
bouts of maternal separation in early development would alter both anxiety and
responding to reward in the adult offspring. We hypothesized that the four experimental
groups would fall on a continuum with long-separated HMS 180 being the most anxious,
followed by completely unhandled rats, then animal facility-raised rats, and finally short-
handled HMS 15 as the least anxious as assessed by digiscan activity, open field activity,
and elevated plus maze. Additionally, maternal separation may alter both reward

preference and motivation for reward. We hypothesized that maternally separated rats
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would have a decreased preference for sucrose solution over water compared to the other
groups, indicative of anhedonia. Further, we hypothesized that long-separated rats would
have decreased motivated responding for sucrose and that short-separated rats would
have the highest level of operant responding. Finally, we correlated measures of anxiety
with measures of reward and motivation to determine if anxiety levels predicted a

decreased willingness to work for reward.

Material and Methods

Animal Care and Maternal Separation

Timed pregnant Long Evans rats [Crl: (LE)BR; Charles River Laboratories,
Portage, Mich.] arrived on day 12 of gestation. Pregnant dams were house individually
with access to nesting material. On postnatal day (PND) 2, all pups were pooled, sexed,
and culled to litters of six males and two females per dam (Hout, et al, 2001). Litters
were randomly assigned to one of four rearing groups:

(1) unhandled (UNH)—pups were not exposed to any handling or experimenter

manipulation, including cage bedding changes, from PND2 to PND14

(2) animal facility rearing (AFR)—pups were briefly handled twice a week

during routine cage changes beginning on PND 4

(3) handled (HMS15)—pups were separated from the dam for 15-minutes from

PND2-14

(4) maternal separation (HMS180)—pups were separated from the dam for 180-

minutes from PND2-14
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During separation, the dam was transferred to an adjacent cage. Then each litter
was transferred to a small container with nesting material and placed in an incubator
maintained at 32+0.5°C (PND 2-5) or 30£0.5°C (PND 6-14). Together with huddling
behavior, this helped the pups thermoregulate. At the end of the separation period, pups
were returned to their home cage, rolled in bedding to prevent rejection, and then reunited
with the dam. Handling and separation were initiated between 0800 and 1600h in a semi-
randomized order to prevent the dam from habituating to separation time of day.

Approximately half of the cage bedding material was changed once per week
beginning on PND5 when the dam and pups were out of the home cage. Beginning on
PND18, bedding was completely changed twice a week. Pups were weaned on PND21,
housed with their foster littermates until PND30, and then pair-housed with foster
siblings. Behavioral testing began at 5 months of age, at which time the animals were
housed individually Behavioral testing was conducted between 09:00 and 16:00 h.

All animals were maintained on a 12 h/12 h light/dark cycle (lights on 0700
hours) at 22°C, 45-55% humidity, with food and water available ad libitum. All
experiments were performed with approval by the Emory University IACUC and
complied with Federal requirements (NIH Guidelines for the Care and Use of Laboratory

Animals).

Digiscan Locomotor Activity
Adult male offspring were assessed for long-term alterations in locomotor activity
in a novel, low-stress environment. The testing chamber was a square, clear plexiglass

box (39 x 39 x 30.5 cm) surrounded on all four bottom edges by infrared photobeams (7
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per side) (Omnitech Electronics Columbus, Ohio). This apparatus was housed inside a
larger wooden box with a white noise ventilation fan and a dim light mounted on the
ceiling of the chamber.

Rats were individually placed inside the testing chamber for 30 minutes. The
number of beam breaks was recorded by computer. Consecutive breaks of two adjacent
beams were scored as “horizontal” movement. These types of movements include both
ambulatory and non-ambulatory movements, such as grooming. Consecutive breaks of a
different beam that the last one were scored as “ambulatory” or locomotor movement
around the box. Data were analyzed for total horizontal and ambulatory counts to test the

hypothesis that HMS 180 rats would have lower activity levels.

Open Field

The open field apparatus was a circular wooden structure 82.5cm in diameter with
walls a height of 31 cm. The flooring and walls were white laminate. The floor was
marked with a center circle, 17cm diameter, surrounded by a circle of 50cm in diameter.
The area between the 17cm and 50cm circles was divided into 6 equal sectors, while the
area between the 50cm circle and the outer 82.5cm circle was divided into 12 equal
sectors. The testing room was brightly lit at about 765 lux. All sessions were recorded
and fed to a monitor in the adjacent room for observation.

Each rat was placed in the center of the open field and allowed to explore freely
for 15 minutes. The apparatus was cleaned with quatricide solution between tests.
Behavior was taped and later scored using Stopwatch (Center for Behavioral

Neuroscience, Atlanta, GA). Any entry into a sector was counted as 2 paws over the line
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(because large rat size meant that at this point he was half-way in a sector). Behavior was
scored for latency to return to the center ring, and number of outer, middle, and center
ring entries. Total entries were considered a measure of overall locomotor activity,
whereas entries into the middle and center rings were considered a measure of anxiety
(fear of open spaces). We expect maternally separated rats to show the fewest entries to
the middle and center, followed by UNH, AFR, and then HMS 15 in order from lowest to

highest.

Elevated Plus Maze

A PathFinder Maze System (Model 89000 Lafayette Instrument Co, Lafayette,
IN) was converted into a plus configuration with two opposing closed arms (70cm X
10cm x 20 cm) and two opposing open arms (70cm x 10cm x 20cm) elevated 89cm from
the ground. Additionally, there was a distinct plus-shaped center (35cm X 10cmx 35cm
in each direction) segregated from the arms by clear polycarbonate doors elevated to
create a 15cm high opening to the arms. The maze floor was white metal and walls were
clear polycarbonate lined with black posterboard along the exterior to render them
opaque. The room was dimly lit (~100 lux) by a single bulb pointed away from the
maze. The behavior of each rat was digitally recorded into Pinnacle Studio Version 9 and
was observed by experimenter in adjacent room. Each rat was placed in the center of the
plus maze facing a closed arm and allowed to explore for 15 minutes. The maze was
cleaned with quatricide solution between runs.

Behavior was scored using Stopwatch (Center for Behavioral Neuroscience) for

number of closed and open arm entries, duration of arm entries, duration of time in the
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center, and latency to enter open arm. An arm entry was defined as all four paws in an
arm. One unhandled rat fell off the plus maze and was not included in the analysis.
Entry and time spent in the open arm were the critical measures of anxiety, which were

expected to be reduced in maternally separated rats.

Sucrose Solution Preference Test

Rats were tested for sucrose solution preference in a two bottle, free-choice
design over four 24-h periods in the home cage. A decreased preference of sucrose
solution is considered to be a measure of anhedonia. We expected HMS 180 rats to have
a lower preference for sucrose solution than UNH, AFR, and HMS 15.

Initially, rats were given two water bottles, one on the right and one on the left
side of the cage, for 48 hours to determine side preference and basal water consumption
level. After 48 hours, rats were given two new pre-weighed bottles: one containing 1%
sucrose and one with water. The sucrose solution was placed on the non-preferred side of
the cage, and then the position was switched every 24 hours. At the end of four days, the
same experiment was repeated with 4 % sucrose solution. Bottle weights were taken at
the beginning of the experiment and at 24 hour intervals to determine amount drunk in
grams (converted to mL). The results of sucrose consumption were expressed as amount
consumed per day and as a preference ratio. Preference ratios were calculated as the
percentage of sucrose solution consumed of total fluid intake (mL per 24 h).
Occasionally a bottle leaked, and when this occurred, data were discarded for that day.

One HMS 15 rat and one UNH rat were deleted from analysis after a cage-flooding leak
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caused an apparent strong aversion to the sucrose solution (and sharp drop in intake

compared to day before the leak).

Operant Responding

Rats were tested on operant responding for sucrose to determine how hard they
were willing to work under increasing response requirements. We expected maternally
separated rats to make fewer responses as the ratio requirement increased. We
hypothesize that HMS 15 would have the highest levels of operant responding, followed
by AFR, and then UNH, with HM 180 making the fewest. The operant conditioning
chamber (31x31x25cm) was constructed of clear Plexi-glass© and housed inside a
plywood box. A single lever was located 3 cm above the floor, and 6 cm from the front
wall of the chamber. A computer program controlled a daily 20-min session, where each
rat could earn food pellets by depressing the lever. Rats were not food-deprived to avoid
additional stress.

At the start of training, rats were placed in the operant chamber and 45mg sucrose
pellets (NOYES Precision Pellets, Research Diets, New Brunswick, NJ) were delivered
to a food hopper non-contingently every minute for 20 minutes (fixed time, FT). Rats
were kept on this schedule for a minimum of two days or until 19 of 20 pellets were
consumed in one session. Once criterion was met, rats advanced to a fixed-ratio 1 (FR)
schedule where each lever press was rewarded with a pellet. Rats were maintained on
FR1 for a minimum of 12 days or until 4 consecutive days of responding were stable.
Then the schedule of reinforcement was increased to FR2 (2 lever presses = 1 pellet) for

4 days, followed by FR4 and FR 8 for four days each, then FR16, FR32, and FR64 for 6
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days each. Extinction, during which no lever presses were rewarded, was tested for 6
days. Data were analyzed for (1) days to FT criterion, (2) acquisition—total responses
each day over the first 12 days of FR1, and days to reach criterion of 50 and 100 bar
presses (3) mean responses per rat over the last for days of each fixed ratio requirement,
(4) total responses each day of extinction. One rat was dropped from analyses after FR16

because of an illness, confirmed by a veterinarian, that affected lever pressing.

Statistical Analyses

Digiscan activity, elevated plus maze, criterion to 50 operant responses, and fixed
ratio (FR) responding were analyzed with analysis of variance (ANOVA) with the
between subjects factor of Separation group (HMS180, HMS15, AFR, UNH). Post hoc
analyses were done with Tukey HSD and alpha set at p< .05. Sucrose solution
preference, FR1 acquisition, and extinction were analyzed using repeated measures with
day as the within-subjects factor and separation group as the between-subjects factor.
Where appropriate, post hoc analyses were done with Tukey HSD for between-subjects
factor. Because of unequal variances among groups, open field, FT criterion, criterion of
100 bar presses, FR8, FR16, and FR32 were analyzed using nonparametric Kruskal-
Wallis, followed by Mann-Whitney with o set at p < 0.008 for 6 group comparisons.
Correlations between elevated plus maze measures and operant responding were
preformed using simple linear regression within each group individually. T-tests
comparing differences in slopes between these regression lines did not yield any

significant differences, so correlations were also performed on all rats together.
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Results
Digiscan Activity Arena

We hypothesized that the novel environment of the digiscan would be somewhat
anxiogenic. We predicted HMS 180 would show the lowest levels of activity, followed
by UNH, AFR, and with HMS 15 showing the highest activity. This prediction was
partially confirmedMale rat offspring of the maternal separation procedures were tested
as adults for long-term alterations in basal locomotor activity (Fig 1). There was a
significant difference in total “horizontal” motor activity among groups (F3 46 = 3.95, p
=0.014). The average number of total beam breaks was significantly increased in
Unhandled (UNH) compared to both HMS 15 (p = 0.035) and HMS 180 (p = 0.02).
There was also a significant group difference in “ambulatory” locomotor movements
(F346=3.286, p = 0.029). As predicted, the average locomotor activity was significantly
lower in HMS180 compared to UNH (p =.027). Contrary to our predictions, UNH had

the highest locomotor activity and HMS 15 had lower levels of activity.

Digiscan Comparison of Locomotor Activity
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HMS 180 = maternally separated, HMS 15 = 15 min separation, AFR = animal facility raised, UNH = unhandled

Figure 1. Effects of maternal separation on baseline locomotor activity in adulthood. Mean (SEM).
Unhandled rats had significantly higher horizontal (total) movements than HMS 15 and HMS 180 (p <
0.05). Unhandled rats also made significantly more ambulatory movements than HMS 180 (* p<0.05).
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Open Field

We expect maternally separated rats to show the fewest entries to the middle and
center, followed by UNH, AFR, then HMS 15 in order from lowest to highest. Levene’s
test indicated inequality of variance, so non-paramtetric statistics were used. Kruskal-
Wallis showed a main effect of separation group on number of center rings crossed (y? 5=
15.54, p =.001). A Mann-Whitney test indicated that HMS 180 made significantly fewer
center entries than UNH (U = 20.0, p =.002) or AFR (U = 22.5, p =.001, Fig 2B). There
was also a main effect of separation group on number of inner rings crossed (Fig 2a, % 3=
13.56, p =.004). Mann-Whitney showed that HMS 180 made significantly fewer inner
ring entries than AFR (U = 18.5, p =.001, Fig 2A). There was a trend for HMS 180 to
make fewer inner ring entries than UNH (U = 29.0, p = .012) that did not reach
significance. Kruskal-Wallis revealed a significant group effect of number of outer ring
entries (y? 3= 10.47, p = .015). Follow-up with Mann-Whitney only showed trends for
HMS 180 to make fewer outer ring crossings than HMS 15(U = 33.0, p =.024) or UNH
(U =33.0, p=.024), or for AFR to make fewer outer ring crossings than HMS 15(U =
41.0, p =.027) or UNH(U = 38.5, p = .017).

As shown in Figure 2C, there was a significant main effect of separation group on
latency to enter the center ring (32 5= 14.33, p =.002). Mann-Whitney indicated that
HMS 180 took significantly longer to return to the center than AFR (U =18.0, p =.001)
or UNH (U =21.0, p =.003). Fewer entries to the inner and center rings and a longer
latency to return to the center indicate higher levels of anxiety in the HMS 180
maternally separated rats versus AFR and UNH. HMS 15 unexpectedly had lower inner

and center entries than UNH and AFR.
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Figure 2. Effects of maternal separation on Open Field activity in adulthood. Mean (SEM).

A. HMS 180 made significantly fewer inner ring entries than AFR.

B. HMS 180 made significantly fewer center entries than UNH or AFR.

C. HMS 180 took significantly longer to return to the center than AFR or UNH. (* p < .008)
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Elevated Plus Maze

We hypothesize that HMS 180 would show the highest levels of anxiety as
demonstrated by longer latencies to enter the open arm, fewer open arm entries, and
shorter open arm duration. We predicted UNH would follow HMS 180 in open arm
measures, then AFR and HMS 15. Analysis of variance showed a main effect of
separation group on number of open arm entries (F3 45 = 6.32, p =0.001). Post-hoc
analyses using Tukey’s HSD indicated that HMS 180 rats made fewer open arm entries
than AFR (p =.013) or UNH (p =.006), while HMS 15 rats made fewer open entries than
UNH (p =.027). There was also a main effect of separation group on center entries (Fs 45
=6.99, p =0.001), with both HMS 15 (p = .044) and HMS 180 (p =.001) making fewer
center entries than AFR. There were no group differences in number of closed arm
entries. However, there was a significant effect of group on total arm entries (F3 45 =
5.96, p =0.002). HMS 180 made fewer total entries than AFR (p =.002) or UNH (p =
.01), which is presumably due to fewer open arm entries.

As shown in Figure 3B, there was a significant main effect of separation group on
time spent the open arm (F3 45 = 5.76, p =0.002). HMS 180 spent significantly less time
in the open arm than AFR (p = .047) or UNH (p =.007). HMS 15 also spent less time in
the open arm than UNH (p = .017). There were no significant group effects on closed
arm duration (Fs 45 = .84, p =0.478) or center duration (F345=2.07, p =0.118). There was
a significant main effect of separation group on latency to enter the open arm (F3 45 =
.8.24, p <.001). HMS 180 took significantly longer to enter the open arm than AFR
(p<.001) or UNH (p =.002). HMS 180 showed the expected decrease in open arm

activity, while HMS 15 unexpectedly also had significantly lower open arm activity.
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Figure 3. Effects of maternal separation on Elevated Plus Maze Anxiety in adulthood. Mean (SEM).
A. HMS 180 made significantly fewer open arm entries than AFR or UNH. HMS 15 made fewer

open entries than UNH. Both HMS 180 and HMS 15 made fewer center entries than AFR.
HMS 180 had fewer total entries than AFR or UNH.

B. HMS 180 spent significantly less time in the open arm than UNH or AFR. HMS 15 spent less
time than UNH in the open arm. HMS 180 also took significantly longer to enter the open arm
than UNH or AFR. *p <.05
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Sucrose Solution Preference Test

We hypothesized that HMS 180 rats would have a lower preference for sucrose
solution than UNH, AFR, and HMS 15. Contrary to expectations, repeated measures
analysis for mean sucrose solution consumption over 4 days at 1% and 4% revealed no
group differences (Fig 4A). At 1%, Mauchly’s test indicated that the assumption of
sphericity had been violated for day (y 2 5= 63.99, p < .001), therefore degrees of
freedom were corrected using Greenhouse-Geisser estimates of sphericity (¢ = 0.55).
There was no separation group effect (F3 4, = 1.43, p =.248) or interaction between group
and day. At 4%, Mauchly’s test indicated that the assumption of sphericity had been
violated for day (y 2 5= 15.51, p =.008), and again degrees of freedom were corrected
using Greenhouse-Geisser (¢ = 0.80). There was no separation group effect (F3 45 = 1.26,
p =.30) or interaction between group and day. When averaged across days, consumption
of 4% sucrose solution was significantly greater than consumption of 1% (F1 44 = 184.609,
p<.001).

Similarly, there were no group differences in preference for sucrose solution over
water, as measured by percentage of sucrose solution consumed of total fluid intake (Fig
4B). For percent total consumption of 1% sucrose, Mauchly’s was significant for day (y
2 5= 19.59, p =.001), and Greenhouse-Geisser correction (¢ = 0.76) was applied. For
percent total consumption of 4% sucrose solution, there were no significant differences
across days or separation groups. All rats showed a strong preference for sucrose

solution.
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Figure 4. Sucrose Solution Preference. Mean (SEM).

A. There were no significant differences in mean sucrose solution intake at either 1% or 4%. All rats
showed a stronger preference for 4%.
B. There were no significant differences in preference for sucrose solution over water.
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Operant Responding for Sucrose

We hypothesize that HMS 15 would have the highest levels of operant
responding, followed by AFR, and then UNH, with HM 180 making the fewest. This
hypothesis was only confirmed for HMS 180 responsiveness on fixed-time criterion of
sucrose consumption. Fixed Time (FT) criterion of eating 19 of 20 sucrose pellets
delivered non-contingently every minute for 20 minutes was examined using
nonparametric statistics because of non-homogenous variance (Levine's median test, Fig
5). Kruskal-Wallis showed a main effect of separation group on days to criterion (% 5=
11.67, p=.009). A Mann-Whitney test indicated that HMS 180 took significantly longer
to meet criterion than UNH (U = 25.0, p = .004).

Repeated measures was used to examine acquisition—total responses each day
over the first 12 days of fixed ratio 1 (FR1). Mauchly’s test indicated that the assumption
of sphericity had been violated for day (y 2 es= 238.91, p <.001), therefore degrees of
freedom were corrected using Greenhouse-Geisser estimates of sphericity (e = 0.46).
There was a significant main effect for day (Fs.0.2204=57.32, p <.001), with responding
significantly higher on day 12 than the first 5 days (p<.0004). There were no significant
interactions with separation group (Fis0.2204=.973, p = 4.84). Nor was there a main
effect of separation group (Fs44= 1.6, p=.202). Although HMS 180 had lower average
levels of responding from days 3 to 12, this difference did not reach significance (Fig
6A). As shown in Figure 6B, number of days to reach criterion of 50 bar presses did not
differ significantly among groups (Fs 44 = .987, p =.408). One HMS 180 rat never met the

criterion of 100 bar presses and was assigned an arbitrary cut-off of 25 days to reach
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criterion. Days to reach criterion of 100 bar presses did not differ among groups (y° 5=
4.83, p = 1.85).

Mean responding over the last four days of each fixed ratio was not significantly
different among groups for any Fixed Ratio (FR) requirement (Fig 7). However there
was a trend towards significance at FR1 (Fz 44 = 2.43, p=.078) and FR2 (F3 44 = 2.30, p=
.090), with the biggest mean difference between HMS180 and AFR (42.96 for FR1 and
80.68 for FR2). There was also a trend towards significance at FR32 (32 5= 6.392, p =
.094, nonparametric for unequal variance) with the biggest mean difference between
HMS15 and UNH (602.88).

Repeated measures analysis for lever presses over 6 days of extinction revealed
no group differences (Fig 8). Mauchly’s test indicated that the assumption of sphericity
had been violated for day (y 2 14= 204.01, p < .001), therefore degrees of freedom were
corrected using Greenhouse-Geisser estimates of sphericity for day (¢ = 0.32). There was
a significant main effect of day (F1.59 6320 = 50.22, p <.001) and a significant day x
separation group interaction (F4.76 6829 = 2.64, p <.033). There was a trend for separation
group differences that did not reach significance (Fz43=2.52, p <.070). As can be seen
in Figure 8, HMS 15 started out at a noticeably lower response rate on day 1 than the
other groups. All rats decreased responding across days, with the biggest decreases on
days 2 and 3. Although there was a trend for acquisition deficits and lower responding in
HMS 180 than AFR on FR 1 and FR 2, this did not reach significance. Against our
hypothesis HMS 180 did not demonstrate clear evidence of decreased motivation on

operant responding. Unexpectedly, HMS 15 did not have the highest performance levels.
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Figure 5. Sucrose Pellet Consumption in Operant Chamber Mean (SEM).

HMS 180 took significantly longer than UNH to meet the criterion of eating 19 of 20 sucrose pellets
available non-contingently in the operant chamber. * p <.008
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A. Acquisition of Responding for Sucrose Pellets—Each bar press was reinforced with one sucrose
pellet (FR1). Although HMS180 had lower level of responding from days 3 to 12, this difference
did not reach significance.

B. Criterion of reaching 50 or 100 operant responses per session did not differ significantly among
groups.
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Average Responses Over Last 4 Days at Each Fixed Ratio
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Figure 7 Progressively Increasing Fixed Ratio Requirements for Sucrose Pellets. Mean (SEM) of 4 days

There were no significant differences among groups at any fixed ratio. There was only a trend for HMS
180 to respond lower than AFR at FR1 and FR2. At FR32, there was a trend for HMS15 to respond lower
than UNH. This trend did not reach significance because of high variability in the other groups.
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Figure 8 Extinction—Lever Presses No Longer Reinforced After FR 64.

Mean (SEM) responses per day over 6 days.

There was a non-significant trend for separation group differences, due to a low starting response rate in
HMS15 on Day 1. All rats extinguished responding.
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Correlations

We hypothesized that maternally separated rats would be more anxious and less
motivated to respond for sucrose, especially at high fixed-ratio requirements. Therefore,
we predicted that high anxiety on the elevated plus maze and open field would correlate
with lower operant responding across fixed-ratio requirements. However, anxiety to the
novel context of the operant chamber may only affect initial sucrose consumption and FR
acquisition. If anxiety is only related to sucrose responding in a novel environment and
not motivation, then there should be no correlation between plus maze and open field
anxiety and responding at fixed ratio 64.

Individual Group Correlations

Correlations were performed per separation group on measures of anxiety on the
elevated plus maze and operant responding for sucrose using simple linear regression.
There were no significant differences in the slopes of any correlation between separation
groups. However, correlations that reached significance in one group (see below) did not
reach significance in the other groups. Therefore, it seems that different aspects of
anxiety measured on the elevated plus maze differentially predict performance on operant
responding, depending on maternal separation experience.

For HMS 180 and Unhandled rats, anxiety measures correlate with the number of
sessions to criterion of eating sucrose pellets on a fixed time schedule (Fig 9). For HMS
180 rats, total time in the center of the plus maze correlates inversely with number of
sessions to FT criterion (Fy10=5.83, r =-.607, p =.036). For Unhandled rats, latency to
enter open arm of the plus maze correlates positively with number of sessions to FT

criterion (F19=8.25, r =.692, p =.018). HMS 15 showed only a trend towards
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significant correlation between number of open arm entries and sessions to FT criterion
(r=-.546, p = .067).

For HMS 180 and AFR rats, elevated plus maze measures correlate with days to
reach criterion of 100 operant responses for sucrose (Fig 10). Both number of open arm
entries (F110=6.69, r =-.633, p =.027) and total time in the open arm of the plus maze
(F110=8.37,r=-.675, p = .016) correlate inversely with sessions to reach criterion of
100 operant responses for HMS 180. While in AFR rats latency to enter the open arm
correlates with number of sessions to both 50 (F110=6.78, r =.636, p = .026)
and 100 bar presses (F110=7.42, r =.653, p =.02).

For Unhandled rats, the total time spent in the open arm of the plus maze
positively correlates with average responding for sucrose pellets at both FR1 (F; 9= 7.70,
r=.679,p=.022) and FR 64 (F15=7.98, r =.707, p =.022) (Fig 11). This suggests that
in this group, the less anxious the rat, the more vigorously it responds for rewarding

sucrose at both low and high work requirements.



Figure 9 Anxiety Measures Correlate with Sessions to Eat Freely Available Sucrose Pellets
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A For HMS 180 rats, total time in the center of the plus maze, which is associated with risk-assessment
behavior, correlates inversely with number of sessions to FT criterion of eating 19 of 20 freely available
sucrose pellets.
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sessions to FT Criterion. The longer the rat takes to enter the open arm, the longer he tends to take to eat
the pellets.
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Figure 10 Anxiety Measures Predict Days to Reach 100 Bar Presses for Sucrose
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Figure 11 Anxiety Measures and Vigor of Responding at Low and High Ratio Requirements
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For Unhandled rats, the total time spent in the open arm of the plus maze positively correlates with average

responding for sucrose pellets at both fixed ratio 1 (FR 1, A) and FR 64 (B). This suggests that in this
group of rats, the less anxious or more curious the rat is, the more vigorously it responds for rewarding

sucrose regardless of amount of work required.
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Combined Groups Correlations

Since there were no significant differences in the slopes of any regression lines
between separation groups, combined group correlations between EPM measures and
operant responding were examined. As shown in Table 1, operant responding correlated
significantly with several parameters of anxiety and locomotion. Number of sessions to
fixed-time criterion correlated inversely with elevated plus maze open arm entry and
duration (fig 12), closed arm duration, and total arm entries. Open field total entries and
digiscan horizontal activity also correlated inversely with sessions to FT criterion (Table
1). This suggests that consumption of food in a novel environment relates to anxiety and
possibly general activity levels.

As seen in Table 1, responding at all fixed ratios correlated significantly with
anxiety measures EPM open arm duration (fig 13) and open arm count (except FR 16).
Open field anxiety measured by inner ring entry also correlated significantly with FR 1,
FR 8, and FR 64 lever presses. So, rats that went out on the EPM open arm and inner
ring of the open field were more likely to have greater operant responding at both low
and high fixed ratios. Time in EPM closed arm correlated inversely with FR 32
responding, and closed arm entry correlated inversely with FR 64. Rats entering or
spending more time in the protected arm tended to bar press less at high ratio
requirements. Importantly, operant responding at fixed ratios higher than FR 2 did not
correlate with general locomotor activity as measured by EPM total arm entries, open
field total entries, or digiscan horizontal counts. This data suggests that operant
responding at both low and high ratio schedules of reinforcement is more closely

associated with anxiety than general locomotor activation.
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Table 1
Correlations of Anxiety Measures and Operant Responding
Elevated Plus Maze Open Field Digiscan
Open Closed Closed Inner
Time Open# Time # Total # # Total # Horizontal
FT -0.39**  -0.38** +0.38** -0.02 -0.30* -0.28 -0.31* -0.30*
FR1 0.45** 0.39**  -0.27 -0.06  0.25 0.37* 0.26 -0.1
FR2 0.45** 0.42**  -0.23 -0.01  0.31* 0.31 0.25 -0.11
FR4 0.36* 0.36* -0.25 -0.06  0.23 0.28 0.18 -0.1
FR8 0.36** 0.35* -0.18 -0.03 0.24 0.33* 0.17 -0.05
FR16 0.31* 0.29 -0.24 -0.16  0.10 0.25 0.08 -0.02
FR32 0.44** 0.34* -0.29* -0.26  0.07 0.28 0.13 -0.01
FR64 0.41** 0.30* -0.23 -0.29* 0.02 0.30* 0.17 0.06
Pearson's Correlation r
*p<0.05
**p < 0.01

Figure 12 EPM Open Arm Time Correlates with Sessions to FT Criterion
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For all rats, total time in the open arm of the plus maze correlates inversely with number of sessions to FT
criterion of eating 19 of 20 freely available sucrose pellets, with more anxious rats taking longer to meet

criterion.



Figure 13 EPM Open Arm Time Correlates with Operant Responding
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For all rats, total time in the open arm of the plus maze correlates with both low and high fixed-ratio
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responding: FR 1 (A), FR 32 (B), and FR 64 (C) p<0.01. This suggests across groups, more anxious rats
make fewer operant responses for sucrose reward.
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Discussion

This study examined the effects of maternal separation on consummatory and
appetitive responding for a natural reward. Anxiety tests verified the effectiveness of the
maternal separation procedure. As predicted, long-separated HMS 180 rats were more
anxious than unhandled (UNH) or animal facility raised (AFR) rats in both the open field
and the elevated plus maze. In the open field, HMS 180 had a longer latency to enter and
made fewer entries into the center ring compared to AFR and UNH. On the elevated plus
maze, HMS 180 made fewer open arm entries and spent less time in the open arm
compared to AFR and UNH. These results are consistent with studies that have found
maternally separated rats to be more anxious and suggest that our maternal separation
procedure was successful (Caldji et al., 1998, 2000; Wigger and Neumann, 1999; Ladd et
al., 2000, Huot et al., 2001; Kalinichev et al., 2002). One unexpected finding is that the
short-separated (HMS 15) rats were also more anxious than unhandled rats on the
elevated plus maze. Studies consistently find HMS 15 to be less anxious and have
decreased stress reactivity as compared to HMS 180 and UNH (Plotsky and Meaney,
1993; Bhatnagar and Meaney, 1995; Caldji et al., 1998, 2000; Wigger and Neumann,
1999; Ladd et al., 2000). However, since dam behaviors were not scored, it is possible
that HMS 15 did not receive the better maternal care that is associated with their
resilience to stress. Also, unhandled rats had higher basal levels of locomotor activity
compared to both HMS 180 and HMS 15. This may either reflect either greater general

activity levels or lower anxiety levels in unhandled rats.
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Sucrose Preference

Contrary to our expectations, long-separated rats did not show alterations in
preference for sucrose solution over water in the home cage. These findings are,
however, consistent with other studies that have found no differences in sucrose
preference in HMS 180 measured across varying concentrations (Matthews et al,1996a;
Shalev & Kafkafi, 2002; Michaels & Holtzman, 2006). Hout and colleagues (2001)
found a decreased preference of sucrose solution in HMS 180, but this was concomitant
with increased intake ethanol in a two-bottle choice. Sweet and colleagues (unpublished
data) found a decrease in sucrose solution preference versus water, while Michaels and
Holtzman (2007) found an increased sucrose preference. The magnitude of increase was
quite small: approximately 85 % preference over water in HMS 180 versus 75%
preference in UNH. Matthews and colleagues (1996a) found that maternally separated
rats did not alter their lick rates as much as controls to increasing and decreasing
concentrations of sucrose solutions over a brief time-period. This suggests separated rats
had impaired perception of contrasting rewards. Together these data suggest maternal
separation does not consistently lead to changes in preference for and consumption of

sucrose in the home cage.

Operant Responding for Sucrose

We tested rats’ motivation to work for sucrose reward under increasing response
requirements. While we expected long-separated rats to have deficits at high ratio work
requirements, we did not predict that initial approach and consumption would be affected.
Maternally separated rats took significantly longer than unhandled rats to eat freely

available sucrose pellets in the operant chamber. Although long-separated rats had lower
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average levels of responding during the 12 day acquisition period at FR |, this difference
did not reach significance. Number of days to reach criterion of 50 or 100 bar presses
also did not differ. There was only a slight trend for HMS 180 rats to respond lower than
AFR at fixed ratios 1 and 2. In contrast to our hypothesis, there were no group
differences in responding at any higher fixed ratio requirement. Additionally, no
significant differences emerged during extinction.

These data seem to suggest that maternally separated rats were hesitant in their
initial approach to sucrose in a novel environment. After acquisition, no overt group
differences in motivation to respond for sucrose were seen. This hypothesis is supported
by significant within-group correlations between anxiety and acquisition of operant
responding. For long-separated HMS 180 and UNH rats, anxiety measures on the
elevated plus maze correlated with how long it took rats to approach and consume
palatable sucrose pellets in a novel environment, with more anxious rats taking longer.
Also, for HMS 180 and AFR, anxiety on the plus maze predicted length of time to meet
acquisition criterion of 100 bar presses. Hesitance in HMS 180 initial consumption of
sucrose in the operant chamber is consistent with data from Caldji and colleagues (2000),
who found that maternally separated rats took longer than handled rats to approach and
begin feeding in a novel environment but not in the home cage.

Combined-group correlations confirm a relationship between FT criterion and
anxiety, with more anxious rats taking longer to reach criterion. However, unlike single-
group correlations, combined-group correlations show a significant relationship between
anxiety measures and fixed-ratio responding. There is a positive correlation between

time spent in the open arm of the elevated plus maze with operant responding at all fixed
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ratio requirements. EPM open arm entries and open field inner entries show the same
positive relationship with operant responding at low and high ratios, although not at with
all fixed-ratios. Also EPM closed arm time and entries correlate inversely with
responding at high FR requirements. Notably, measures presumably more reflective of
general activity—digiscan horizontal count, EPM total entries, and open field entries—
only correlated with FT criterion and not with responding at high work requirements.
This suggests that the positive correlations between open arm duration and activity at FR
32 and FR 64 are not merely accounted for by non-specific locomotor activity. While the
correlations are not very strong, they show a consistent picture of high anxiety relating to
lower operant responding across FR requirements. It is interesting to speculate that this
might represent a subgroup of rats across groups with both high anxiety and decreased
incentive motivation that persists in spite of habituation to novelty.

The significant correlation may be partially driven by the UNH group, who
showed a much stronger correlation between anxiety and operant responding at low and
high FR requirements when examined alone. No other single-group correlations showed
a significant relationship between fixed-ratio responding and anxiety, aside from
acquisition responding. On the other hand, combining groups may give more power to
detect underlying relationships given the high variability within the groups.

Two current studies examining elevated plus maze activity in non-stress rats and
subsequent operant responding fit the hypothesis that more anxious rats have lower
incentive motivation. Alsid and colleagues (2009) found a strong correlation between

EPM open arm activity and subsequent acquisition of operant responding (rs = 0.883, p <
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0.001). Further, progressive ratio responding was predicted by time in the open arm (rs =
0.691, p <0.02), with less anxious rats having higher break-point responding.

Davis and colleagues (2009) showed that rats that spent more time in the open arms of
the EPM were more likely to become dominant after group housing, and they had
increased operant responding for food on a progressive ratio schedule.

The lack of group differences in operant responding is consistent with other
maternal separation studies. Moffett and colleagues (2006) found no deficits in
acquisition or maintenance on a FR1 schedule of responding for food pellets after food
restriction in maternally separated rats. Also, Shalev and Kafkafi (2002) did not find a
maternal separation effect in acquisition or progressive ratio responding for various
concentrations of sucrose solutions. Contrary to our findings, Shalev and Kafkafi (2002)
did not find a significant difference in open field anxiety in HMS 180 compared to HMS
15 and unhandled rats. Studies examining early deprivation, which involves separation
of rat pups from both the dam and the litter, have found evidence of reduced motivation
to obtain sucrose solution on a progressive ratio schedule. However, this effect was only
seen in pups isolated at cold temperatures and in stress-hyperresponsive Fischer rats
(Ruedi-Bettschen et al, 2005; 2006). Pup isolation may be more of a physiological
stressor than maternal separation.

In our experiment, there was a high level of variability in each group on operant
responding. Some rats “gave up” or extinguished readily at higher ratio requirements,
while others continued to meet the increasingly high demands for reinforcement.
Specifically, we noted increased aggression, or “frustration,” in some rats at higher ratios.

These rats may have been the ones more motivated to respond at high ratios. Similarly,
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Roman and Nylander (2005) found high levels of variance in long-separated offsprings’
response to alcohol consumption. They suggested the presence of subgroups of
responders and non-responders. In a different stressor paradigm, the Nestler lab found
that even inbred mice subjected to social defeat could be segregated into resilient and
susceptible subgroups based on depression-like social avoidance (Krishnan et all, 2007) .
While it might be controversial to split data into bimodal subgroups and then compare
them, the variability in human stress response and depression suggests subgroups as well

(Krishnan and Nestler, 2010).

Stress Coping

Besides early life experience, the impact of a stressor also depends on numerous
other environmental factors, such as coping ability, social support, age, and type of
stressor (Anisman and Matheson, 2005). One caveat in our study is that the rats were
aged (approximately one year) by the end of testing. Aged rats have elevated basal levels
of glucocorticoids and prolonged CORT response to a stressor (Keck et al, 2000;
Sapolsky, 1986). This could have added to the variability seen in all groups on operant
responding. Also, rats were single-housed at the beginning of behavioral testing, which
is also a stressor from lack of social interaction (eg., Weiss et al, 2004). As mentioned
above, we did not record maternal behaviors in this experiment. Natural variations in
licking, grooming and arched-back nursing or unexpected dam reactions in response to
the separation procedure may have contributed to offspring variability. Also, since the
dams arrived timed-pregnant, we could not control for possible effects of prenatal stress.

While there is good evidence that dam behavior at least partially mediates the effects of
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maternal separation (Huot et al, 2004), not all experiments find less active maternal
behavior in long-separation dams (Macri and Wirbel, 2004; 2006). In these experiments,
environmental stress of separation itself explained part of the variance in HMS 180 HPA
axis reactivity and anxiety. Somewhat related to variability issues is controversy over
which control group to use. For example, unhandled rats may be exposed to too little
stimulation or stress compared to rats in the wild, whose dams are off the nest for up to
two or three hours (Lehmann and Feldon, 2000; Pryce and Feldon, 2003; Macri and
Wiirbel, 2006). In our experiment, having three control groups increased the stringency
of statistical significance because of the increased number of comparisons.

Stress is a common precipitating factor in human depression. However, not
everyone exposed to stress becomes depressed. Rather, stress interacts with a person’s
genetic makeup to influence his or her risk for developing major depressive disorder
(aan het Rot et al, 2009). While early life stress increases susceptibility to anxiety and
depression (Heim et al, 2002), this vulnerability also depends on genetic background.
For example, having a short allele of the serotonin transporter gene (5-HTTLPR) interacts
with early-life stress to increase vulnerability to depression (Caspi et al., 2003), although
recent studies question the strength of this finding (Munafo et al, 2009). Also, the
presence of a single nucleotide polymorphism (SNP) in the corticotrophin releasing
factor receptor 1 gene (Crhrl) interacts with childhood abuse to increase risk for
adulthood depression (Bradley, et al., 2008). Other polymorphisms in genes related to
CRF functioning have also recently been identified (Binder et al., 2004; 2010). Ressler
and colleagues (2010) have recently identified a gene x gene x environment interaction

between the 5-HTTLPR S allele, CRHR1 SNP, and child abuse on depressive symptoms.
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Current evidence suggests that multiple genes might interact with life stressors and
epigenetic modification to lead to depression (Krishnan and Nestler, 2010).

It is difficult to interpret rodent manifestations of emotion. For example, anxiety-
like avoidance behaviors could also be interpreted as anhedonia. Furthermore, even
when there is evidence of anhedonia or other signs of depression, these effects are often
transient (Krishnan and Nestler, 2010). This might contribute to the inconsistent findings
in maternal separation and reward.

Our study suggests maternal separation is better model of anxiety than depression.
However, the distinction between anxiety and depression is difficult to define even in
humans. While there is an abundance of evidence of HPA axis hyperactivity in pressed
clinical populations that is reversed with successful antidepressant treatment (eg, Ising et
al, 2005; Binder et al, 2009), this might represent only a severe sub-type of depression
(Krishnan and Nestler, 2010). Stokes and colleagues (1984) found that depressed
patients with HPA axis abnormalities may represent as little as 35% of the depressed
population. Strickland and Deakin (2002) found that increased cortisol was associated
with adverse life events but not depression in a general population sample.

Krishnan and Nestler (2010) suggest that depressive subtypes can be classified by
a patient’s reaction to proinflammatory cytokines. Cytokines are typically elevated in
depression and can cause glucocorticoid receptor resistance. This GR resistance may
result in either increased or decreased secretion of cortisol. Hyper-secretion is associated
with decreased eating and insomnia, while hypo-secretion is associated with increased

eating and fatigue (in Krishnan and Nestler, 2010). This hypothesis is interesting in the
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light of recent studies that suggest increased eating may help reduce the stress response
and anxiety (Teegarden & Bale, 2007; Dallman et al, 2003; Foster et al 2009).

Both acute and chronic stress have been shown to stimulate intake of palatable
“comfort foods” in humans (Foster, 2009; Dallman et al, 2003). Even individuals who
eat less during stress still show an increased preference for palatable and fatty foods
(Teegarden & Bale, 2007). Fat intake decreases anxiety-like behaviors and facilitates
stress recovery (Teegarden & Bale, 2007). Depressed people who overeat have
decreased HPA activity and cerebrospinal CRF (Dallman et al, 2003).

Similarly in rats, eating palatable foods that produce abdominal obesity decreases
the HPA response to restraint stress and reduces CRF mRNA in the hypothalamus and
BNST (Dallman et al, 2003, Foster et al, 2009). Furthermore, palatable foods are more
salient with high levels of glucocorticoids (Dallman et al, 2003). Pecina and colleagues
(2006) found that CRF injected in the nucleus accumbens shell increases motivation for
sucrose reward. Reduced stress-response following intake of comfort foods may
reinforce the eating habit (Dallman et al, 2003). In rats exposed to chronic mild stress
model of depression, motivation for food responding on progressive ratio was increased
only for sucrose pellets and not for sugar-free pellets (Willner et al, 1998). In both
rodents and humans consumption of “comfort foods” may ameliorate the effects of
chronic stress.

It is interesting to speculate whether or not sucrose consumption and appetitive
responding may have been partially driven by stress-reactivity in maternally separated
rats. Future studies could examine whether or not palatable food consumption has an

ameliorative effect on the HPA axis and CRF expression in maternally separated rats.
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Conclusion

This experiment demonstrated that while maternally separated rats had increased
anxiety, no overt differences were seen in preference or motivation for sucrose reward.

In agreement with other studies, these data suggest that maternal separation does not
consistently lead to anhedonia. However, the data do suggest a link between anxiety and
motivated responding for sucrose. Anxiety correlated with both initial consumption of
sucrose and acquisition of responding in the operant chamber in HMS 180. Further,
across groups, anxiety measures correlated with operant responding at both low and high
work requirements. While the relationship was not strong, it still suggests that at least a
subset of rats had both higher levels of anxiety and decreased incentive motivation.

The data underscores the importance of segregating out the effects of acute stress on
reward responding. High variability in operant responding suggests there are a variety of
factors influencing individual differences in motivated behavior.

There is evidence that stress and even depression can have a bimodal influence on
palatable food consumption and drive. This needs to be taken into account when
interpreting measures of anhedonia and motivation to obtain palatable food. Both animal
models and human studies could benefit from a better distinction of different subtypes of
anxiety and depression. This study is in agreement with an extensive literature that
maternal separation increases anxiety behaviors. Further research on how genetic and
epigenetic background interacts with a life-time of stressors and coping ability could lead

to a better understanding of individual variability in reward responsiveness.



50

References

Aberman JE, Salamone JD (1999). Nucleus accumbens dopamine depletions make rats more
sensitive to high ratio requirements but do not impair primary food reinforcement. Neuroscience
92(2):545-52.

Aisa, B., Tordera, R., Lasheras, B., Del Rio, J., and Ramirez, M. J. (2007). Cognitive impairment
associated to HPA axis hyperactivity after maternal separation in rats. Psychoneuroendocrinology
32, 256-266.

Alsid J, Pickering C, Roman E, Hulting A, Lindblom J, Schiéth HB. (2009). Motivation
for sucrose in sated rats is predicted by low anxiety-like behavior. Neuroscience Letters
454:193-197.

Anisman, H and Matheson, K. (2005) Stress, depression, and anhedonia: Caveats concerning
animal models. Neuroscience and Biobehavioral Reviews 29: 525-546

Argyelan, M., Szabo, Z., Kanyo, B., Tanacs, A., Kovacs, Z., Janka, Z. and Pavics, L. (2005)
Dopamine transporter availability in medication free and in bupropion treated depression: a 99m
Tc-TRODAT-1 SPECT study. J. Affective Disord. 89, 115-123

Avishai-Eliner, S., Eghbal-Ahmadi, M., Tabachnik, E., Brunson, K. L., and Baram, T. Z. (2001a).
Down-regulation of hypothalamic corticotropin-releasing hormone messenger ribonucleic acid
(mRNA) precedes early-life experience-induced changes in hippocampal glucocorticoid receptor
mRNA. Endocrinology 142, 89-97.

Barrot M, Marinelli M, Abrous DN, Rougé-Pont F, Le Moal M, Piazza PV. 2000 The
dopaminergic hyper-responsiveness of the shell of the nucleus accumbens is hormone-dependent.
Eur J Neurosci. 2000 Mar;12(3):973-9.

Bradley RG, Binder EB, Epstein MP, Tang Y, Nair HP, Liu W, Gillespie CF, Berg T, Evces M,
Newport DJ, Stowe ZN, Heim CM, Nemeroff CB, Schwartz A, Cubells JF, Ressler KJ (2008).
Influence of child abuse on adult depression: moderation by the corticotropin-releasing hormone
receptor gene. Arch Gen Psychiatry. 65(2):190-200.

Berridge KC (1996). Food reward: brain substrates of wanting and liking. Neurosci Biobehav
Rev. 20(1):1-25.

Berridge KC, Kringelbach ML. (2008). Affective neuroscience of pleasure: reward in humans
and animals. Psychopharmacology (Berl) 199(3):457-80.


http://www.ncbi.nlm.nih.gov/pubmed/10408603
http://www.ncbi.nlm.nih.gov/pubmed/10408603
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Barrot%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Marinelli%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Abrous%20DN%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Roug%C3%A9-Pont%20F%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Le%20Moal%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Piazza%20PV%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed/10762327
http://www.ncbi.nlm.nih.gov/pubmed/10762327
javascript:AL_get(this,%20'jour',%20'Eur%20J%20Neurosci.');
http://www.ncbi.nlm.nih.gov/pubmed/18250257
http://www.ncbi.nlm.nih.gov/pubmed/18250257
http://www.ncbi.nlm.nih.gov/pubmed/8622814
http://www.ncbi.nlm.nih.gov/pubmed/18311558
http://www.ncbi.nlm.nih.gov/pubmed/18311558

o1

Bhatnagar, S., and Meaney, M. J. (1995). Hypothalamic—pituitary—adrenal function in chronic
intermittently cold-stressed neonatally handled and non handled rats. J. Neuroendocrinol. 7, 97—
108.

Binder EB, Kiinzel HE, Nickel T, Kern N, Pfennig A, Majer M, Uhr M, Ising M, Holsboer F.
(2009) HPA-axis regulation at in-patient admission is associated with antidepressant therapy
outcome in male but not in female depressed patients. Psychoneuroendocrinology. 34(1):99-1009.

Binder EB, Owens MJ, Liu W, Deveau TC, Rush AJ, Trivedi MH, Fava M, Bradley B, Ressler
KJ, Nemeroff CB (2010). Association of polymorphisms in genes regulating the corticotropin-
releasing factor system with antidepressant treatment response. Arch Gen Psychiatry. 67(4):369-
79.

Binder EB, Salyakina D, Lichtner P, Wochnik GM, Ising M, Ptz B, Papiol S, et al (2004).
Polymorphisms in FKBP5 are associated with increased recurrence of depressive episodes and
rapid response to antidepressant treatment. Nat Genet. (12):1319-25.

Bogdan R, Perlis RH, Fagerness J, Pizzagalli DA (2010). The impact of mineralocorticoid
receptor ISO/VAL genotype (rs5522) and stress on reward learning. Genes Brain and Behavior
9(6):658-67.

Brake, T.Y. Zhang, J. Diorio, M.J. Meaney and A. Gratton, Influence of early postnatal rearing
conditions on mesocorticolimbic dopamine and behavioural responses to psychostimulants and
stressors in adult rats, Eur J Neurosci 19 (2004) (7), pp. 1863-1874.

Branchi I, D’ Andrea I, Fiore M, Di Fausto V, Aloe L, Alleva E. 2006. Early social enrichment
shapes social behavior and nerve growth factor and brain-derived neurotrophic factor levels in
the adult mouse brain. Biol. Psychiatry 60:690-96

Bredy TW, Humpartzoomian RA, Cain DP, Meaney MJ (2003). The influence of maternal care
and environmental enrichment on hippocampal development and function in the rat.
Neuroscience 118:571-76

Brown, C. P., Smotherman, W. P., and Levine, S. (1977). Interaction-induced reduction in
differential maternal responsiveness: an effect of cue-reduction or behavior? Dev. Psychobiol. 10,
273-280.

Brunswick, D.J., Amsterdam, J.D., Mozley, P.D. and Newberg, A. (2003) Greater availability of
brain dopamine transporters in major depression shown by [ 99m Tc]TRODAT-1 SPECT
imaging. Am. J. Psychiatry 160, 1836-1841

Caldji, C., Diorio, J., and Meaney, M. J. (2003). Variations in maternal care alter GABA(A)
receptor subunit expression in brain regions associated with fear. Neuropsychopharmacology 28,
1950-1959.

Caldji, C., Francis, D., Sharma, S., Plotsky, P.M. & Meaney, M.J. (2000) The effects of early
rearing environment on the development of GABAA and central benzodiazepine receptor levels
and novelty-induced fearfulness in the rat. Neuropsychopharmacology, 22, 219-229.


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Binder%20EB%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22K%C3%BCnzel%20HE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nickel%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kern%20N%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pfennig%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Majer%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Uhr%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ising%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Holsboer%20F%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/18829172
http://www.ncbi.nlm.nih.gov/pubmed/18829172
javascript:AL_get(this,%20'jour',%20'Psychoneuroendocrinology.');
http://www.ncbi.nlm.nih.gov/pubmed/20368512
http://www.ncbi.nlm.nih.gov/pubmed/20368512
http://www.ncbi.nlm.nih.gov/pubmed/15565110
http://www.ncbi.nlm.nih.gov/pubmed/15565110
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bogdan%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Perlis%20RH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fagerness%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pizzagalli%20DA%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Genes%20Brain%20Behav.');
javascript:AL_get(this,%20'jour',%20'Genes%20Brain%20Behav.');

52

Caldji, C., Tannenbaum, B., Sharma, S., Francis, D., Plotsky, P. M., and 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.

Caspi, A., Sugden, K., Moffitt, T. E., Taylor, A., Craig, I. W., Harrington, H., McClay, J., Mill,
J., Martin, J., Braithwaite, A., and Poulton, R. (2003). Influence of life stress on depression:
moderation by a polymorphism in the 5-HTT gene. Science 301, 386-389.

Champagne, D. L., Bagot, R. C., van Hasselt, F., Ramakers, G., Meaney, M. J., de Kloet, E. R.,
Joels, M., and Krugers, H. (2008). Maternal care and hippocampal plasticity: evidence for
experience-dependent structural plasticity, altered synaptic functioning, and differential
responsiveness to glucocorticoids and stress. J. Neurosci. 28, 6037—6045.

Dallman MF, Pecoraro N, Akana SF, La Fleur SE, Gomez F, Houshyar H, Bell ME, Bhatnagar S,
Laugero KD, Manalo S. (2003) Chronic stress and obesity: a new view of "comfort food". Proc
Natl Acad Sci. 100(20):11696-701.

Davis, JF, Krause EG, Helhorn, SJ, Sakai, RR, & Benoit, SC (2009). Dominant Rats are
natural risk takers and display increased motivation for food reward. Neuroscience 162:
23-30.

De Bellis, (2005). The psychobiology of neglect, Child Maltreat. 10: 150-172.

de Kloet ER, Derijk RH, Meijer OC. Therapy insight: is there an imbalanced response of
mineralocorticoid and glucocorticoid receptors in depression? Nature Clin. Pract. Endocrinol.
Metab. 2007;3:168-179.

Denenberg, V. H., Brumaghim, J. T., Haltmeyer, G. C., and Zarrow, M. X. (1967). Increased
adrenocortical activity in the neonatal rat following handling. Endocrinology 81, 1047-1052.

Dent, G. W., Smith, M. A., and Levine, S. (2000). Rapid induction of corticotropin-releasing
hormone gene transcription in the paraventricular nucleus of the developing rat. Endocrinology
141, 1593-1598.

Der-Avakian A & Markou A (2010). Neonatal maternal separation exacerbates the reward-
enhancing effect of acute amphetamine administration and the anhedonic effect of repeated social
defeat in adult rats. Neuroscience, In Press.

Deutch, A.Y., Bourdelais, A.J., Zahm, D.S. (1993). The nucleus accumbens core and shell:
accumbal compartments and their functional attributes. In: Kalivas, P.W., Barnes, C.D. (Eds.),
Limbic Motor Circuits and Neuropsychiatry. CRC Press, Boca Raton, FL, 45-88.

D'Haenen HA, Bossuyt A. 1994. Dopamine D 2 receptors in depression measured with single
photon emission computed tomography. BiolPsychiatry 35:128+132

Di Chiara, G., Loddo, P. & Tanda, G. (1999) Reciprocal changes in prefrontal and limbic
dopamine responsiveness to aversive and rewarding stimuli after chronic mild stress: implications
for the psychobiology of depression. Biol. Psychiatry, 46, 16241633


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dallman%20MF%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pecoraro%20N%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Akana%20SF%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22La%20Fleur%20SE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gomez%20F%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Houshyar%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bell%20ME%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bhatnagar%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Laugero%20KD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Manalo%20S%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Proc%20Natl%20Acad%20Sci%20U%20S%20A.');
javascript:AL_get(this,%20'jour',%20'Proc%20Natl%20Acad%20Sci%20U%20S%20A.');
http://www.sciencedirect.com.proxy.library.emory.edu/science?_ob=ArticleURL&_udi=B6WGC-4KJ0SVN-2&_user=655046&_coverDate=12%2F31%2F2006&_rdoc=11&_fmt=high&_orig=browse&_srch=doc-info%28%23toc%236819%232006%23999499994%23637464%23FLA%23display%23Volume%29&_cdi=6819&_sort=d&_docanchor=&_ct=18&_acct=C000034138&_version=1&_urlVersion=0&_userid=655046&md5=efcb3824999a8d364f3f450a29384a4d#bbib19
http://www.sciencedirect.com.proxy.library.emory.edu/science?_ob=ArticleURL&_udi=B6T0F-50PJX0V-6&_user=655046&_coverDate=08%2F05%2F2010&_alid=1456442952&_rdoc=1&_fmt=high&_orig=search&_origin=search&_zone=rslt_list_item&_cdi=4861&_sort=r&_st=13&_docanchor=&view=c&_ct=2&_acct=C000034138&_version=1&_urlVersion=0&_userid=655046&md5=0a88786cdd0bf114890bc2e309405be3&searchtype=a
http://www.sciencedirect.com.proxy.library.emory.edu/science?_ob=ArticleURL&_udi=B6T0F-50PJX0V-6&_user=655046&_coverDate=08%2F05%2F2010&_alid=1456442952&_rdoc=1&_fmt=high&_orig=search&_origin=search&_zone=rslt_list_item&_cdi=4861&_sort=r&_st=13&_docanchor=&view=c&_ct=2&_acct=C000034138&_version=1&_urlVersion=0&_userid=655046&md5=0a88786cdd0bf114890bc2e309405be3&searchtype=a
http://www.sciencedirect.com.proxy.library.emory.edu/science?_ob=ArticleURL&_udi=B6T0F-50PJX0V-6&_user=655046&_coverDate=08%2F05%2F2010&_alid=1456442952&_rdoc=1&_fmt=high&_orig=search&_origin=search&_zone=rslt_list_item&_cdi=4861&_sort=r&_st=13&_docanchor=&view=c&_ct=2&_acct=C000034138&_version=1&_urlVersion=0&_userid=655046&md5=0a88786cdd0bf114890bc2e309405be3&searchtype=a

53

Dillon DG, Holmes AJ, Birk JL, Brooks N, Lyons-Ruth K, Pizzagalli DA (2009). Childhood
adversity is associated with left basal ganglia dysfunction during reward anticipation in
adulthood. Biol Psychiatry. 66(3):206-13.

Duman RS, Heninger GR, & Nestler EJ. (1997) A molecular and cellular theory of depression.
Arch Gen Psychiatry. 54(7):597-606.

Ebert D, Feistel H, Loew T, Pirner A. 1996. Dopamine and depression- striatal dopamine D 2
receptor SPECT before and after antidepressant therapy. Psychopharmacology 126:91+94.

Fenoglio, K. A., Brunson, K. L., Avishai-Eliner, S., Stone, B. A., Kapadia, B. J., and Baram, T.
Z. (2005). Enduring, handling-evoked enhancement of hippocampal memory function and
glucocorticoid receptor expression involves activation of the corticotropin-releasing factor type 1
receptor. Endocrinology 146, 4090-4096.

Fenoglio, K. A., Chen, Y., and Baram, T. Z. (2006b). Neuroplasticity of the hypothalamic—
pituitary—adrenal axis early in life requires recurrent recruitment of stress-regulating brain
regions. J. Neurosci. 26, 2434-2442.

Fernald, L. C., and Gunnar, M. R. (2009). Poverty-alleviation program participation and salivary
cortisol in very low-income children. Soc. Sci. Med. 68, 2180-2189.

Foster MT, Warne JP, Ginsberg AB, Horneman HF, Pecoraro NC, Akana SF, Dallman MF.
(2009) Palatable foods, stress, and energy stores sculpt corticotropin-releasing factor,
adrenocorticotropin, and corticosterone concentrations after restraint. Endocrinology.
150(5):2325-33.

Francis and M.J. Kuhar. (2008) Frequency of maternal licking and grooming correlates
negatively with vulnerability to cocaine and alcohol use in rats. Pharmacol Biochem Behav.
90(3): 497-500.

Francis, D. D., and 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, MJ (1999). Nongenomic transmission across
generations of maternal behavior and stress responses in the rat. Science 286:1155-58.

Fulton S (2010). Appetite and reward. Front Neuroendocrinol. 31(1):85-103.

Gilmer WS, McKinney WT, (2003). Early experience and depressive disorders: human and non-
human primate studies, J. Affect. Disord. 75 (2003), pp. 97-113.

Goebel, M., S. M. Fleming, et al. (2010). "Mice overexpressing corticotropin-releasing
factor show brain atrophy and motor dysfunctions.” Neurosci Lett 473(1): 11-15.

Gonzalez A, Lovic V, Ward GR, Wainwright PE, Fleming AS. (2001). Intergenerational effects
of complete maternal deprivation and replacement stimulation on maternal behavior and
emotionality in female rats. Dev. Psychobiol. 38:11-32


http://www.ncbi.nlm.nih.gov/pubmed/19358974
http://www.ncbi.nlm.nih.gov/pubmed/19358974
http://www.ncbi.nlm.nih.gov/pubmed/19358974
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Duman%20RS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Heninger%20GR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nestler%20EJ%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Arch%20Gen%20Psychiatry.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Foster%20MT%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Warne%20JP%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ginsberg%20AB%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Horneman%20HF%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pecoraro%20NC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Akana%20SF%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dallman%20MF%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Endocrinology.');
http://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=18508115
http://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=18508115
http://www.ncbi.nlm.nih.gov/pubmed/19822167
http://www.sciencedirect.com.proxy.library.emory.edu/science?_ob=ArticleURL&_udi=B6WGC-4KJ0SVN-2&_user=655046&_coverDate=12%2F31%2F2006&_rdoc=11&_fmt=high&_orig=browse&_srch=doc-info%28%23toc%236819%232006%23999499994%23637464%23FLA%23display%23Volume%29&_cdi=6819&_sort=d&_docanchor=&_ct=18&_acct=C000034138&_version=1&_urlVersion=0&_userid=655046&md5=efcb3824999a8d364f3f450a29384a4d#bbib26

54

Gunnar, M. R. (1992). Reactivity of the hypothalamic—pituitary—adrenocortical system to
stressors in normal infants and children. Pediatrics 90, 491-497.

Gunnar, M. R, Frenn, K., Wewerka, S. S., and Van Ryzin, M. J. (2009). Moderate versus severe
early life stress: associations with stress reactivity and regulation in 10-12-year-old children.
Psychoneuroendocrinology 34, 62—75.

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

Hall FS, Wilkinson LS, Humby T and Robbins TW (1999). Maternal deprivation of neonatal
rats produces enduring changes in dopamine function. Synapse 32(1): 37-43,

Halligan, S. L., Herbert, J., Goodyer, I., and Murray, L. (2007). Disturbances in morning cortisol
secretion in association with maternal postnatal depression predict subsequent depressive
symptomatology in adolescents. Biol. Psychiatry 62, 40—46.

Heim, C., Newport, D. J., et al. (2002). The role of early adverse experience and adulthood stress
in the prediction of neuroendocrine stress reactivity in women: a multiple regression analysis.
Depress Anxiety, 15(3), 117-125.

Holmes AJ, Bogdan R, Pizzagalli DA. (2010). Serotonin transporter genotype and action
monitoring dysfunction: a possible substrate underlying increased vulnerability to depression.
Neuropsychopharmacology. 35(5):1186-97.

Horger, B.A. & Roth, R.H. (1996) The role of mesoprefrontal dopamine neurons in stress. Crit.
Rev. Neurobiol., 10, 395-418.

Huot RL, Gonzalez ME, Ladd CO, Thrivikraman KV, Plotsky PM.(2004). Foster litters prevent
hypothalamic-pituitary-adrenal axis sensitization mediated by neonatal maternal separation.
Psychoneuroendocrinology. (2):279-89.

Huot, R. L., Plotsky, P. M., Lenox, R. H., and McNamara, R. K. (2002). Neonatal maternal
separation reduces hippocampal mossy fiber density in adult Long Evans rats. Brain Res. 950,
52-63.

Huot, R.L., Thrivikraman, K.V., Meaney, M.J. & Plotsky, P.M. (2001) Development of adult
ethanol preference and anxiety as a consequence of neonatal maternal separation in Long Evans
rats and reversal with antidepressant treatment. Psychopharmacology (Berl.), 158, 366—373.

Ising, M., Kunzel, H.E., Binder, E.B., Nickel, T., Modell, S., Holsboer, F. (2005). The combined
dexamethasone/CRH test as a potential surrogate marker in depression. Prog.
Neuropsychopharmacol. Biol. Psychiatry 29 (6), 1085—1093.

Jaworski JN, Francis DD, C.L. Brommer, E.T. Morgan and M.J. Kuhar, Effects of early maternal
separation on ethanol intake, GABA receptors and metabolizing enzymes in adult rats,
Psychopharmacology (Berlin) 181 (2005) (1), pp. 8-15


http://www.ncbi.nlm.nih.gov/pubmed/20090673
http://www.ncbi.nlm.nih.gov/pubmed/20090673
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Huot%20RL%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gonzalez%20ME%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ladd%20CO%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Thrivikraman%20KV%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Plotsky%20PM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Psychoneuroendocrinology.');
javascript:AL_get(this,%20'jour',%20'Psychoneuroendocrinology.');
javascript:AL_get(this,%20'jour',%20'Psychoneuroendocrinology.');
javascript:AL_get(this,%20'jour',%20'Psychoneuroendocrinology.');

55

Jutapakdeegul N, Casalotti SO, Govitrapong P, Kotchabhakdi N. (2003). Postnatal touch
stimulation acutely alters corticosterone levels and glucocorticoid receptor gene expression in the
neonatal rat. Dev. Neurosci. 25:26-33

Kalinichev M, Easterling KW, Plotsky PM, Holtzman SG (2002) Long-lasting changes in stress-
induced corticosterone response and anxiety-like behaviors as a consequence of neonatal
maternal separation in Long-Evans rats. Pharmacol Biochem Behav.73(1):131-40.

Kaplan, GA, Turrell, G, Lynch, JW, Everson, SA, Helkala, EL, and Salonen, JT (2001).
Childhood socioeconomic position and cognitive function in adulthood. Int. J. Epidemiol. 30,
256-263.

Keck, M.E., Hatzinger, M., Wotjak, C.T., Landgraf, R., Holsboer, F., challenges in stressor-
susceptible and resilient strains of mice. Biol. Psychiatry 53, 292-303

Kendler KS, Gardner CO, Prescott CA (2002) Toward a comprehensive developmental model for
major depression in women. Am J Psychiatry 159(7):1133-45.

Kendler KS, Prescott CA, Myers J, Neale MC (2003) The structure of genetic and environmental
risk factors for common psychiatric and substance use disorders in men and women. Arch Gen
Psychiatry 60(9):929-37.

Kikusui, S. Faccidomo and K.A. Miczek (2005). Repeated maternal separation: differences in
cocaine-induced behavioral sensitization in adult male and female mice. Psychopharmacology
178 (2-3), pp. 202-210.

Korosi A and Baram T (2009) The pathways from mother's love to baby's future. Front. Behav.
Neurosci. 3:27.

Krishnan V, Han MH, Graham DL, Berton O, Renthal W, Russo SJ, Laplant Q, Graham A, Lutter
M, Lagace DC, Ghose S, Reister R, Tannous P, Green TA, Neve RL,Chakravarty S, Kumar A,
Eisch AJ, Self DW, Lee FS, Tamminga CA, Cooper DC,Gershenfeld HK, Nestler EJ.(2007).
Molecular adaptations underlying susceptibility and resistance to social defeat in brain reward
regions. Cell.19;131(2):391-404.

Krishnan V, Nestler EJ. (2008). The molecular neurobiology of depression. Nature.
455(7215):894-902.

Krishnan V, Nestler EJ. (2010). Linking molecules to mood: new insight into the biology of
depression. Am J Psychiatry. (in press)

Kuhn, C. M., and Schanberg, S. M. (1998). Responses to maternal separation: mechanisms and
mediators. Int. J. Dev. Neurosci. 16, 261-270.

Kuhn, C. M., Butler, S. R., and Schanberg, S. M. (1978). Selective depression of serum growth
hormone during maternal deprivation in rat pups. Science 201, 1034-1036.

Kumar, P., Waiter, G., Ahearn, T., Milders, M., Reid, I. and Steele, J.D. (2008) Abnormal
temporal difference reward-learning signals in major depression. Brain 131, 2084-2093


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kalinichev%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Easterling%20KW%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Plotsky%20PM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Holtzman%20SG%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed/12076732
http://www.ncbi.nlm.nih.gov/pubmed/12076732
http://www.ncbi.nlm.nih.gov/pubmed/12076732
javascript:AL_get(this,%20'jour',%20'Pharmacol%20Biochem%20Behav.');
http://www.ncbi.nlm.nih.gov/pubmed/20843874
http://www.ncbi.nlm.nih.gov/pubmed/20843874

56

Laasonen-Balk T, Kuikka J, Viinamaki H, Husso-Saastamoinen M,Lehtonen J, Tiihonen J. 1999.
Striatal dopamine transporter den sity in major depression. Psychopharmacology 144:282+285.

Ladd CO, Huot RL, Thrivikraman KV, Nemeroff CB, Meaney MJ, Plotsky PM. (2000) Long-
term behavioral and neuroendocrine adaptations to adverse early experience. Prog Brain
Res122:81-103.

Ladd CO, Huot RL, Thrivikraman KV, Nemeroff CB, Plotsky PM (2004). Long-term
adaptations in glucocorticoid receptor and mineralocorticoid receptor mRNA and negative
feedback on the hypothalamo-pituitary-adrenal axis following neonatal maternal separation. Biol
Psychiatry.55(4):367-75

Ladd CO, Thrivikraman KV, Huot RL, Plotsky PM.(2005). Differential neuroendocrine
responses to chronic variable stress in adult Long Evans rats exposed to handling-maternal
separation as neonates. Psychoneuroendocrinology. (6):520-33.

Ladd, C. O., Owens, M. J., and Nemeroff, C. B. (1996). Persistent changes in corticotropin-
releasing factor neuronal systems induced by maternal deprivation. Endocrinology 137, 1212—
1218.

Lehmann, J., and Feldon, J. (2000). Long-term biobehavioral effects of maternal separation in the
rat: consistent or confusing? Rev. Neurosci. 11, 383-408

Lehmann, J., Pryce, C. R., Jongen-Relo, A. L., Stohr, T., Pothuizen, H. H., and Feldon, J. (2002).
Comparison of maternal separation and early handling in terms of their neurobehavioral effects in
aged rats. Neurobiol. Aging 23, 457—466.

Levine, S. (1957). Infantile experience and resistance to physiological stress. Science 126, 405.

Li, Robinson T.E. and. Bhatnagar S (2003). Effects of maternal separation on behavioural
sensitization produced by repeated cocaine administration in adulthood, Brain Res 960 (1-2), pp.
42-47.

Lippmann M, Bress A, Nemeroff CB, Plotsky PM, Monteggia LM. 2007. Long-term behavioural
and molecular alterations associated with maternal separation in rats. Eur. J. Neurosci. 25:3091—
98

Liu D, Caldji C, Sharma S, Plotsky PM, Meaney MJ (2000). Influence of neonatal rearing
conditions on stress-induced adrenocorticotropin responses and norepinepherine release in the
hypothalamic paraventricular nucleus. Journal of Neuroendocrinology. 12(1): 5-12

Liu D, Diorio J, Day JC, Francis DD, Mar A, Meaney MJ. (2000). Maternal care, hippocampal
synaptogenesis and cognitive development in the rat. Nat. Neurosci. 3:799-806

Liu, D., Diorio, J., Tannenbaum, B., Caldji, C., Francis, D., Freedman, A., Sharma, S., Pearson,
D., Plotsky, P. M., and

Meaney, M. J. (1997). Maternal care, hippocampal glucocorticoid receptors, and hypothalamic—
pituitary—adrenal responses to stress. Science 277, 1659-1662.


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ladd%20CO%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Huot%20RL%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Thrivikraman%20KV%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nemeroff%20CB%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Plotsky%20PM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed/14960289
http://www.ncbi.nlm.nih.gov/pubmed/14960289
http://www.ncbi.nlm.nih.gov/pubmed/14960289
javascript:AL_get(this,%20'jour',%20'Biol%20Psychiatry.');
javascript:AL_get(this,%20'jour',%20'Biol%20Psychiatry.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ladd%20CO%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Thrivikraman%20KV%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Huot%20RL%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Plotsky%20PM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed/15808921
http://www.ncbi.nlm.nih.gov/pubmed/15808921
http://www.ncbi.nlm.nih.gov/pubmed/15808921
javascript:AL_get(this,%20'jour',%20'Psychoneuroendocrinology.');

S7

Lucion, A. B., F. M. Pereira, et al. (2003). "Neonatal handling reduces the number of
cells in the locus coeruleus of rats." Behav Neurosci 117(5): 894-903.

Lupien, S. J., King, S., Meaney, M. J., and McEwen, B. S. (2000). Child’s stress hormone levels
correlate with mother’s socioeconomic status and depressive state. Biol. Psychiatry 48, 976-980.

Lyons, D. M., Parker, K. J., and Schatzberg, A. F. (2010). Animal models of early life stress:
implications for understanding resilience. Dev. Psychabiol.

Macri S, Mason GJ, Wirbel 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(4):1017-24.

Macri S, Wurbel H (2006) Developmental plasticity of HPA and fear responses in rats: a critical
review of the maternal mediation hypothesis. Horm Behav.50(5):667-80.

Martin-Soelch C. (2010) Is depression associated with dysfunction of the central reward system?
Biochemical Society Transactions 37(1): 313-317.

Matthews K, Dalley JW, Matthews C, Tsai TH, Robbins TW (2001) Periodic maternal
separation of neonatal rats produces region- and gender-specific effects on biogenic amine
content in postmortem adult brain  Synapse 40:1-10

Matthews K, Hall F.S., Wilkinson L.S. and Robbins T.W. (1996b) Retarded acquisition and
reduced expression of conditioned locomotor activity in adult rats following repeated early
maternal separation: Effects of prefeeding, d-amphetamine, dopamine antagonists and clonidine.
Psychopharmacology 126: 75-84.

Matthews K, Robbins T.W. (2003) Early experience as a determinant of adult behavioural
responses to reward: the effects of repeated maternal separation in the rat, Neurosci. Biobehav.
Rev. 27 45-55.

Matthews K, Robbins T.W.,. Everitt B.J, Caine S.B., (1999) Repeated neonatal maternal
separation alters intravenous
cocaine self-administration in adult rats, Psychopharmacology 141: 123-134.

Matthews K, Wilkinson LS, Robbins TW. (1996a) Repeated maternal separation of preweanling
rats attenuates behavioral responses to primary and conditioned incentives in adulthood.
Physiol Behav;57:99-107.

McFarland, B.R. and Klein, D.N. (2009) Emotional reactivity in depression: diminished
responsiveness to anticipated reward but not to anticipated punishment or to nonreward or
avoidance. Depress. Anxiety,

Mclntosh, J., Anisman, H. & Merali, Z. (1999) Short- and long-periods of neonatal maternal
separation differentially affect anxiety and feeding in adult rats: gender-dependent effects. Brain
Res. Dev. Brain Res., 113, 97-106.


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Macr%C3%AD%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mason%20GJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22W%C3%BCrbel%20H%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Eur%20J%20Neurosci.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Macr%C3%AC%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22W%C3%BCrbel%20H%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Horm%20Behav.');

58

Meaney MJ, Brake W, Gratton A. (2002) Environmental regulation of the development of
mesolimbic dopamine systems: a neurobiological mechanism for vulnerability to drug abuse?
Psychoneuroendocrinology. 27(1-2):127-38.

Meaney, M. J., Diorio, J., Francis, D., Widdowson, J., LaPlante, P., Caldji, C., Sharma, S., Seckl,
J. R., and Plotsky, P. M. (1996). Early environmental regulation of forebrain glucocorticoid
receptor gene expression: implications for adrenocortical responses to stress. Dev. Neurosci. 18,
49-72.

Meyer JH, Kruger S, Wilson AA, Christensen BK, Goulding VS, Schaffer A, Minifie C, Houle S,
Hussey D, Kennedy SH. Lower dopamine transporter binding potential in striatum during
depression. Neuroreport. 2001;12:4121-4125.

Michaels CC, Holtzman SG (2007) Enhanced sensitivity to naltrexone-induced drinking
suppression of fluid intake and sucrose consumption in maternally separated rats. Pharmacology,
Biochemistry and Behavior 86) 784— 796

Michaels CC, Holtzman SG(2006), Neonatal stress and litter composition alter sucrose intake in
both rat dam and offspring. Physiology & Behavior 89: 735- 741

Michaels CC, Easterling, KW, Holtzman SG (2007) Maternal separation alters ICSS responding
in adult male and female rats, but morphine and naltrexone have little affect on that behavior.
Brain Research Bulletin 73: 310-318

Mirenowicz J, Schultz W (1996). Preferential activation of midbrain dopamine neurons by
appetitive rather than aversive stimuli. Nature. 379(6564):449-51.

Mirescu, C, Peters, JD, Gould, E. (2004) Early life experience alters response of adult
neurogenesis to stress. Nature Neuroscience 7(8): 841-846

Moffett MC, Harley J, Francis D, Sanghani SP, Davis WI, Kuhar MJ.(2006). Maternal separation
and handling affects cocaine self-administration in both the treated pups as adults and the dams.
J Pharmacol Exp Ther. 317(3):1210-8.

Moriceau, S., Roth, T. L., et al. (2004). Corticosterone controls the developmental emergence of
fear and amygdala function to predator odors in infant rat pups. Int J Dev Neurosci, 22(5-6), 415-
422.

Morilak DA, Barrera G, Echevarria DJ, Garcia AS, Hernandez A, Ma S, Petre CO. (2005). Role
of brain norepinephrine in the behavioral response to stress Prog Neuropsychopharmacol Biol
Psychiatry. 29(8):1214-24.

Munafo MR, Durrant C, Lewis G, Flint J. (2009) Gene X environment interactions at the
serotonin transporter locus. Biological Psychiatry. 65(3):211-9

Neill DB, Fenton H, Justice JB Jr. (2002). Increase in accumbal dopaminergic transmission
correlates with response cost not reward of hypothalamic stimulation. Behav Brain Res.137(1-
2):129-38.


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Meaney%20MJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Brake%20W%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gratton%20A%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Psychoneuroendocrinology.');
http://www.ncbi.nlm.nih.gov/pubmed/8559249
http://www.ncbi.nlm.nih.gov/pubmed/8559249
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Moffett%20MC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Harley%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Francis%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sanghani%20SP%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Davis%20WI%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kuhar%20MJ%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'J%20Pharmacol%20Exp%20Ther.');
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Morilak%20DA%22%5BAuthor%5D&itool=Email.EmailReport.Pubmed_ReportSelector.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Barrera%20G%22%5BAuthor%5D&itool=Email.EmailReport.Pubmed_ReportSelector.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Echevarria%20DJ%22%5BAuthor%5D&itool=Email.EmailReport.Pubmed_ReportSelector.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Garcia%20AS%22%5BAuthor%5D&itool=Email.EmailReport.Pubmed_ReportSelector.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Hernandez%20A%22%5BAuthor%5D&itool=Email.EmailReport.Pubmed_ReportSelector.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Ma%20S%22%5BAuthor%5D&itool=Email.EmailReport.Pubmed_ReportSelector.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Petre%20CO%22%5BAuthor%5D&itool=Email.EmailReport.Pubmed_ReportSelector.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Munaf%C3%B2%20MR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Durrant%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lewis%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Flint%20J%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Biol%20Psychiatry.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Neill%20DB%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fenton%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Justice%20JB%20Jr%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Behav%20Brain%20Res.');

59

Neill DB, Justice JB (1981) An hypothesis for a behavioral function of dopaminergic
transmission in nucleus accumbens. In: The neurobiology of the nucleus accumbens (Chronister
RB, DeFrance JF, eds), pp 343-350. Brunswick, ME: Haer Institute.

Pecifia S, Schulkin J, Berridge KC (2006). Nucleus accumbens corticotropin-releasing factor
increases cue-triggered motivation for sucrose reward: paradoxical positive incentive effects in
stress? BMC Biol 4:8.

Piazza PV, Rougé-Pont F, Deroche V, Maccari S, Simon H, and Le Moal M. (1996)
Glucocorticoids have state-dependent stimulant effects on the mesencephalic dopaminergic
transmission. Proc Natl Acad Sci ;3(16):8716-20.

Pittenger C & Duman RS (2008). Stress, depression, and neuroplasticity: A convergence of
mechanisms. Neuropsychopharmacology 33: 88-1009.

Ploj K, Roman E and Nylander | (2003). Long-term effects of maternal separation on ethanol
intake and brain opioid and dopamine receptors in male Wistar rats, Neuroscience 121 (3): 787—
799.

Plotsky PM, Meaney MJ. (1993). Early, postnatal experience alters hypothalamic corticotropin-
releasing factor (CRF) mRNA, median eminence CRF content and stress-induced release in adult
rats. Brain Res Mol Brain Res. 18(3):195-200.

Plotsky PM, Thrivikraman KV, Nemeroff CB, Caldji C, Sharma S, Meaney MJ. (2005). Long-
term consequences of neonatal rearing on central corticotropin-releasing factor systems in adult
male rat offspring. Neuropsychopharmacology. (12):2192-204.

Pryce CR, Bettschen D, Feldon J (2001). Comparison of the effects of early handling and early
deprivation on maternal care in the rat. Dev Psychobiol;38:239-51.

Pryce, C. R., and Feldon, J. (2003). Long-term neurobehavioural impact of the postnatal
environment in rats: manipulations, effects and mediating mechanisms. Neurosci. Biobehav. Rev.
27,57-71

Ressler KJ, Bradley B, Mercer KB, Deveau TC, Smith AK, Gillespie CF, Nemeroff CB, Cubells
JF, Binder EB (2010). Polymorphisms in CRHR1 and the serotonin transporter loci: gene x gene
X environment interactions on depressive symptoms. Am J Med Genet B Neuropsychiatr Genet.
153B(3):812-24.

Robbins TW, Everitt BJ (1996) Neurobehavioral mechanisms of reward and motivation. Curr
Opin Neurobiol 6:228-236.

Robbins, TW and Everitt, BJ (1992). Functions of dopamine in dorsal and ventral striatum.
Neuroscience 4: 119-127.

Roceri M, Cirulli F, Pessina C, Peretto P, Racagni G, Riva MA. (2004). Postnatal repeated
maternal deprivation produces age-dependent changes of brain-derived neurotrophic factor
expression in selected rat brain regions. Biol. Psychiatry 55:708-14.


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Piazza%20PV%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Roug%C3%A9-Pont%20F%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Deroche%20V%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Maccari%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Simon%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Le%20Moal%20M%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Proc%20Natl%20Acad%20Sci%20U%20S%20A.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Plotsky%20PM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Meaney%20MJ%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Brain%20Res%20Mol%20Brain%20Res.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Plotsky%20PM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Thrivikraman%20KV%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nemeroff%20CB%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Caldji%20C%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sharma%20S%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Meaney%20MJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed/15920504
http://www.ncbi.nlm.nih.gov/pubmed/15920504
http://www.ncbi.nlm.nih.gov/pubmed/15920504
javascript:AL_get(this,%20'jour',%20'Neuropsychopharmacology.');
http://www.ncbi.nlm.nih.gov/pubmed/20029939
http://www.ncbi.nlm.nih.gov/pubmed/20029939
http://www.sciencedirect.com.proxy.library.emory.edu/science?_ob=ArticleURL&_udi=B6T0N-45FSXX8-1&_user=655046&_coverDate=08%2F31%2F2002&_rdoc=12&_fmt=high&_orig=browse&_srch=doc-info%28%23toc%234867%232002%23999269998%23321459%23FLA%23display%23Volume%29&_cdi=4867&_sort=d&_docanchor=&_ct=28&_acct=C000034138&_version=1&_urlVersion=0&_userid=655046&md5=18c98cde73ca528b0b36ff1e49c84d92#bbib38

60

Roceri M, Hendriks W, Racagni G, Ellenbroek BA, Riva MA. (2002). Early maternal deprivation
reduces the expression of BDNF and NMDA receptor subunits in rat hippocampus. Mol.
Psychiatry 7:609-16.

Roman, E., and Nylander, 1. (2005). The impact of emotional stress early in life on adult
voluntary ethanol intake — results of maternal separation in rats. Stress 8, 157-174

Ruedi-Bettschen, D., E. M. Pedersen, et al. (2005). "Early deprivation under specific conditions
leads to reduced interest in reward in adulthood in Wistar rats." Behav Brain Res 156(2): 297-
310.

Ruedi-Bettschen, D., W. Zhang, et al. (2006). "Early deprivation leads to altered behavioural,
autonomic and endocrine responses to environmental challenge in adult Fischer rats." Eur J
Neurosci 24(10): 2879-2893.

Sanchez, M. M., Ladd, C. O., and Plotsky, P. M. (2001). Early adverse experience as a
developmental risk factor for later psychopathology: evidence from rodent and primate models.
Dev. Psychopathol. 13, 419-449.

Sapolsky, R.M., Krey, L.C., McEwen, B.S., 1986. The adrenocortical axis in the aged rat:
impaired sensitivity to both fast and delayed feedback inhibition. Neurobiol. Aging 7, 331-335.

Sarchiapone, M., Carli, V., Camardese, G., Cuomo, C., DiGiuda, D., Calcagni, M.L., Focacci, C.
and De Risio, S. (2006) Dopamine transporter binding in depressed patients with anhedonia.
Psychiatry Res. 147,

Schmidt, M., Enthoven, L., van Woezik, J. H., Leving, S., de Kloet, E. R., and Qitzl, M. S.
(2004). The dynamics of the hypothalamic-pituitary-adrenal axis during maternal deprivation. J.
Neuroendocrinol. 16, 52-57.

Schultz W, Dickinson A (2000). Neuronal coding of prediction errors. Annu Rev Neurosci.
23:473-500.

Schwabe L, Tegenthoff M, Hoffken O, and Wolf OT (2010). Concurrent glucocorticoid and
noradrenergic activity shifts instrumental behavior from goal-directed to habitual control. Journal
of Neuroscience. 30(24):8190-8196.

Shalev U Kafkafi N 2002 Repeated maternal separation does not alter sucrose-reinforced and
open-field behaviors Pharmacology Biochemistry and Behavior 73:1, 115-122

Strickland P., Deakin, J.F.W., 2002. Cortisol, stress and depression (Authors’ reply). British
Journal of Psychiatry 181 (4), 348-349.

Suchecki D, Rosenfeld P, Levine S (1993) Maternal regulation of the hypothalamic-pituitary-
adrenal axis in the infant rat: the roles of feeding and stroking. Dev Br Res 75 (2): 185-192

Sweet KL, Sloane E, Plotsky PM, Neill DB. The effect of maternal separation in rats on rate-
frequency intracranial self-stimulation of the mesolimbic dopamine pathway. Unpublished data.


http://www.ncbi.nlm.nih.gov/pubmed/10845072
http://www.sciencedirect.com.proxy.library.emory.edu/science/journal/00913057
http://www.sciencedirect.com.proxy.library.emory.edu/science?_ob=PublicationURL&_tockey=%23TOC%234867%232002%23999269998%23321459%23FLA%23&_cdi=4867&_pubType=J&view=c&_auth=y&_acct=C000034138&_version=1&_urlVersion=0&_userid=655046&md5=cfdcc45513977c86a34eea9ee9763eb6

61

Tannenbaum, B, Anisman, H. (2003). Impact of chronic intermittent challenges in stressor-
susceptible and resilient strains of mice. Biol Psychiatry. 53(4):292-303.

Teegarden SL, Bale TL (2007). Decreases in dietary preference produce increased emotionality
and risk for dietary relapse. Biological Psychiatry. 61(9):1021-9

Tottenham, N. & Sheridan, MA (2010) A review of adversity, the amygdala and the
hippocampus: A consideration of developmental timing. Frontiers in Human Neuroscience 3:68.

Tremblay LK, Naranjo CA, Graham SJ, Herrmann N, Mayberg HS, Hevenor S, Busto UE.
(2005). Functional neuroanatomical substrates of altered reward processing in major depressive
disorder revealed by a dopaminergic probe Arch Gen Psychiatry. 62(11):1228-36.

Van Bockstaele, E. J., E. E. Colago, et al. (1996). "Corticotropin-releasing factor-
containing axon terminals synapse onto catecholamine dendrites and may presynaptically
modulate other afferents in the rostral pole of the nucleus locus coeruleus in the rat
brain." J Comp Neurol 364(3): 523-534.

Wacker J, Dillon DG, Pizzagalli DA. (2009). The role of the nucleus accumbens and rostral
anterior cingulate cortex in anhedonia: integration of resting EEG, fMRI, and volumetric
techniques. Neuroimage. 46(1):327-37.

Weaver ICG, Cervoni N, D’Alessio AC, Champagne FA, Seckl JR, et al. (2004). Epigenetic
programming through maternal behavior. Nature Neurosci. 7:847-54

Weaver ICG, DiAlessio AC, Brown SE, Hellstrom IC, Dymov S, et al. (2007). The transcription
factor NGFI-A mediates epigenetic programming: altering epigenetic marking through immediate
early genes. J. Neurosci. 27:1756-68

Weiss IC, Pryce CR, Jongen-Rélo AL, Nanz-Bahr NI, Feldon J (2004). Effect of social isolation
on stress-related behavioural and neuroendocrine state in the rat. Behav Brain Res. 152:279-295.

Wigger, A., and Neumann, I. D. (1999). Periodic maternal deprivation induces gender-dependent
alterations in behavioral and neuroendocrine responses to emotional stress in adult rats. Physiol.
Behav. 66, 293-302.

Willner P, Benton D, Brown E, Cheeta S, Davies G, Morgan J, Morgan M. (1998). "Depression"
increases "craving" for sweet rewards in animal and human models of depression and craving.
Psychopharmacology (Berl). 136(3):272-83.

Yang, Y.K., Yeh, T.L., Yao, W.J., Lee, L.H., Chen, P.S., Chiu, N.T. and Lu, R.B. (2008) Greater
availability of dopamine transporters in patients with major depression: a dual-isotope SPECT
study. Psychiatry Res. 162, 230-235.

Yap JJ, Miczek KA (2008). Stress and Rodent Models of Drug Addiction: Role of VTA-
Accumbens-PFC-Amygdala Circuit. Drug Discov Today Dis Models. 5(4):259-270.


http://www.ncbi.nlm.nih.gov/pubmed/12586448
http://www.ncbi.nlm.nih.gov/pubmed/12586448
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Teegarden%20SL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bale%20TL%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Biol%20Psychiatry.');
javascript:AL_get(this,%20'jour',%20'Front%20Hum%20Neurosci.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tremblay%20LK%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Naranjo%20CA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Graham%20SJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Herrmann%20N%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mayberg%20HS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hevenor%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Busto%20UE%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Arch%20Gen%20Psychiatry.');
http://www.ncbi.nlm.nih.gov/pubmed/19457367
http://www.ncbi.nlm.nih.gov/pubmed/19457367
http://www.ncbi.nlm.nih.gov/pubmed/19457367
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Willner%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Benton%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Brown%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cheeta%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Davies%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Morgan%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Morgan%20M%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Psychopharmacology%20(Berl).');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Yap%20JJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Miczek%20KA%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Drug%20Discov%20Today%20Dis%20Models.');

Zhang TY, Hellstrom I, Diorio J, Wei X-L, Meaney MJ. (2010). Maternal care and DNA
methylation of a glutamic Acid decarboxylase 1 promoter in rat hippocampus. J Neurosci.
30(39):13130-7.

62


http://www.ncbi.nlm.nih.gov/pubmed/20881131
http://www.ncbi.nlm.nih.gov/pubmed/20881131

