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Mother-infant separation (MS) is an early-life stressor which affects stressrelated processes in brain and behaviors in rats. Changes associated with MS
were investigated in the brain and behavior of two rat strains, Holtzman and
Sprague-Dawley, at three points in development. The hypothesis was that MS
would affect the prefrontal cortex (PFC), both in metabolic capacity and PFCrelated behaviors across the lifespan. First, cytochrome oxidase (CO), an
enzyme that directly reflects metabolic capacity in the brain, was quantified in
two-week old Holtzman rats after MS, early handling (EH), or nohhandled
controls. MS reduced CO activity in the PFC of female rats but not males. Path
analysis of the CO data revealed a stronger descending influence of the medial
v

PFC, a region associated with behavioral inhibition, in females; contrasted with a
stronger descending influence of the lateral PFC, a region associated with motor
output, in males.
Second, adolescent rats were tested in the open field to assess MS
effects on ambulatory activity and impulsivity. MS increased ambulatory activity
and impulsivity in Sprague-Dawley males. In a separate study, MS reduced
ambulation and impulsivity in Holtzman rats in the open field. Brains of SpragueDawley adolescents showed reduced PFC thickness in MS males relative to EH
males. Across groups, male adolescents had reduced metabolic capacity relative
to females in the PFC.
Finally, extinction of Pavlovian fear, a PFC-related behavior, was not
affected by sex or separation group in adult Holtzman rats. Across groups, males
showed greater fear renewal than females, despite the extinction process. An
unexpected finding was that EH attenuated fear renewal.
Findings from these MS studies in Sprague-Dawley rats are similar to
human psychopathology of ADHD, which is reported more frequently in young
males and is related to PFC dysfunction. The opposite behavioral findings
between Holtzman and Sprague-Dawley rats suggest that genetic predisposition
can affect long-term responses to the same early-life stressor. Knowledge about
baseline sex differences in brain and behavior gained from the studies on
Holtzman rats may help future research to consider sex-dependent effects of
disruptions during development, as it appears that some basic neural substrates
are sexually dimorphic.
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Chapter 1: Introduction

Stressful experiences early in development have the potential to affect an
organism for life. Early traumatic experiences, such as neglect, abuse, or
perinatal complications have been implicated in human psychopathology later in
life. In rats, one such early life stressor is mother-infant separation. Separating
infant rats from their mothers is very stressful, as infant rats are completely
dependent on their mothers for provision of basic needs during the first two
weeks of life. Using an animal model to simulate such early life stress can
provide insight into the long-term effects of stress in the brain and behavior, both
in animals and, by extension, humans.
1.1. EARLY LIFE STRESS – MOTHER-INFANT SEPARATION
A manipulation that is used as a form of early life stress is called motherinfant separation, or maternal separation (MS). Rat pups rely on maternal care
for all their basic needs, including nutrition, warmth, and grooming; removal of
these basic needs is an obvious stressor. There are two variations on this
postnatal stressor. First, maternal separation involves removing the pups from
the mother but keeping the litter together as a unit. Second, maternal isolation,
involves removal of the litter from the dam but keeping each of the pups separate
from one another. While the effects of maternal isolation are valuable as a model
of early life and social stress, this dissertation will focus mainly on the effects of
maternal separation and less on the effects of maternal isolation. Maternal
1

separation protocols typically involve the repeated removal of the litter from the
mother for a proscribed amount of time (usually in the 3- to 6-hour range), and
after the separation period, reuniting the litter with the mother in the home cage.
In some cases, such as the series of studies in this dissertation, a 2-day break is
inserted in the middle of the series of maternal separation days, in which the
pups are then able to recover nutrition and other maternal care, thus minimizing
the amount of weight lost in the process of maternal separation.
In assessing the adverse effects of maternal separation in the relevant
literature, an important caveat is that there are various different protocols utilized
by researchers that can lead to discrepancies. MS protocols utilize separation
periods of 3- to 6-hours, although occasionally studies use a single 24-hour
separation or repeated 1-hour separations during the stress hypo-responsive
period (SHRP), a developmental period in which the rat’s stress response is
immature. Two opposite behavioral phenotypes may result from similar neonatal
MS protocols. One is characterized by hyperactive/ impulsive behaviors in the
open-field and defensive withdrawal tests (Arnold & Siviy, 2002; Braun, Kremz,
Wetzel, Wagner, & Poeggel, 2003; Colorado, Shumake, Conejo-Jimenez,
Gonzalez-Pardo, & Gonzalez-Lima, 2006; Kaneko, Riley & Ehlers, 1994; von
Hoersten, Dimitrijevic, Markovic, & Jankovic, 1993). The other phenotype
expresses hypoactive/anxiety-like behaviors in open-field, defensive withdrawal,
and elevated plus-maze tests (Daniels, Pietersen, Carstens, & Stein, 2004; Huot,
2

Thrivikraman, Meaney & Plotsky, 2001; Janus, 1987; Matthews & Robbins,
2003). The following review incorporates results from all manners of separation
protocols, because the common feature is that maternal separation is a stressful
manipulation that results in immediate and long term changes to both brain and
behavior (Kuhn & Schanberg, 1998; Rosenfeld, Wetmore & Levine, 1992;
Plotsky & Meaney, 1993; Braun et al., 2003).

1.1.1. Immediate Effects of MS
Neurological changes are observable in pups immediately after maternal
separation (MS). There are many stress-related changes that occur within the
brains of pups aged less than 2 weeks following prolonged MS, whether the
separation is repeated or acute. The first two weeks of life are commonly referred
to as the stress hyporesponsive period (SHRP) because of the immature
hypothalamic-pituitary-adrenal (HPA) axis; however, some forms of maternal
separation has the ability to cause an exaggerated HPA response in separated
pups, even at such an early age (Kuhn & Schanberg, 1998; Rosenfeld, Wetmore
& Levine, 1992). One example of this is an increase in pups’ corticosterone
levels following return to the mother after a separation period (Huot et al., 2002).
A recent study described that MS stress in the first two weeks of life led to delays
in behavioral and neurological milestones, such as delays in the development of
various reflexes, and early eye openings compared to nonhandled animals
(Mesquita, Pego, Summavielle, Maciel, Almeida, & Sousa, 2007).
3

Following 24-hour maternal deprivation, there is an increase in apoptosis
in the dentate gyrus and parietal cortex (Zhang, Levine, Dent, Zhan, Xing,
Okimoto, Gordon, Post, & Smith, 2002), and an increase in oxidative stress in the
hippocampus, striatum, and prefrontal cortex (Uysal, Acikgoz, Gonenc,
Kayatekin, Kiray, Sonmez, & Semin, 2005). Prolonged repeated MS also results
in reductions of brain-derived neurotrophic factor (BDNF) mRNA in the frontal
lobes and hippocampus, suggesting the potential for impairments in brain
plasticity later in life (Roceri, Cirulli, Pessina, Peretto, Racagni, & Riva, 2004).
Reduction in the aforementioned hormones is indicative that the pups are
undergoing severe stress as a result of separation from the dam.
Additional brain changes for both male and female MS animals (age 21
days) include increased serotonin turnover in the vestibular nuclei and dorsal
raphe nucleus. Maternally separated females showed higher levels of dopamine
metabolites in the ventral tegmental area than both MS males and all controls
(Mesquita et al., 2007). While such strong responses are seen around the period
of separation, further study is needed to assess more general changes in the
brain related to the MS manipulation. Particularly, changes in regional demands
for energy can be traced over longer periods of time, rather than sampling
neurotransmitter levels, which give snapshots of single moments in time but do
not necessarily reflect the long-term effects of organism’s experience.

4

1.1.2. Long Term effects of MS
The adverse effects of an early life stressor such as maternal separation
are not limited to the period immediately following the separation. The majority of
MS research has demonstrated that MS occurring within the first two weeks of
life changes the brains of the separated animals. This leads to a wide variety of
changes in behavior that are related to the stressfulness of situations
encountered in adolescence and adulthood. Thus, early life stress which occurs
early in development may result in permanent changes to brain and behavior.

1.1.2.1. Long term effects of MS on behavior
Few studies address the effects of maternal separation on the offspring as
they enter adolescence. Most of the research is focused on drug-related effects.
These studies assess the effects of postnatal stress on the dopamine system
and other neurotransmitter systems that would alter the offspring’s potential to
react to, or become dependent on, drugs during adolescence. However, some
information about MS effects at baseline can be gleaned from these studies. For
instance, MS animals tested at about 5 weeks of age show an increased
locomotor response to both a novel environment and cocaine, as well as reduced
corticosterone levels compared to nonhandled animals (Marin & Planeta, 2004).
A single 24-hour maternal separation episode impaired hippocampal long-term
potentiation (LTP) in rats 8 weeks of age (Gruss, Braun, Frey, & Korz, 2008).
Effects of maternal separation on gross physiological features such as body
5

weight or onset of puberty in adolescence are found in some studies (Gruss et
al., 2008) but not others (Lau, Klinefelter, & Cameron, 1996). There is therefore a
great need to consider the effects of MS in adolescence in more general terms,
such as characterizing basic ambulatory activity in the open field, or assessing
regional metabolic capacity in brain regions related to the behavioral effects of
MS.
The adult literature regarding the long-term effects of MS is much more
prolific than that of infants or adolescents. Behaviorally, animals that were
separated as pups continue to respond poorly to stressful stimuli. HPA
dysfunction is associated with anxiety and depression in the human literature
(Heim & Nemeroff, 1999), and many studies have assessed the effects of
maternal separation on behaviors related to the human psychopathology of
interest. In some cases, maternally separated adult rats behave in such a way
that suggests increased anxiety or a hypoactive, depressive phenotype. One
such depressive-like behavioral outcome of MS is decreased ambulation (Spivey,
Barrett, Padilla, & Gonzalez-Lima, 2008/Chapter 3). Other behaviors resulting
from MS resemble anxiety in humans. These include decreased thigmotaxic
movement (Kaneko, Riley, & Ehlers, 1994), more time spent in the dark
compartment of a defensive withdrawal chamber (Spivey et al., 2008a/Chapter 3;
Huot, Plotsky, Lenox, & McNamara, 2002), increased time spent in the closed
arms of the elevated plus maze (Daniels et al., 2004; Pascual & Zamora-Leon,
6

2007; Lee, Kim, Kim ,Ryu, Kim, Kang, & Jahn, 2007), and reduced propensity to
enter an open field for water reward, even under deprived conditions (Macri,
Mason, & Wurbel, 2004). Hofer (1976) also noted that animals raised in a MS
environment have sleep disturbances. When MS females become mothers
themselves, deficits in maternal behavior, such as pup-licking, is another
dysfunction in behavior that can be related to this depressive phenotype
(Fleming, Kraemer, Gonzalez, Lovic, Rees, & Melo, 2002).
Early stressful experiences such as maternal substance abuse, perinatal
complications, or adverse family situations have been associated with attentiondeficit hyperactivity disorder (ADHD) in the human literature (Spencer,
Biederman & Mick, 2007). Behavioral components of ADHD include increased
locomotion, deficits in attention, and increased impulsivity (Diagnostic and
Statistical Manual of Mental Disorders, IV-TR, 2000), and some of these
behaviors have been considered with regard to MS. Maternally separated
animals have demonstrated increased ambulation in novel open field situations
(Colorado et al., 2006; Kaneko et al, 1994; Matthews, Wilkinson & Robbins,
1996; Brake, Zhang, Diorio, Meaney, & Gratton, 2004). Preliminary data
suggested that measures of impulsivity, such as increased ambulatory velocity or
venturing into unprotected areas of a test field, were present in MS animals
(Colorado et al., 2006). Attention deficits, sometimes operationalized as
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increases in rearing or vertical behaviors, are also evident in male SpragueDawley rats following MS (Colorado et al., 2006).
Maternally separated females show alterations in motivational aspects of
learning, such as reductions in appetitive conditioning (Matthews, Wilkinson &
Robbins, 1996), and impairment of acquisition of the Morris water maze (Huot et
al., 2002). MS animals also demonstrate deficits in aversive learning and
extinction, including reductions in freezing during acquisition and contextual tests
(Kosten, Lee, & Kim, 2006; Kosten, Miserendino, Bombace, Lee, & Kim, 2005;
Lehmann, Pryce, Bettschen, & Feldon, 1999).

1.1.2.2. Long term effects of MS on HPA and brain changes
Just as the HPA axis was altered relatively soon after the separation
episode, MS animals continue to show an exaggerated HPA response to
stressful stimuli in adulthood (Anisman, Zaharia, Meaney, & Merali, 1998;
Sanchez, Ladd & Plotsky, 2001). Specifically, MS animals have higher stress
hormones at baseline (Daniels et al., 2004, Ladd, Owens, & Nemeroff, 1996),
and abnormal levels of stress hormones following stressors. Daniels et al. (2004)
report a blunted adrenocorticortopic hormone (ACTH) in response to a stressor
compared to controls, while many others report an increased ACTH response
(Liu, Caldji, Sharma, Plotsky, & Meaney, 2000; Ladd, Thrivikraman, Huot &
Plotsky, 2005; Macri, Mason, & Wurbel, 2004). Plasma corticosterone levels as
well as binding sites for corticotropin releasing hormone (CRH) are also higher in
8

MS animals following an acute stressor (Ladd et al., 2005; Huot et al., 2002;
Ladd et al., 1996).
Within the adult brain of the maternally separated animal, there are
several neurochemical alterations that were caused by early life stress which
may continue to affect the behavior of the animals. The corticotrophin (CRH)
signal is increased in stress-related areas of the brain such as the paraventricular
nucleus of the hypothalamus (PVN) and central amygdala (CeA), while it is
decreased in the cingulate, frontal and parietal cortices (Ladd et al., 2005).
Additionally, a reduction in glucocorticoid receptor (GR) mRNA has also been
shown in the prefrontal cortex of MS rats (Ladd et al., 2005). A single 24-hour
deprivation period leads to a decrease in GR binding in the hippocampus of
males in adulthood, while the females showed increased GR binding (Sutanto,
Rosenfeld, de Kloet, & Levine., 1996). MS is clearly related to a dysfunctional
stress response in the brain.
Neurotransmitters which are involved in the stress response are altered in
adulthood after maternal separation. For example, dopamine (DA) levels are
increased in the striatum in both male and female rats that were maternally
separated (Matthews, Dalley, Matthews, Tsai, & Robbins, 2001). Other changes
in the dopamine system include an increased threshold for D2 antagonists
leading to behavioral “anhedonia” (Matthews & Robbins, 2003), in which MS
animals are less likely to pursue intracranial self-stimulation, a known
9

pleasurable stimulus. Fewer DA transporter binding sites have been reported in
the nucleus accumbens core and caudate-putamen in maternally separated
animals (Brake et al., 2004), and reductions in tyrosine hydroxylase (TH) staining
are also found in the shell of the nucleus accumbens (Andersen, Lyss, Dumont,
& Teicher, 1999). Norepinephrine (NE) levels were increased in maternally
separated rats in both the dorsal and ventral hippocampal regions (Matthews et
al., 2001), and increased in the nucleus accumbens (Zimmerberg & Brown,
1998). Levels of NE in the PVN are also increased in maternally separated
animals (Liu et al., 2000), but the same animals showed lower alpha-2-NE
receptor binding. Maternally separated males exhibited less serotonin in the
prefrontal cortex compared to briefly handled controls (Matthews et al., 2001).
Changes in the brain resulting from MS are not always directly related to
the HPA response. Examples of MS effects in the PFC include alterations in the
morphology of pyramidal dendritic processes in this region (Pascual & ZamoraLeon, 2007), and reductions in electrophysiological activity (Stevenson, Halliday,
Marsden & Mason, 2008). Therefore, MS stress does affect the brain in a more
global way, rather than being confined to the stress response and related
behaviors.
All these changes in the brain resulting from this early life stressor are
indicative of potential behavioral dysfunction in response to later stressors. A
brief summary of brain regions affected by MS can be seen in Table 2.1. Taken
10

together, MS is characterized by behavioral outcomes that mirror human
psychopathology in various ways. The stressful nature of MS is sufficient to
produce behavioral changes later in life that may be used in animal models of
human psychopathology, though the specific behavioral outcomes differ, which
could be a result of either the MS protocols or the specific strain of animal used
in each study.

1.1.2.3. Effects of early handling on comparison groups
In contrast to maternally separated animals, comparison rearing groups
consist of early handling (EH), a brief 15-minute separation between the pups
and the mother. These animals exhibit decreased fear-related behaviors and
attenuated HPA responses to stress (Francis, Diorio, Liu, & Meaney, 1999; Park,
Hoang, Belluzzi, & Leslie, 2003; Macri et al., 2004). Early handling of female
pups has positive effects on the maternal behavior when that animal has a litter
of her own (Francis et al., 1999; Boccia & Pedersen, 2001). Additionally, earlyhandled animals show decreased levels of stress hormones, reducing stressinduced behaviors compared to both maternally separated and non-handled
animals. Handled animals exhibit reduced anxiety-like behaviors, less freezing in
a fear conditioning setting, and lower corticosterone response to novelty (Meerlo,
Horvath, Nagy, Bohus, & Koolhaas, 1999). Overall, EH is generally considered to
be a beneficial manipulation that attenuates stress responsivity in adulthood.

11

Non-handled groups are also necessary in these experiments to
dissociate the effects of early handling from the effects of separation. In the
literature, this is referred to as standard facility reared (SFR), animal facility
reared (AFR) or non-handled (NH). The common factor is that the rearing
condition of these groups of mothers and pups is not manipulated by the
experimenter. They are left alone in the cages either with or without animal
facility maintenance such as cage cleaning, or reared in the supplier facility, until
the time for behavioral analysis later in life.

1.2. SEX DIFFERENCES IN LONG TERM EFFECTS OF MATERNAL SEPARATION

1.2.1. Sex differences in behavior following MS
Male and female rats display some behavioral sex differences at baseline,
as well as in response to stress (see section 1.3). Does maternal separation result
in sex differences in behavior as the animals mature into adulthood? Several
studies have addressed this issue. One behavioral difference that stands out is
that females exhibit decreased anxiety-like behaviors compared to males (Barna,
Balint, Baranyi, Bakos, Makara, & Haller, 2003; Wigger & Neumann, 1999; Kaneko
et al., 1994). Behaviors observed in an open-field chamber that are related to
locomotion and exploration such as locomotor activity, thigmotaxis, and rearing all
show sex differences; females show less thigmotaxis and rearing, while showing
more ambulatory behavior in the open field (Kaneko et al., 1994). With regard to
12

reward-seeking behaviors, maternally separated females failed to acquire
conditioned locomotor activity (Matthews et al., 1996). In another study, separated
females self-administered cocaine at higher levels than their male counterparts,
suggesting a sex-dependent alteration in the dopamine system following maternal
separation (Matthews et al., 1999).
Various studies with MS as well as other forms of stress suggest that female
rats may be more resistant to the adverse effects of stress. For instance, a 4-hour
per day MS protocol in Fischer rats resulted in depressive-like behaviors in males
but not females, such as reductions in bar-pressing for a milk solution and reduced
attempts at escape from an aversive situation (Ruedi-Bettschen, Zhang, Russig,
Ferger, Weston, Pedersen, Feldon, & Pryce, 2006). Sex differences following a
similar MS protocol in Wistar rats included higher ambulation in adult males
compared to females (Renard, Rivarola, & Suarez, 2007). Adolescent Holtzman
rats show no baseline sex differences in open field ambulation, but following a 6hour per day MS protocol males demonstrate more impulsive/risk-taking behaviors
compared to females (Spivey et al., 2008a / Chapter 3).
Sex differences resulting from maternal separation are also evident in
learning and memory. In Pavlovian fear conditioning, a stress-related learning
situation, separation from the mother and the litter for 1 hour daily within the first
week of life led to context-dependent changes in ultrasonic vocalizations (USV)
(Kosten et al., 2005). Specifically, females increased USV responses to contextual
13

features of fear conditioning while males were impaired in the responding.
However, in more lengthy (and likely more stressful) versions of the maternal
separation paradigm, there have been more sporadic effects. For example, a
single 24 hour separation increased freezing in maternally separated males in the
first trial of tone-shock pairings, and there was a nonsignificant tendency for
separated females to freeze more to context (Lehmann et al., 1999). In this same
experiment, separated males showed a deficit in avoidance learning in a
shuttlebox apparatus. A second experiment in which maternal separation occurred
later in development -- maternal separation only occurred once during the second
or third week of life -- yielded no effects of separation on fear behaviors in the open
field. Latent inhibition was stronger in maternally separated rats both in conditioned
emotional response (CER) and avoidance learning (Lehmann, Stohr, & Feldon,
2000). Impairment in working memory in the radial arm maze task is also reported
in adult males after social and maternal isolation at 3 weeks of age (Sandstrom,
2005).
From this evidence, it appears that certain aspects of ambulatory behaviors,
as well as learning and memory become impaired in males to a greater degree
than females after maternal separation. However, sex-dependent effects of MS in
rats may vary based on the separation protocol and genetic background
differences.

14

1.2.2. Sex differences in the brain following MS
Alongside the behavioral changes associated with sex differences after
maternal separation, it is possible to observe sex differences in the
neurochemical profile of maternally separated animals later in life. Pursuant to
the evidence that MS alters various neurotransmitter systems, separated females
had greater levels of dopamine and serotonin in the prefrontal cortex compared
to control animals than their male counterparts (Zimmerberg & Brown, 1998;
Matthews et al., 2001). Also, separated females had more norepinephrine in both
dorsal and ventral hippocampus relative to separated males (Matthews et al.,
2001). Jimenez-Vasquez, Mathe, Thomas, Riley, & Ehlers (2001) reported a
reduction in neuropeptide Y (NPY) in the prefrontal cortex of maternally
separated males, but no such reduction was found in females. Males isolated
from the dams for 1 hour showed increased NMDA channel activity in the
caudate-putamen compared to isolated females (Sircar, Mallinson, Goldbloom, &
Kehoe, 2001).
Relative to the HPA axis, there is a greater increase in c-fos mRNA in the
paraventricular nucleus of the hypothalamus (PVN) in MS males than in females
(Genest, Gulemetova, Laforest, Drolet, & Kinkead, 2004). MS animals exposed
to stressors later in life also show increases in both c-fos and CRH
immunoreactivity in the PVN in females, but not in males (Desbonnet, Garrett,
Daly, McDermott, & Dinan, 2008).
15

Based on this evidence, it is likely that MS has sex-dependent effects in a
wide variety of brain regions, but whether the effects are stronger in males
compared to females is likely dependent on the measure, as well as the genetic
background of the animal.

1.3. SEX DIFFERENCES IN RAT BEHAVIOR AND BRAIN ACROSS THE LIFESPAN
In order to provide a context when considering sex differences following
maternal separation, one must consider that sex differences already exist in brain
and behavior of rats across the lifespan. This may be due to both the
organizational and activational effects of hormones, and these differences occur
before any experimental manipulations are imposed. Sex differences in these
neural substrates may affect the way in which individual organisms respond to
manipulations such as maternal separation.
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1.3.1. Sex Differences during Adolescence
1.3.1.1. Adolescent Behavior
Behavioral sex differences in adolescent rats are well documented in the
scientific literature, but the majority of studies of this age group focus on the
differential effects of drugs on males and females. Little emphasis is given to
baseline behavioral differences between the sexes, but with the impending
activation of sex hormone activity, sex differences in behavior are likely to arise.
In adolescence, rats are more exploratory and active, which may be an ideal time
to test novelty seeking and ambulatory behaviors in an open field chamber
(Spear, 2000; Shumake, Barrett, & Gonzalez-Lima, 2005). Investigating the
juvenile brain is important because during adolescence the brain undergoes
marked maturational changes in cortical synaptic remodeling, neurogenesis,
neurotransmitter receptors and transporters, accompanied by major sex hormone
changes and corresponding physiological and behavioral differences (Romeo,
2003; Sisk & Zehr, 2005).
Adolescence is the time for activational effects of hormones on
reproductive physiology, with the day of vaginal opening for female rats falling
between postnatal days 33-42, followed shortly by the first proestrus one week
thereafter, and descent of the testes in males occurring between P30-P60
(Maeda, Ohkura, & Tsukamura, 2000). Coupled with the changes in reproductive
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physiology are behavioral changes such as increases in sexual behavior in
males and lordosis posture in females (Maeda, Ohkura & Tsukamura, 2000).
Sex differences in behavior are not limited to sexual behaviors, however.
Female rats are reported to be more active than male rats in the open-field test.
Specifically, the emergence of sex differences in open field behavior is reported
between postnatal days (P) 50-60, when females become more active than
males (Blizard, Lippmann, & Chen, 1975; Slob, Bogers, & van Stolk, 1981; von
Hoersten et al., 1993). Other activational effects on non-reproductive behaviors
by gonadal hormones include changes in play-fighting behavior (Pellis, Field,
Smith, & Pellis, 1997), and the emergence of sex-dependent differences in such
play-fighting behavior (Pellis & Pellis, 1990). While there are sex differences in
these behaviors in adolescents, there are no sex differences in other behaviors
such as eyeblink conditioning during puberty (Hodes & Shors, 2005).

1.3.1.2. Adolescent Brain
Behavioral differences aside, there have been few studies reporting
baseline sex differences in the brain during this age. Some studies use the
adolescent age group to compare to other age groups. For instance, sex
differences in regional neuronal count and volume are not present in
adolescence, but become present in early adulthood (Markham, Morris &
Juraska, 2007; Yates, Markham, Anderson, Morris, & Juraska, 2008). In the
striatum, however, dopamine receptor density increases to a greater degree in
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males compared to females during the adolescent period (Andersen & Teicher,
2000). This increase coincides with the onset of puberty, suggesting a hormonal
influence that may result in sex differences in brain regions underlying these
behaviors.

1.3.2. Sex differences during Adulthood

1.3.2.1. Sex Differences in Adult Behavior
Aside from the obvious sex differences in reproductive behaviors, there
are a variety of non-reproductive behaviors in which adult male and female rats
differ. Like in adolescence, it is commonly reported that females have higher
levels of locomotion in open field and other mazes (Blizard et al., 1975; Slob et
al., 1981; von Hoersten et al., 1993; Conrad, Jackson, Wieczorek, Baran,
Harman, Wright, & Korol, 2004).
Sex differences are also found in spatial memory tasks such as the Morris
water maze. Females’ paths toward the platform tend to be more thigmotaxic and
thus they take longer to arrive at the platform; males are reported to reach the
platform faster (Beiko, Lander, Hampson, Boon, & Cain, 2004). In the Y maze,
another apparatus for studying spatial memory, males exhibited better spatial
memory performance, while females had higher levels of locomotion (Conrad et
al., 2004). In the task of spontaneous alternation, females are more sensitive to
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stress-induced prefrontal dysfunction (Shansky, Glavis-Bloom, Lerman, McRae,
Benson, Miller, Cosand & Horvath, 2004).
Other non-reproductive experimental procedures such as learning and
conditioning show sex differences in adult rats at baseline. Males freeze more
during extinction (Maren, De Oca & Fanselow, 1994) and have more neural
activity in the form of CREB phosphorylation in the CA1 region of the
hippocampus at that time (Kudo, Qiao, Kanba, & Arita, 2004). In the same study,
males had higher latency in a passive avoidance task, and freezing was
positively correlated with CREB phosphorylation in CA1. Intact females show
faster extinction, and ovariectomized females supplemented with estrogen freeze
less during fear conditioning acquisition (Gupta, Sen, Diepenhorst, Rudick, &
Maren, 2001). However, other studies have reported no sex differences in
behavioral suppression to context or latent inhibition (Maes, 2002).
Pavlovian fear conditioning is a learning paradigm that takes advantage of
the stress response, using multiple sensory modalities to engage the animal in
learning the association between a neutral stimulus and an aversive
unconditioned stimulus. Because there are sex differences in the HPA response
and some types of learning as described above, these differences may be
observed in Pavlovian conditioning. For example, in an experiment using toneshock pairings, males exhibited higher fear conditioning responses in the form of
ultrasonic vocalizations during acquisition, as well as in tests of context and cues;
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the females in the same experiment showed a greater unconditioned response to
the footshock (Kosten et al., 2005). In eyeblink conditioning, males show greater
contextual fear conditioning as well as a preference for passive avoidance, while
females show more active avoidance (Shors et al., 2000). Females also have
faster acquisition in delay and trace conditioning, an effect that is facilitated
during proestrus (Shors, Beylin, Wood, & Gould, 1998; Hodes & Shors, 2005).
This suggests that gonadal hormone levels play a role in the neural systems
underlying conditioning.
In addition to these behaviors, there are sex differences in the behavioral
responses to drugs that are reflective of differences in neurotransmitter systems.
Males and females are sensitive to different effects of morphine; males are more
sensitive to the antinociceptive effects, while females are more likely to respond
to place conditioning with morphine (Cicero, Ennis, Ogden, & Meyer, 2000).
Cocaine yields similar results – females develop conditioned place preference to
cocaine faster than males, and at lower doses (Russo, Jenab, Fabian, Festa,
Kemen, & Quinones-Jenab, 2003). It appears that gonadal hormones are
involved in this process. For example, ovariectomy reduces the speed at which
female rats reach criterion for cocaine self administration, while this effect is
reversed with estradiol administration (Hu, Crombag, Robinson & Becker, 2004).
Similarly, dopamine metabolism and related behaviors in the nucleus accumbens
and striatum are variable with the estrus cycle (Becker, 1999).
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1.3.3.2. Sex Differences in Adult HPA and Brain
The HPA response is one of many facets of rat physiology whose function
appears to be dependent on sex. Many studies have demonstrated sex
differences in the hypothalamic-pituitary-adrenal (HPA) axis as well as in the
associated neurotransmitter systems of mature rats. It is reported that females
have elevated baseline HPA-related activity compared to males (Handa,
Burgess, Kerr, & O’Keefe, 1994). Specifically, baseline plasma corticosterone
levels are shown to be higher in female than male rats (Almeida, Canoine, Ali,
Holsboer, & Patchev, 1997), and circulating levels of corticosteroid binding
globulin were also found to be higher in females (Almeida et al., 1997;
McCormick, Smythe, Sharma, & Meaney, 1995). Within the brain, HPA-related
populations of neurons also show sex differences. For instance, glucocorticoid
receptor mRNA is more abundant in the CA1 and CA2 regions of the
hippocampus, as well as in the paraventricular hypothalamic nucleus (PVN), in
female rats relative to males (Almeida et al., 1997). In another study, McCormick
et al. (1995) found elevated GR binding in the prefrontal cortex (PFC), septal
nuclei and amygdaloid nuclei in female rats relative to males. Also in the PVN,
females have more c-fos mRNA at baseline (Genest et al., 2004), suggesting
potential for increased neural activity at this site. Elevated levels of arginine
vasopressin have been observed in the PVN of ovariectomized female rats
administered estradiol, compared to intact male rats (Ferrini, Grillo, Piroli, de
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Kloet, & de Nicola, 1997), confirming the activational role of ovarian hormones in
the sex differences of this process. Sex differences in brain regions such as
these suggest that brain regions controlling behavioral outputs which are
indirectly related to the stress response can be affected as part of this sex
difference in stress hormone responsivity.
Along these lines, there are other sex differences in the brains of adult rats
that are not directly related to the stress response, but are related to cognitive
and emotional processes that are vulnerable to disruption by stressful rearing
conditions. Sexual dimorphisms are observable in various brain regions, such as
the prefrontal cortex, hippocampus, nucleus accumbens and ventral tegmental
area. Males show several structural differences in the brain compared to
females. For instance, a greater number of neurons and larger volume is
measured in the ventral mPFC in adult males relative to females (Markham,
Morris & Juraska, 2007). In the CA1 region of the hippocampus and anterior
cingulate cortex, males have increased dendritic spine density compared to
females (Markham, McKian, Stroup, & Juraska, 2005; Markham & Juraska,
2002). Males have greater volume in the subiculum of the hippocampus than
females, but females have greater number of dendritic spines in this area
(Andrade, Madeira, & Paula-Barbosa, 2000). At the cellular level, sex differences
persist, as measured by various receptors and proteins. The volume and
distribution of tyrosine hydroxylase (TH)-immunoreactive cells in the ventral
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tegmental area is also sexually dimorphic, with greater volume of the VTA in
males, but more dopamine-producing cells in females (McArthur, McHale, &
Gillies, 2007). However, adult males had higher D1-receptor binding than
females in the nucleus accumbens (Andersen & Teicher, 2000).
While discussions of sex differences in regional volumes are easily
dismissed as a function of body weight, the sexual dimorphisms related to
structure, neuronal number, and density of receptors or other proteins in these
regions are worth considering. In summary, there are some baseline male-female
differences in the brain which, taken together, suggest that biological sex, and
organizational and activational processes may have an important role to play in
the outcome of stress-related manipulations. Maternal separation, the early life
stressor used in this series of studies, can therefore be of use in order to
understand sex differences across the lifespan resulting from stressful rearing
situations.

1.4. CYTOCHROME OXIDASE AS A MARKER OF METABOLIC CAPACITY
There is a relationship between brain energy metabolism as measured
with cytochrome oxidase and sex differences in behavior (Sakata, Crews, &
Gonzalez-Lima, 2005). This is a well established metabolic mapping technique
(Gonzalez-Lima & Cada, 1994, 1998) that utilizes the activity of the mitochondrial
enzyme, cytochrome oxidase (CO), to assess metabolic capacity within brain
regions. Cytochrome oxidase, the terminal enzyme of the mitochondrial electron
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transport chain, catalyzes the transfer of electrons to oxygen, forming water and
ATP (Sakata et al., 2005). Over time, CO builds up in the mitochondria of brain
cells as a result of increased demand for oxygen consumption and energy
production, and can thus be used as a marker for baseline and cumulative
neuronal activity as compared to acute evoked activity (Shumake & GonzalezLima, 2003). Cytochrome oxidase activity translates into the functional activity of
a brain region (Wong-Riley, Nie, Hevner, & Liu, 1998), and regional activity can
then be correlated with behavior (Sakata et al., 2005).
A few detailed mapping studies have compared sex differences in
baseline CO activity in the mammalian brain (Villablanca, Schmanke, Lekht, &
Crutcher, 2000; Tobet, Roca, & Crandall, 1993); however, these studies are
largely descriptive in nature and do not take advantage of this index of energy
metabolism to generate correlations with behavior exhibited by the animal. In
nonmammalian species, however, there have been studies examining sex
differences by mapping CO activity in limbic brain areas and correlating them to
aggressive behavior and copulatory behavior (Sakata et al., 2005; Sakata,
Coomber, Gonzalez-Lima, & Crews, 2000). Apart from CO mapping, baseline
sex differences have been found in other types of mapping studies, for instance
in estrogen receptor concentrations in hypothalamic regions in rats at birth
(Kuhnemann, Brown, Hochberg, & MacLusky, 1994), androgen receptor
densities in the first weeks of life (Nunez, Huppenbauer, McAbee, Juraska, &
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DonCarlos, 2003), and estrogen receptor-beta concentrations in rats in adulthood
(Zhang, Cai, Zhou & Su, 2002). However, to our knowledge, there are no
published studies that demonstrate such brain differences in regional metabolism
in infant or adolescent rats. The reviewed studies detect the presence of specific
proteins and quantify their activity in specific regions but fail to consider the larger
picture of the overall metabolic capacity of each region. The advantage of using
CO histochemistry rather than mapping a specific neurotransmitter or receptor is
that CO activity is tied to the energy demand of individual neurons, regardless of
the type of neurotransmitter or receptor used (Wong-Riley et al., 1998), and thus
provides a more universal index for mapping sex differences in the activity of
brain regions. The previously mentioned sex differences in dendritic spine
densities, the most energy-demanding compartment of neurons, and receptor
activity suggest concomitant sex differences in energy demand in these particular
regions, which can be assessed by the metabolic marker cytochrome oxidase.

1.5. SPECIFIC AIMS
The central goal of this dissertation was to test the hypothesis that
postnatal stress, in the form of mother-infant separation, produces sex
differences in brain metabolism and adverse behavioral effects at multiple time
points following this stressor. Specifically, it is predicted that maternal separation
stress will affect males more adversely than females both behaviorally and in the
brain, and that MS would induce sex differences in behavioral hyperactivity and
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Pavlovian fear conditioning extinction. We also predict that MS will affect
prefrontal cortex metabolism in a sex-dependent fashion. This study will examine
MS-induced changes in the prefrontal cortex using cytochrome oxidase, a
cellular marker for metabolic capacity.
Based on the preceding review of the literature, we arrived at the following
specific aims:

Infant Brain and Maternal Behavior. The first aim of this study is to
examine the immediate effects of maternal separation in the brains of the infants.
The effects of repeated mother-infant separation may last through to adulthood,
but it is likely that there are more proximal effects of MS that serve as the
substrates for long-term effects. The hypothesis is that a reduction in regional
metabolic capacity, as measured by the marker cytochrome oxidase, during this
sensitive time period will be detectable in the brain regions that will later be
related to behavioral dysfunction. We will focus on the prefrontal cortex, but other
regions, such as the hypothalamus, amygdala, and hippocampus, will be of
interest due to the stressful nature of maternal separation.
Adolescent Brain and Behavior. The second aim is to determine the
effects of maternal-infant separation on brain metabolism and hyperactive
behavior in male and female rats in their adolescence. We would like to test the
hypothesis that mother-infant separation may produce greater hyperactive
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behavior in male than female adolescent rats. Additionally, since increased
metabolic activity of the prefrontal cortex is associated with behavioral inhibition
in various tasks (Barrett et al., 2003), this aim will be to analyze both baseline
differences between male and female adolescent rats with regard to prefrontal
cortex metabolic capacity, and to assess effects of maternal separation on
metabolic capacity in the same regions. The hypothesis is that sexual
dimorphisms in metabolic capacity may exist in prefrontal cortex regions,
resulting in sex differences in hyperactive behavior. Specifically, it is predicted
that males would show reduced metabolic activity in the prefrontal cortex than
females as a result of mother-infant separation, leading to less behavioral
inhibition and more hyperactive behavior.
Adult Brain and Behavior. The third aim is to study how the altered
prefrontal cortex of maternally separated animals changes Pavlovian fear
conditioning extinction in adult rats. Pavlovian fear conditioning extinction is an
appropriate paradigm in which to study the effects of postnatal stress on the
prefrontal cortex of adult rats. Specifically, changes to the prefrontal cortex
resulting from maternal separation may alter the role of the prefrontal cortex in
Pavlovian extinction, a type of behavioral inhibition (Barrett et al., 2003).

Together, these specific aims will allow for longitudinal testing of the
hypothesis that maternal separation adversely affects multiple brain regions and
28

behaviors at multiple developmental time points. Moreover, these specific aims
will investigate sex differences in brain and behavior following a stressful rearing
environment. Findings in this model may be relevant for identifying sex
differences in vulnerability to the adverse effects of such a stressor.
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Chapter 2: Effects of mother-infant separation and sex on
regional metabolic capacity and functional connectivity in the
preweanling Holtzman rat brain

This is the first study to assess the effects of mother-infant separation
(MS) on regional metabolic capacity in the preweanling rat brain. Mother-infant
separation is generally known to be stressful for rat pups, but information is
lacking on the proximal effects of MS in the brains of rat pups. Here, we
addressed this issue by processing the brains of preweanling rat pups for
cytochrome oxidase (CO), a mitochondrial enzyme which reflects long-term
changes in brain metabolic capacity, immediately following two weeks of
repeated, prolonged MS, and compared this to early handling (EH) or
nonhandled controls. Quantitative image analysis revealed that MS reduced CO
activity in the prefrontal cortex, reducing it to a greater degree in females than in
males. Early handling reduced CO activity in the posterior parietal cortex, ventral
tegmental area, and subiculum, while increasing CO activity in the prefrontal
cortex. Regardless of separation group, females had greater CO activity in the
habenula, ventral tegmental area, and posterior parietal cortex, compared to
males. These findings suggest that early life stress results in prefrontal cortex
dysfunction that may correspond to behavioral changes later in life.
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2.1. INTRODUCTION
Repeated mother-infant separation (also called maternal separation, MS)
is a known stressor in rats (Plotsky & Meaney, 1993), in which the mother is
removed from the pups for prolonged periods (usually a 3- to 6-hour time period).
The detrimental effects of mother-infant separation on the brain and behavior
extend into adolescence and adulthood. Behavioral examples of the long-term
effects

of

MS

include

anxiety-like

behavior

(Daniels

et

al.,

2004),

depressive/hypoactive behavior (Spivey et al., 2008a / Chapter 3), and
behavioral hyperactivity and impulsivity (Colorado et al., 2006; Kaneko et al.,
1994; Jimenez-Vasquez et al., 2001). Long-term effects of MS on the brain
include, but are not limited to, changes to the production and binding of stress
hormone receptors (Ladd et al., 2005), impairment of long-term potentiation
(LTP) (Gruss et al., 2008), and alterations of neurotransmitter levels in the
striatum, prefrontal cortex, and hippocampus (Matthews et al., 2001).
However, fewer studies have addressed the more proximal effects of MS
in the brain or behavior. Some have assessed the effects on hyperactive
behavior (Colorado et al., 2006) and response to cocaine (Marin & Planeta,
2004) in adolescence. More recent studies have shown impairments of LTP in
adolescent MS animals (Gruss et al., 2008). Immediately following single 24-hour
deprivations, increases in apoptosis in the hippocampus and various other brain
regions are apparent (Zhang et al., 2002). Maternal separation stress also
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causes reductions in growth hormone and exaggerated HPA response in
preweanling rat pups (Kuhn & Schanberg, 1998). However, it appears that there
is a lack of investigation into the immediate effects of repeated prolonged MS in
the preweanling rat brain.
Therefore, this study aimed to assess the brain effects of 2 weeks of
repeated MS in the infant rat brain. Cytochrome oxidase (CO) histochemistry can
be used as a marker for brain regional metabolic capacity (Gonzalez-Lima &
Cada, 1998). CO builds up in the mitochondria of the neurons as a reflection of
increased demand for energy (Wong-Riley et al., 1998). Specifically, CO is the
rate-limiting enzyme in the mitochondrial electron transport chain in which ATP is
formed from the breakdown of glucose, and therefore CO levels are tightly
coupled to functional activity of a brain region (Wong-Riley et al., 1998). Energy
demands over long periods of time are reflected in CO activity (Shumake &
Gonzalez-Lima, 2003), and are therefore an appropriate marker for studying the
cumulative effects of this manipulation.
Based on the reviewed studies from the existing literature (see Table 2.1),
we hypothesized that MS would alter regional metabolic capacity in a variety of
brain regions, including the prefrontal cortex, basal ganglia, mesolimbic pathway,
and hippocampus. Additionally, we hypothesized that because males and
females show sex differences in adolescence in brain CO activity (Spivey,
Colorado, Conejo, Gonzalez-Pardo, & Gonzalez-Lima, 2008b / Chapter 5),
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particularly in the prefrontal and posterior parietal cortical regions, there may also
be sex differences in metabolic capacity, regardless of group, in these regions
during the preweanling period.
Additionally, functional connectivity between brain regions will be
assessed using interregional correlations. Correlations that are significant in only
one group may be involved in the modulation of related behaviors in that group
(Sakata et al., 2000). We hypothesized that MS may selectively affect the
regional metabolic capacity of the regions listed in Table 2.1, and therefore
functional connectivity between brain regions may be altered in MS animals
compared to control groups.
We planned to assess changes in functional connectivity by using path
analysis, a method that uses neural network models based on known anatomical
connections (described in section 2.2.7). Based on a previous finding of sex
differences in prefrontal cortical metabolic capacity (Spivey et al., 2008b /
Chapter 5), we hypothesized that there would be similar sex differences in the
functional connectivity of the prefrontal cortex, regardless of separation group.

2.2. MATERIALS AND METHODS

2.2.1. Subjects
Subjects were 60 Holtzman albino rat pups born to 6 timed-pregnant
mothers bred in the colony of the Animal Resources Center at the University of
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Texas at Austin. Pregnant mothers were singly housed and maintained on a
12h/12h light/dark photoperiod, with lights on at 06:00 h and lights off at 18:00 h,
in a room with temperature maintained at 22oC and 40% humidity. Food and
water were available ad libitum. The day of birth was marked as postnatal day
(P) 0. On P2, litters were culled to as close to ten pups as possible, always
consisting of an equal male-to-female ratio. Anogenital distance was used to
determine males from females at this age. All procedures were conducted in
accordance with the guidelines of the National Institutes of Health in an animal
facility accredited by the American Association for the Accreditation of Laboratory
Animal Care, and the protocol was approved by the Institutional Animal Care and
Use Committee.

2.2.2. Maternal Separation Protocol
The six litters were divided into three groups, as previously described
(Colorado et al., 2006; Spivey et al., 2008a, 2008b): Maternal Separation (MS), in
which separation consisted of 6 hours; Early Handled (EH), in which separation
consisted of 15 minutes; and Standard Facility Reared (SFR), who were not
handled at all except for the culling on P2 and biweekly cage changes by facility
staff. Separation protocols for MS and EH groups consisted of daily separation
from P2 through P6; no separation from P7 to P8, and daily separation from P9
through P13, as in our other studies (Colorado et al., 2006; Spivey et al., 2008a,
2008b / Chs. 3 & 5). Maternal separation began at 0730 h and ended at 1330 h
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daily, while early handling occurred from 1300 h to 1315 h daily. The dams were
removed from the home cage, and all pups were removed and placed as a litter
into a bedding-lined holding cage, and dams were returned to the home cage for
the duration of the separation. Holding cages were then placed in an incubator
(30-34oC) to maintain thermoregulation for the duration of the separation period.
Upon return to the home cage, dams were again removed from the home cage,
pups were returned to the cage, and the dams were returned to the pups.

2.2.3. Tissue Preparation
Following the final separation period on P13, pups were decapitated.
Brains were rapidly extracted and frozen in isopentane. The brains were stored
at -40oC until sectioning. Tissue was sectioned at 40 micrometers in a -20oC
cryostat. The sections were kept frozen on slides at -40oC until processing for
cytochrome oxidase histochemistry. Every third section was used for staining.
Staining and quantification of neural tissue for cytochrome oxidase activity was
used to determine the metabolic capacity of brain regions based on densitometric
histochemical analysis of the sections and of brain paste standards of known
cytochrome oxidase activity measured spectrophotometrically (Gonzalez-Lima &
Cada, 1998).
Brain tissue was stained using the cytochrome oxidase histochemistry
procedure previously described (Gonzalez-Lima & Cada, 1998). Slides were first
treated in 10% sucrose phosphate buffer (0.1M, pH 7.6) containing 0.5%
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glutaraldehyde (Grade II) for 5 min. Three changes at 5min each of 10% sucrose
phosphate buffer were followed by 10min in Tris buffer (0.05 M, pH 7.6)
containing 275mg/l cobalt chloride, 10% sucrose, and 0.5% dimethylsulfoxide.
The slides were then rinsed for 5min in phosphate buffer and incubated at 37oC
for 60 min in 700 ml of an oxygen-saturated reaction solution containing 350mg
of diaminobenzidine tetrahydrochloride (DAB), 52.5mg of cytochrome c, 35 g of
sucrose, 14mg of catalase, and 1.75 ml of dimethylsulfoxide in phosphate buffer.
To stop the reaction and fix the tissue, a 30min immersion in 10% sucrose
phosphate buffer with 4% formalin (v/v) was used before dehydrating with
ethanol, clearing with xylene, and coverslipping with Permount.
Anatomically matched sections from male and female subjects were
stained in the same batch to minimize the possibility of interbatch variability
during the comparison between subject groups. In addition, sets of homogenized
tissue standards (10, 20, 40, 60, 80 micron-thick sections) were included with
each batch of slides (Gonzalez-Lima & Cada, 1998). These standards were used
to convert tissue optical density measures to cytochrome oxidase activity units
via

a

regression

equation

based

on

their

optical

density

and

spectrophotometrically determined enzymatic activity.
Using an image-processing system (JAVA, Jandel Scientific, Corte
Madera, CA), optical density was sampled from regions of interest. The size of
the square-shaped sampling window was adjusted for each region so that it was
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as large as possible while still allowing for four, non-overlapping readings to be
taken bilaterally. For each cortical region, optical density was sampled in both
superficial (I–III) and deep (IV–VI) layers across three adjacent sections and
averaged. These optical density values were then converted to cytochrome
oxidase activity units (micromol/min/g tissue wet weight), which were determined
by spectrophotometry of cytochrome oxidase standards as described before.

2.2.6. Regions of Interest (ROIs)
The maternal separation literature describes numerous alterations in both
behavior and brain activity. A summary of selected studies regarding maternal
separation and changes in brain activity is presented in Table 2.1. Hyperactive
behavior has been reported as one long-term effect of MS (Colorado et al., 2006;
Kaneko et al., 1994) and the relationship between hyperactive behavior and the
prefrontal cortex is well documented (Sullivan & Brake, 2003). Dysfunction to the
prefrontal cortex is also seen subsequent to MS (Jimenez-Vasquez et al, 2001;
Ladd et al., 2005). Many studies have used a myriad of measures to show brain
differences in MS animals, including neurotransmitter levels, stress hormone
levels, drug manipulations, and receptor binding studies. Alongside findings of
behavioral hyperactivity, studies have shown increases in catecholamine levels
in the striatum and dorsal hippocampus (Matthews et al., 2001), and changes in
the nucleus accumbens in both MS (Zimmerberg & Brown, 1998) and EH
animals (Brake et al., 2004). Changes to the reward sensitivity in MS animals by
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way of reduced responding to sucrose solutions (Matthews, Wilkinson &
Robbins, 1996) or cocaine (Matthews, Robbins, Everitt, & Caine, 1999) was a
rationale for considering dopamine related regions, including the ventral
tegmental area, nucleus accumbens, striatum, and prefrontal cortex in the
current study.
In order to account for divergent phenotypes found by various MS
protocols, we also considered other studies that have reported hypoactive
behavior following MS (Spivey et al., 2008a). Such a depressive phenotype in
rats is associated with changes to the habenula, ventral tegmental area, striatum,
prefrontal and infralimbic cortex, and hippocampus (Shumake, Barrett, &
Gonzalez-Lima, 2005). Due to the stressful nature of MS in infancy, many reports
have listed changes to anxiety-like behaviors and defensive withdrawal in
adolescence (Colorado et al., 2006), as well as alterations in neural activity in
stress-related regions such as the paraventricular nucleus of the hypothalamus
and central amygdala (Liu et al., 2000; Genest et al., 2004; Ladd et al., 2005,
Plotsky, Thrivikraman, Nemeroff,, Caldji, Sharma, & Meaney, 2005). The
posterior parietal cortex was of interest due to its relationship to attention and
motor behaviors in rodents (Kolb & Walkey, 1987; Mattelli & Luppino, 2001), and
is also reported to have less CO activity in males than females (Spivey et al.,
2008b).

38

Table 2.1. Regions of interest based on existing maternal separation literature.

Cortical regions were assessed separately in terms of superficial (I – III)
and deep (IV – VI) layers, based on previous findings in which cytochrome
oxidase levels showed group differences in superficial cortical layers but not
deep layers (Gonzalez-Lima & Sadile, 2000). All regions of interest and
corresponding bregma levels (Paxinos & Watson, 1997; Gonzalez-Lima & Cada,
1998) are depicted in Figure 2.1 and listed in Table 2.2.
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Figure 2.1. Photographs of CO-stained sections (left) and coronal brain diagrams
(right) illustrating the locations of each region of interest by Bregma
level according to the Paxinos and Watson (1997) and GonzalezLima and Cada (1998) atlases. Abbreviations are listed in Table 2.2.
40

2.2.7. Statistical Analysis
Data from this experiment were analyzed using SPSS software (version
11.5, SPSS, Chicago, IL). Differences were considered significant at the twotailed p < 0.05 level for all tests. A 2 (sex) × 3 (separation group) univariate
ANOVA was used to assess separation group and sex differences in each region
of interest (Spivey et al., 2008b / Chapter 5). Additional post-hoc Bonferronicorrected simple effects tests were utilized where indicated.
Bivariate interregional correlations were calculated for each sex within
each group. A modified jack-knife procedure was conducted in order to assess
reliability of each interregional correlation. Briefly, this modified jack-knife
consisted of the removal of one subject at a time from each subgroup (see also
Sakata et al., 2000; Cada, Gonzalez-Lima, Rose, & Bennett, 1995), and
interregional correlations were recalculated. The subject was then replaced and
the next subject was removed, and correlations were again recalculated. This
process was repeated until each subject had been removed from each subgroup.
Interregional correlations were considered to be reliable if they remained
significant throughout each iteration of the jack-knife procedure. The Pearson’s
product-moment (r) correlation values for each interregional correlation and
corresponding significance values are reported in Table 2.3. Reliably significant
interregional correlations are in boldface font and marked with an asterisk (*).
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After using MATLAB (version 7.0) to calculate the jack-knifed correlation
coefficients, correlations were tested to see if there were significant differences in
coefficients between groups. The coefficients were converted to Fisher’s Z
scores and omnibus planned group comparisons were made using a Student’s t
test for paired data (Nair & Gonzalez-Lima, 1999). Between-group comparisons
were considered significant at the two-tailed p < 0.05 level.
Path analysis was generated using LISREL (version 8.54). Previously
described for use with data from CO-stained sections in Puga et al. (2007),
comparisons between sexes were performed using a stacked model approach. In
this approach, path coefficients in one model are constrained to be equal
between conditions (null model) and compared to another model where the
coefficients are allowed to vary (alternative model). A χ2 goodness-of-fit statistic
was computed for each model based on its ability to reproduce the original
correlation matrix for each sex. The χ2 for the alternative model was then
subtracted from the χ2 for the null model. This χ2 difference can be assessed
using the difference between the null degrees of freedom and the alternative
model degrees of freedom. This approach resembles a simple t test for group
mean differences in that the null hypothesis predicts no group mean differences
(McIntosh and Gonzalez-Lima, 1995). For the present study, the null hypothesis
was that path coefficients between the two sexes do not differ.
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2.3. RESULTS
2.3.1. Means Analysis
Mother-infant separation decreased metabolic activity in female pups but
not male pups in the medial and lateral prefrontal cortex, as reflected by
significant sex × separation interactions for these regions, Fs(2,42) > 7.1, ps <
0.01. Simple effects tests showed that MS females had significantly lower CO
values in all prefrontal cortical regions than standard facility reared (SFR) and
early handled (EH) females (p < 0.01), while there were no significant group
differences in CO activity among males. In all prefrontal cortex regions, sex
differences were found in which MS females had lower CO activity than MS
males (ps < 0.002). In the deep layers of the lateral prefrontal cortex, EH females
had greater CO activity than EH males (p < 0.05). Irrespective of sex, early
handling decreased metabolic activity in the deep layers of the posterior parietal
cortex relative to the SFR group (p < 0.05) and in the subiculum and ventral
tegmental area relative to both MS and SFR groups (p < 0.05). In addition, three
regions showed sex differences independent of separation condition, with
females showing greater metabolic activity than males in the habenula, ventral
tegmental area, and deep layers of the posterior parietal cortex (ps < 0.05). Table
2.2 shows the mean CO values for each region in males and females of each
separation group.
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Table 2.2. Sex and group differences in brain cytochrome oxidase activity (mean
+ S.E.M) following repeated maternal separation (MS), early handling
(EH) or standard facility rearing (SFR) in preweanling rats.

2.3.2. Group Effects in Interregional Correlations.
Within males, there was a strong effect of maternal separation on
functional connectivity between lateral frontal cortex and posterior parietal cortex.
Negative coupling between these regions was strong for both EH and SFR, but
was lost in MS. There was also a clear effect of handling on functional
connectivity between the central amygdala and accumbens shell and between
the habenula and caudate putamen. There was a reversal in coupling between
the central amygdala and accumbens shell from negative in SFR to positive in
both EH and MS. Additionally, the habenula and caudate putamen, which were
strongly negatively coupled in SFR, were not coupled in EH or MS groups.
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Within females, there were no couplings that were uniquely present or
absent in one group compared to both of the others. There were also no general
differences in functional coupling between males and females, i.e. a sex
difference common to every group. Rather, sex differences in functional coupling
were completely dependent on the experimental manipulation.
Interregional correlations within each subgroup (listed in Table 2.3) were
not as easily categorized. Overall, it appeared that MS animals, particularly MS
males, had more interregional correlations involving the MPFC and the LFR, as
well as the PVN-CEA, and CP-GP. MS females were unique in their significant
correlation between the VTA and the SUB (r = 0.66; p = 0.04). EH animals of
both sexes also showed a significant CP-GP correlation (rs > 0.87; ps < 0.01),
and EH females, but not males, showed significant correlations involving the LFR
cortex. In SFR females, the nucleus accumbens showed some functional
coupling with the VTA and GP (rs = 0.98; ps = 0.02), while SFR males showed
correlations between superficial and deep layers of the LFR cortex, and between
the habenula and caudate putamen (r = -0.96; p = 0.04).
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Table 2.3. Interregional Correlations for each subgroup of P13 Holtzman rats.
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2.3.3. Path Analysis of Sex Differences
Subjects were collapsed across groups to investigate sex differences in
functional connectivity of the prefrontal cortex. Bivariate correlations were used to
compute path coefficients between regions in the proposed network model.
These regions in the proposed network model included ROIs that were significant
in the means analysis and interregional correlations, combined with other
47

anatomically connected regions to compute causal influences between regions
using path analysis (Puga, Barrett, Bastida, & Gonzalez-Lima, 2007). Chi-square
analysis revealed that a model where all paths were free to vary was significantly
different from a model with fixed paths (χ2diff(13)=28.34, p < 0.01). This indicates
that the patterns of interactions among ROIs were statistically different between
males and females. Differences in path coefficients between the three models
are represented in Figure 2.2. Direct effects (causal influence of one region upon
another) and residual influences (variance unaccounted for by the model) are
listed in Table 2.4.
Table 2.4. Direct effects and residual influences between regions of interest for
sex effects in path analysis.
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Figure 2.2. Sex differences in path analysis of frontostriatal and mesolimbic,
circuits.
Subjects are collapsed across groups to represent all males and all
females. Strength of functional connectivity between regions is
represented by thickness of the arrows. Positive influences are
represented by a solid line, and negative influences are represented by a
dashed line.
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2.4. DISCUSSION
Generally, mother-infant separation (MS) reduced brain metabolic
capacity in the lateral and medial prefrontal cortical regions to a greater degree in
female preweanling rats than in males. Additionally, early handling (EH)
increased brain metabolic capacity in females but not males within the medial
prefrontal cortex. Mother-infant separation also reduced brain metabolic capacity
in the medial prefrontal cortex for both sexes. Early handling had contrasting
effects on brain metabolic capacity, increasing CO activity in the lateral frontal
and medial prefrontal cortex compared to MS, but decreasing CO activity in the
VTA, subiculum, and posterior parietal cortex. All females, regardless of
separation group, showed greater CO activity compared to males in the posterior
parietal cortex, habenula, and ventral tegmental area.
Interregional correlations revealed interesting sex differences; particularly,
that functional connectivity in males was more affected by separation group,
while there were far fewer group-related differences in females. However, when
collapsed across groups, there were no overall sex differences in functional
connectivity between males and females. Overall group differences showed
functional coupling involving the lateral frontal cortex, sometimes referred to as
the primary motor cortex, in MS animals but not SFR or EH animals. In particular,
the lateral frontal cortex was significantly correlated with the medial prefrontal
cortex, the nucleus accumbens, and the subiculum. However, MS animals
50

demonstrated no statistically significant functional coupling between regions
involving the nucleus accumbens, globus pallidus, and ventral tegmental area,
brain regions that were functionally coupled in the other comparison groups.
Early handling also appeared to uncouple some of the functional connections of
the subiculum. To our surprise, the only significant interregional correlations
found for the prefrontal cortex was between medial and lateral prefrontal cortex,
and between cortical layers of the prefrontal cortical regions.
Though the MPFC showed only one significant interregional correlation
with the LFR cortex in the maternally separated group, path analysis revealed
significant male-female differences in the influence of the prefrontal cortex.
Particularly, females showed strong descending influence of the medial prefrontal
cortex on the reciprocal connection between the VTA and nucleus accumbens. In
males, however, the direct effect of the MPFC on this same reciprocal connection
was zero, a finding opposite from existing anterograde tracing studies in which
the MPFC in males is readily traced to the shell of the nucleus accumbens
(Sesack, Deutch, Roth, & Bunney, 1989). In contrast, descending influence of the
lateral frontal cortex upon the basal ganglia (CP and GP) in the males was
significantly higher than in females, suggesting a higher propensity for motor or
ambulatory activity in males. However, these results should be interpreted
cautiously, as high residual influences on all regions involved (with the exception
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of the GP), suggest that other inputs from brain regions not included in the model
may better explain the activity of these regions.
Our findings are consistent with existing literature which has demonstrated
that maternal separation does affect the prefrontal cortex. For instance,
corticotrophin-releasing hormone and glucocorticoid receptor mRNA levels are
reduced in the prefrontal cortex of MS rats (Ladd et al., 2005). Reductions in
dendritic processes of the prefrontal pyramidal neurons has also been
demonstrated in MS rats (Pascual & Zamora-Leon, 2007), and irregular patterns
of interneuron development in MS have been found in another rodent species
(Helmeke, Ovtscharoff, Poeggel, & Braun., 2008). All of these previously
reported findings are consistent with reductions in metabolic demands in the
medial prefrontal cortex following prolonged repeated maternal separation.
There are several behavioral implications of reductions in CO activity in
the prefrontal cortex of MS animals. The prefrontal cortex is strongly related to
hyperactivity (Gonzalez-Lima, 2005), by way of decreased inhibition as well as
increased locomotor activity. Dysfunction in prefrontal metabolic capacity and
cortical morphology is related to hyperactivity in the Sprague-Dawley rat (see
Chapters 4 and 5). However, Holtzman rats (from the study described in this
chapter as well as in Chapter 3) show a hypoactive behavioral profile in the open
field during adolescence (Spivey et al., 2008a / Chapter 3). The PFC is also
implicated in depression in the human and animal literature (Shumake, Poremba,
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Edwards, & Gonzalez-Lima, 2000). Perhaps hypometabolism in MPFC activity is
also related to depression or behavioral dysfunction in general, and the
behavioral outcome is dependent on the organism’s genetic predisposition to a
certain psychopathology.
The lateral PFC was affected in EH animals as well, and this finding is
related to the results in Chapter 3. Briefly, we found a hypoactive phenotype for
MS animals, but increases in risk-taking behaviors for EH animals. Increases in
lateral frontal cortex (sometimes called primary motor cortex) metabolic capacity
in EH animals would likely correspond to increased propensity for ambulatory
activities, such as entering the exposed zone of an open field (Spivey et al.,
2008a / Chapter 3). Additionally, decreases in habenular and VTA metabolic
capacity in EH animals are consistent with increased risk-taking in EH animals.
Shumake & Gonzalez-Lima (2003) previously reported that increased habenula
activity is associated with learned helplessness, an animal model of depression.
While not the complete opposite of learned helplessness, the effect of increasing
metabolic capacity in the habenula of EH animals is consistent with increasedrisk taking or ambulatory behavior in adolescence (Spivey et al., 2008a / Chapter
3).
Our findings of sex differences in metabolic capacity in the posterior
parietal cortex of preweanling pups is consistent with previous reports from our
lab, in which adolescent Sprague-Dawley males show less CO activity in the
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posterior parietal cortex than females (Spivey et al., 2008b / Chapter 5). Perhaps
the interpretation is that, regardless of strain, the posterior parietal cortex is
sexually dimorphic in terms of energy demands. Sex differences in the habenula
have been reported, with increases in habenula activity directly related to
maternal behavior (Lonstein, Grego, De Vries, Stern, & Blaustein., 2000). Sex
differences in catecholamine synthesis in the ventral tegmental area are
supported by the literature (McArthur, McHale, & Gillies, 2007). Based on both
the sex differences in the mean CO activity in the nucleus accumbens and the
sex differences in functional connectivity of the mesolimbic pathway, it would
have been expected also to find sex differences in CO activity in the nucleus
accumbens. However, this was not the case. Finally, sex differences in behaviors
related to the subiculum support our findings of differential metabolic capacity in
males versus females. Lesions of the hippocampus, including the subiculum,
have been related to deficits in fear extinction behavior (Ji & Maren, 2005;
Maren, 1999) and as discussed later, sex differences in fear renewal effects are
seen in adult Holtzman rats (Chapter 6), in which males have stronger fear
renewal than females. Therefore, differences in neural substrates such as
metabolic capacity may have behavioral implications later in life.
2.5. CONCLUSION
The hypothesis that repeated prolonged mother-infant separation would
alter prefrontal cortex regional metabolic capacity was supported. Our findings
are consistent with existing literature that finds MS-dependent changes in the
prefrontal cortex, and sex differences in the posterior parietal cortex. Our findings
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are also novel in that they are the first to report experience-based changes in
regional metabolic capacity in preweanling rats as a result of EH and MS. This
study is also the first to assess sex-dependent changes in metabolic capacity in
the brain following two weeks of mother-infant separation.
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Chapter 3: Mother-infant separation leads to hypoactive
behavior in adolescent Holtzman rats

This is the first study of the effects of mother-infant separation (MS) on
adolescent behavior of Holtzman rats. Different rat strains, such as Harlan
Sprague-Dawley and Holtzman, share a common origin. However, MS may lead
to hypoactive behavioral effects in Holtzman rats because of their greater
susceptibility to show depressive-like responses to stress. Sixty Holtzman pups
were divided into 3 groups at postnatal day 2 (P2). For 10 days, the MS group
was separated 6 hours daily and the early handled (EH) group 15 min daily. A
standard facility reared (SFR) group was not separated. Animals were tested for
novel open-field activity (P28), defensive withdrawal in a light-dark (LD)
apparatus (P29) and familiar open-field (P30). Behavioral measures were
classified into general activity (ambulatory and short movement time), orienting
(rearing time) and risk-taking (velocity and exposed zone time). MS rats
displayed reductions in general activity and risk-taking, and increases in orienting
time. In contrast, EH favored risk-taking behavior, which may be consistent with
previous findings implicating early handling as beneficial in coping with stress.
Sex differences in these behaviors were limited. This study suggests a genetic
predisposition in Holtzman rats for predominantly hypoactive/anxiety-like
behaviors when exposed to an early life stressor.
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3.1. INTRODUCTION
Early life stress, particularly childhood stress, may lead to behavioral
dysfunctions later in life (Singh & Maki, 1968; Thoman & Arnold, 1968; McCall,
Lester, & Dolan, 1969; Anisman et al., 1998; Teicher, Andersen, Polcari,
Anderson, Navalta, & Kim, 2003). Several lines of research in rats have
demonstrated that mother-infant separation (MS) within the first two weeks of life
is a stressful event that leads to changes in behavior that are related to the
stressfulness of situations encountered later in life (Sanchez et al., 2001; Daniels
et al., 2004). The common feature, regardless of separation protocol and
species, is that prolonged MS is a stressful manipulation that results in
immediate and long-term changes to both brain and behavior (Kuhn &
Schanberg, 1998; Rosenfeld, Wetmore & Levine, 1992; Plotsky & Meaney, 1993;
Braun et al., 2003).
In assessing the adverse behavioral effects of MS, it is clear that there are
discrepancies in the relevant literature. Different separation protocols and rat
strains have been utilized by various researchers which have led to opposite
behavioral phenotypes. One is characterized by hyperactive/impulsive behaviors
in the open-field and defensive withdrawal tests (Arnold & Siviy, 2002; Braun et
al., 2003; Colorado et al, 2006; Kaneko et al.,1994; von Hoersten et al., 1993).
The other phenotype expresses hypoactive/anxiety-like behaviors in open-field,
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defensive withdrawal, and elevated plus-maze tests (Daniels et al., 2004; Huot et
al. 2001; Janus, 1987; Matthews et al., 2003).
These opposite behavioral phenotypes are similar to those seen in the
Naples High- and Low- Excitability strains of selectively bred rats (Cerbone,
Pellicano, & Sadile, 1993). The High Excitability rats are presumed to model the
hyperactive/impulsive type of attention deficit disorder (ADD+), whereas the Low
Excitability rats model the predominantly hypoactive/inattentive type (ADD-)
(Gonzalez-Lima and Sadile, 2000). Thus, depending on genetic background,
different strains of rats could show diverging ADD-like phenotypes. These
opposite phenotypes are similar to those induced by MS protocols, and may
derive from use of different genetic strains or differences in the MS protocols. We
hypothesized that use of the same MS protocol in strains with subtle genetic
differences could be sufficient to produce two opposite behavioral phenotypes.
To test this hypothesis we treated Holtzman (HO) rats with the same separation
protocol that we previously treated Sprague-Dawley (SD) rats.
Our laboratory has previously characterized the adolescent behavior of
SD rats (Colorado et al., 2006) after maternal separation (MS), early handling
(EH), and standard facility rearing (SFR) protocols in males. The MS
manipulation is a known stressor, whose effects in SD male rats included
hyperactive and impulsive behavior in open-field and defensive withdrawal tests
(Colorado et al., 2006). The present study extends this manipulation to the HO
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rat strain; using both male and female rats to also investigate potential sex
differences. Different strains of albino rats, such as Harlan SD and HO, share a
common origin and likely share a majority of their genes. However, we
hypothesized that our MS protocol may lead to hypoactive behavioral effects in
HO rats because of their greater susceptibility to show depressive-like behavioral
responses to stress in comparison to SD rats in the learned helplessness
paradigm (Wieland, Boren, Consroe, & Martin, 1986). These behavioral
differences may be related to reported strain differences in regulatory systems,
including the reproductive system and the hypothalamic-pituitary-adrenal (HPA)
axis (Matthys et al., 1998).
Therefore, the objective of this study was to investigate whether HO rats
would display a hypoactive behavioral profile later in life in response to the
stressful nature of the MS intervention.

3.2. MATERIALS AND METHODS

3.2.1. Subjects
Subjects were 60 Holtzman albino rat pups born to 6 timed-pregnant
mothers bred in the colony of the Animal Resources Center at the University of
Texas at Austin. Pregnant mothers were singly housed and maintained on a
12h/12h light/dark photoperiod, with lights on at 0600 h and lights off at 1800 h.
Food and water were available ad libitum. The day of birth was marked as
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postnatal day (P) 0. On P2, litters were culled to as close to ten pups as possible,
always consisting of an equal male-to-female ratio. The litters were divided into
three groups using the same procedures described in Chapter 2
All procedures were conducted in accordance with the guidelines of the
National Institutes of Health in an animal facility accredited by the American
Association for the Accreditation of Laboratory Animal Care, and the protocol
was approved by the Institutional Animal Care and Use Committee.

3.2.2. Maternal separation protocol
The MS protocol consisted of daily separation from P2 through P6, no
separation from P7 to P8, and daily separation from P9 through P13, as in our
previous study (Colorado et al., 2006). Maternal separation began at 0730 h and
ended at 1330 h daily, while early handling occurred from 1300 h to 1315 h daily.
Briefly, mother-infant separation (MS) consisted of 6 hour separation time; early
handled (EH), consisted of 15 minutes; and standard facility reared (SFR) were
not handled, except for the culling on P2 and biweekly cage changes by facility
staff. The dams were removed from the home cage, and all pups were removed
and placed as a litter into a bedding-lined holding cage, and dams were returned
to the home cage for the duration of the separation. Pups in holding cages were
then placed in an incubator (30-34o C) to maintain thermoregulation for the
duration of the separation period. Upon return to the home cage, dams were
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again removed from the home cage, pups were returned to the cage, and the
dams were returned to the pups.
Following the final separation period on P13, pups were not handled again
until weaning at P21. At this time, the mothers were removed from the cages. On
P23, daily handling and weighing of the pups began. Pups were handled for 5
minutes daily in order to habituate them to the experimenters. Separation of the
sexes occurred on P28; however, no females had reached the day of vaginal
opening at this time. Thus, anogenital distance was used to identify the sexes for
separation. Males and females received identical treatment from birth through
day 30.

3.2.3. Apparatus
All tests were conducted in an open-field activity chamber (43 x 43 x 30.5
cm) (Med Associates, St. Albans, VT). The four lateral sides of the chamber
were made of clear plastic, with a white fiberglass bottom. Activity was detected
by three sets of aligned arrays of infrared light beam motion detectors (16 x 16,
2.5 cm apart) on each side of the chamber, thus creating a detection grid. Two
pairs of arrays were located 1 cm above the floor, to measure X and Y
coordinates in the open-field; another array located 6 cm above the floor was in
place to measure the Z coordinate of each subject, to detect vertical behavior.
The chambers were controlled by the Activity Monitor program, version 5.10
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(Med Associates), which recorded various parameters related to the time course
of the subject’s behavior (e.g., distance traveled).
The light-dark test, also known as defensive withdrawal test (Takahashi,
Kalin, Vanden Burgt, & Sherman, 1989), used a modified configuration of the
open-field activity chamber. A dark compartment that covered half of the total
area of the chamber was inserted in the chamber, dividing its total area into two
compartments: an illuminated side and a dark side. The chamber included a
small hole that allowed the animals to move between the dark and light
compartments of the chamber. The chambers were washed with a diluted Bioclean solution between each session.

3.2.4. Behavioral testing
All animals were tested for open-field activity during the first day of
behavioral testing (P28), followed by testing in the light-dark apparatus on the
next day (P29). They were tested a second time in the open-field on P30. In the
open-field test (OFT), each animal was initially placed in the same corner of an
open-field activity chamber and ambulatory behavior was recorded for 10
minutes. In the light-dark (LD) test, the animals were placed in one of the corners
of the illuminated compartment and ambulatory behavior was recorded for 10
minutes.
Subjects were tested on two different occasions in the OFT in order to
determine whether repeated exposures to the chamber would produce different
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behavioral results based on the novelty of the experience. The first day of testing
(P28) was designated the novel open-field test, while the third day of testing
(P30) was designated the familiar open-field test, as in our previous behavioral
profiles (Colorado et al., 2006, Shumake, Barrett & Gonzalez-Lima, 2005).

3.2.5. Behavioral measures
The Activity Monitor (Med Associates, version 5.10) program recorded
various behavioral parameters over the three 10-minute sessions, including data
related to ambulatory, rearing, short movements, resting, and vertical behavior
during OFT and LD tests. The parameters measured by the program included the
following behaviors, classified into orienting, risk-taking, and general activity as in
our previous MS behavioral study (Colorado et al., 2006).

3.2.5.1. General activity
General activity was assessed by measuring ambulatory and nonambulatory (short movement) time in the OFT and LD settings. Both novel and
familiar open-field tests were performed because some effects on behavior may
be a result of novelty (Colorado et al., 2006; Shumake et al., 2005; Kaneko et al.,
1994; Matthews, Wilkinson & Robbins, 1996; Brake et al., 2004). Measures of
ambulatory activity were of interest given our laboratory’s previous findings
relating MS to hyperactivity in the open-field (Colorado et al., 2006). Measured
parameters related to general activity were:
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Ambulatory time. Total time (sec) spent in ambulatory movement.
Short movement time. Total time (sec) spent moving without ambulatory
displacement, within an area of 2 x 2 horizontal beams. This included
movements that do not require the rat to ambulate such as licking,
grooming, turning and head movements.

3.2.5.2. Orienting behavior
Orienting was defined as time standing on hind legs (rearing or vertical
time) and thus breaking the upper beams in the apparatus after stopping
ambulation and non-ambulatory short movements. This is of interest because the
duration of rearing is associated with orienting and non-selective attentive
behavior; where longer vs. shorter rearing time indicates more vs. less nonselective attention, respectively (Aspide, Gironi Carnevale, Sergeant, & Sadile,
1998; Gallo, Gonzalez-Lima, & Sadile, 2002; Gonzalez-Lima, 2005). Measured
parameter related to orienting:
Vertical time. Total time (sec) breaking upper beams.

3.2.5.3. Risk-taking or impulsive behavior
The risk-taking indices are meant to assess an ADHD-like impulsive
profile, by characterizing impulsivity in the form of bursts of fast velocity of
ambulation as well as increased exposed-zone time in both OFT and LD tests
(Colorado et al., 2006). Exposed-zone time included the relative time a rat spent
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in the center as opposed to the periphery of the open-field chamber. More time in
the periphery (thigmotaxic time) is related to anxiety-like behavior whereas more
time in the center places the rat at risk (Clement, Martin, Venault, & Chapouthier,
1995). The time spent in the light compartment of the LD chamber provided
another index of risk-taking since rats prefer the covered dark compartment to
the exposed lighted compartment. Characteristics of the impulsive-hyperactive
type of ADHD include hyper-reactivity to spatial novelty, faster locomotion and
impulsivity (Gonzalez-Lima, 2005). Measured parameters related to impulsive
behavior:
Average velocity.

Mean velocity (cm/sec), averaged per minute, of

ambulatory movement.
Exposed-zone time. On P28 and P30, total time (sec) spent in the center
of the open-field, where the center/surround border is defined as
68%:32% of the total area. On P29, total time (sec) spent in the light zone
of the light/dark test. These measures involved leaving a defensive zone
to enter a more exposed zone.

3.2.6. Statistical analysis
Data analysis was performed using the SPSS for Windows program,
version 11.5. An omnibus, four-way repeated measures analysis of variance
(ANOVA) was used to measure both group and sex effects in the various
behavioral parameters. Two within-subject factors were used in this analysis:
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Minutes (10 min per session) and Session (3 sessions: P28, P29, P30). Two
between-subject factors were also used: Group (3 levels: MS, EH, and SFR) and
Sex (2 levels: male and female). Significance was set at p < .05. In the case of
significant interactions, subsequent simple effects tests were corrected with a
Bonferroni procedure. Significant group effects were followed by individual group
comparisons with Scheffe post hoc tests.

3.3. RESULTS
3.3.1. Group effects
Generally, as compared to both the EH or SFR groups, the MS group
showed more orienting behavior in the familiar open-field, less risk-taking in the
light-dark test, and less ambulatory and short movement activity across the three
days of testing (P28, novel open-field; P29, light-dark test; P30, familiar openfield).
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Figure 3.1. Group effects on behavioral measures in the novel open-field test
(OFT), light-dark test, and familiar OFT for maternally separated
(MS), early handled (EH), and standard facility reared (SFR) groups.
A: Ambulatory time (mean plus standard error). B: Short movement
time (mean plus standard error). The MS group showed less
ambulatory (p = 0.035) and short movement activity (p = 0.017),
particularly in the first two sessions. C: The MS group showed less
exposed-zone time (mean plus standard error) on P29 (p = 0.013);
i.e., remained in the safe dark compartment. The EH group showed
the opposite effect during this test. D: The MS group showed greater
rearing time (mean plus standard error), but only significantly (p =
0.001) on the familiar OFT.
67

3.3.1.1. General activity
An omnibus four-way repeated measures ANOVA (Group x Sex x Session
x Minutes) revealed no main effects of sex in any of the behavioral variables
measured.

Therefore, a three-way repeated measures ANOVA (Group x

Session x Minutes) was used to evaluate the group effects in the novel openfield, light-dark, and familiar open-field test, across 3 sessions and 10 minutes for
each behavior measured by the motion-detecting beams in the open-field
chambers.
The three-way repeated measures ANOVA (Group x Session x Minutes)
showed a significant main effect of group for both ambulatory time (F(2,53) =
3.56, p = 0.035) and short movement time (F(2,53) = 4.384, p = 0.017). The
maternal-separation group showed less activity, particularly in the first two
sessions, as shown for ambulatory time (Fig. 1A) and short movement time (Fig.
1B).

3.3.1.2. Risk-taking behavior
Another three-way repeated measures ANOVA (Group x Session x
Minutes) tested thigmotaxic behavior (the preference for a safer zone vs. an
exposed zone). For the novel and familiar open-field tests, exposed-zone time
was measured as time spent in the center of the open-field, away from the walls;
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for the light-dark test, exposed-zone time was measured as time spent in the light
zone (and outside the dark compartment) of the open-field.
The three-way repeated measures ANOVA (Group x Session x Minutes)
showed a significant main effect of group for time spent in the exposed zone
(F(2, 53) = 4.701, p = 0.013). The effect of MS was particularly pronounced on
P29, in which the MS group clearly preferred to remain in the dark compartment
during the light-dark test (Fig. 1C). The EH group showed the opposite effect
during the light-dark test, spending significantly more time in the light
compartment than the other groups.

3.3.1.3. Orienting behavior
Rearing time was used as an index of orienting behavior as in our
previous behavioral study of SD rats (Colorado et al., 2006).

Rearing time

measurements showed a trend for a group effect in the omnibus three-way
repeated measures ANOVA (F(2,53) = 2.769, p = 0.072), and a significant main
effect of group in a two-way repeated measures ANOVA (Group x Minutes)
during the familiar open-field test on day P30 (F(2,53) = 8.428, p = 0.001).
Whereas the effects of MS on general activity and impulsive behavior were more
pronounced in the first two sessions of the open-field, orienting behavior shows
the opposite effect: the MS group showed significantly greater rearing time, but
only in the familiar open-field (Fig. 1D).
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3.3.2. Sex differences
Because the omnibus four-way repeated measures ANOVA (Group x Sex
x Session x Minutes) revealed no main effects of sex in any of the behaviors
measured, a two-way repeated measures ANOVA (Sex x Minutes) was used to
evaluate sex differences within the open-field sessions which showed trends for
a main effect of sex. No significant sex differences were observed for orienting
behavior during any session; however, measures of general activity and risktaking behavior revealed significant sex differences during the novel open-field
test, with males showing both greater activity and risk-taking than females.
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Figure 3.2. Sex differences in Open Field behavior of adolescent Holtzman rats.
A: Short movement time (mean plus standard error) as a function of time
(min) in the novel open-field test. Males showed more short movement
activity than females. Males also showed more impulsivity (B: ambulatory
velocity) and risk-taking (C: exposed zone-time) than females in the novel
open field.
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3.3.2.1. General activity
A two-way repeated measures ANOVA (Sex x Minutes) showed a
significant main effect of sex on short movement time during the novel open-field
session (F(1,54) = 5.080, p = 0.028). Male subjects showed significantly more
short movement behavior during this session, as shown in Fig. 2A.

3.3.2.2. Risk-taking behavior
The two-way repeated measures ANOVA (Sex x Minutes) showed
significant main effects of sex on two parameters related to impulsivity and risktaking: ambulatory velocity (F(1,54) = 6.026, p = 0.017) and exposed-zone time
(F(1,54) = 10.740, p = 0.002). Like the sex difference in short movement time,
males showed more risk-taking behaviors. Both effects were seen only in the
novel open-field session on P28. The sex differences are shown in Fig. 2B:
ambulatory velocity; and 2C: exposed-zone time.

3.3.3. Litter effects
To search for any effects across the 6 litters, each pair of litters for each of
the 3 groups were compared for all 18 behaviors showing group differences. On
average we found 9 out of 18 means to be greater in one litter compared with the
other in the pair. This observed value matches the 50% expected value predicted
by chance.

72

3.4. DISCUSSION
After the MS treatment, adolescent Holtzman rats showed less activity and
risk-taking in the novel and light-dark open-field tests. They were less likely to
venture into the light compartment during the light-dark test. Specifically, during
the familiar open-field, MS subjects showed greater orienting behavior in the form
of rearing time. The stress of MS, in this strain of rats, may evoke a less active
and more fearful behavioral profile, a hypoactive phenotype similar to that seen
in Naples Low-Excitability rats (Cerbone et al., 1993).
Additionally, in the largest effect of the present study, subjects in the EH
group showed more risk-taking, the opposite effect from our MS group in the
light-dark test, supporting data from other studies which suggest that early
handling has the effect of attenuating the physiological response to stress in
adulthood (Meerlo, Horvath, Nagy, Bohus, & Koolhaas, 1999). Early handling
made the rats in this group less fearful, less stressed, and more risk-takers in the
light-dark test, as evidenced by more ambulatory behavior in the light area of this
arena. This finding corroborates other published studies in which a 15-minute
separation period results in attenuated anxiety-like behavior and increased risktaking in an open-field (Cannizzaro, Plescia, Martier, Gagliano, Cannizzaro,
Mantia, & Cannizzaro, 2006, Madruga, Xavier, Achaval, Sanvitto, & Lucion,
2006) as well as reductions in conditioned fear responding (Meerlo et al., 1999).
MS had the exact opposite effect, as seen in the light-dark test on P29, which
differentiated between the three groups more than any other behavior measure in
any other session of this study (P28, P29, P30).
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Compared to the group effects, sex differences were minor, and limited to
the novel open-field session on P28. Males showed increased activity and risktaking behavior during this session, but not during the light-dark or familiar openfield sessions. This is consistent with the diminished sex differences previously
reported in the HO strain of rats (Terner, Lomas, Smith, Barrett ,& Picker, 2003).
Our lab’s previous behavioral profile of the effects of MS on orienting
behavior, risk-taking/impulsivity, and general activity (Colorado et al., 2006)
utilized male rats of the SD strain. The current study, testing both sexes of the
HO strain of rats, found distinctly different results. In terms of general activity,
whereas Colorado et al. (2006) found increased ambulation and short movement
counts as a result of the MS treatment, this study revealed an opposite pattern of
decreased ambulation and short movement counts in the MS group. In terms of
risk-taking and impulsive behavior, Colorado et al. (2006) found significantly
greater exposed-zone time in the MS group in both the novel and familiar openfield, but not in the light-dark test; this study found significantly reduced exposedzone time in the MS group, particularly in the light-dark test. In terms of orienting
behavior, Colorado et al. (2006) found significantly decreased rearing in the MS
group in SD rats, while this study found increased rearing in the MS group in the
HO strain.
Different responses in HO as compared to SD rats have also been found
with other behavioral manipulations and in response to drug treatments. HO rats
showed baseline differences in conditioned bar-pressing for water, responding to
a temporally-based response schedule more frequently but receiving fewer
reinforcements than SD rats (Balcells-Olivero, Cousins, & Seiden, 1998). In the
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same study, administration of antidepressant drugs increased the amount of
reinforcements received by HO rats but had no effect on SD rats. Another study
reported that HO differed from Wistar and SD strains for conditioned avoidance
and that diazepam affected the avoidance behavior of HO rats differently than
SD rats – low levels of diazepam inhibited the avoidance response in HO rats
while enhancing it in SD rats (Kuribara, Ohashi, & Tadokoro, 1976). Similarly,
chemical lesions of the catecholaminergic system resulted in differing ethanol
consumption rates – no change in HO rats, but decreased consumption in SD
rats (Melchior & Meyers, 1976). It appears that the subtle genetic differences
between SD and HO strains extend into both neural organization (such as that of
drug responsivity) and subsequent behavioral responses to stress.
The opposite behavioral profile seen in HO and SD rats subjected to the
same MS protocol may seem paradoxical, until one considers the interactions
between genetic predisposition and early experience, and how they might differ
between two strains of rats. While SD and HO rats are distinct, selectively bred,
and genetically unique strains, it is likely that they share the vast majority of their
genes, because of their common ancestry. Indeed, the HO strain was made of
rats derived from the SD strain and they are often referred to as Holtzman-SD
(Matthys, Castello, Zilz, & Widmaier, 1998).
But the MS paradigm occurs very early in postnatal development, when
environmental influences can have far more profound effects than they can later
in life. In fact, small genetic differences, present at birth, may be evoked or
augmented by early experience, before critical periods during youth and
adolescence. The traumatic event of MS has been documented to cause
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changes in behavior during adolescence, such as increased responsivity to
novelty (Colorado et al., 2006; Marin and Planeta, 2004). These changes,
observed in adolescence (approximately P28-P70 in rats), may be differentially
initiated by the diverging genetic profiles of these strains, then potentiated by the
early nature of the MS treatment.
Based on our findings, the MS paradigm may represent a unique
approach to the study of genetic/environmental, “nature/nurture” interactions, if
subtle genetic predispositions can be enhanced by this early environmental
influence. This methodology could also yield practical benefits, particularly in the
development of selectively-bred animal models of various disorders, which could
be facilitated with this paradigm.
For example, the congenitally helpless strain of rat, previously
characterized by our lab in terms of both brain activity and behavior (Shumake,
Edwards, & Gonzalez-Lima, 2001, 2002; 2003; Shumake, Conejo-Jimenez,
Gonzalez-Pardo, & Gonzalez-Lima 2004; Shumake et al., 2005; Wrubel, Barrett,
Shumake, Johnson, & Gonzalez-Lima, 2006), was selectively bred to show a
depressive-like phenotype, similar to that seen in the MS subjects in this study’s
HO strain of rats. The MS paradigm may benefit the development of animal
models such as this, by providing an early indicator of a baseline difference in
genetic makeup, a way to screen not just individuals but entire strains, for a
predisposition that may be evoked by a traumatic event.

Based on the

behavioral profile of the HO strain seen here, these subjects may represent
better candidates for selective breeding for a depressive-like phenotype than the
Harlan SD rats seen in our previous study (Colorado et al., 2006).
76

The divergent phenotypes induced by our same MS protocol in SD and
HO strains are also remarkably similar to the phenotypes of the Naples High and
Low Excitability strains, which have been proposed as putative animal models of
ADD+ and ADD- subtypes, respectively (Aspide et al., 1998). Sadile and his
group in Naples, Italy, developed these strains from selectively bred SD rats
using mazes such as the Lat maze, hexagonal tunnel maze, and asymmetric
radial maze. Rats that were vulnerable to exhibit high or low exploratory behavior
to spatial novelty tasks were selectively bred together. Thus, the different
reactivity to novelty was the selection trait so that Naples High and Low
Excitability rat strains are hyper-reactive and hypo-reactive to spatial novelty,
respectively, as compared to randomly-bred rats. Naples High Excitability rats
resemble SD rats exposed to our MS protocol, as both show increased
locomotion and risk-taking, but the duration of their rearing behavior is reduced.
Conversely, Naples Low Excitability rats are like HO rats exposed to our MS
protocol, as they similarly show decreased locomotion, but the duration of rearing
lasted longer. These strains show alterations in non-selective attention as
measured by the duration of rearing episodes, which is reduced in the High
Excitability strain, and increased in the Low Excitability strain, as compared to the
random-bred level (Aspide et al., 1998).
The Naples High Excitability phenotype is presumed to model the ADD+
variant (hyperactive/impulsive type) where hyper-reactivity and rapid attention
shifts (reduced orienting time) prevail, whereas the Naples Low Excitability
phenotype models the ADD- variant (predominantly hypoactive/inattentive type)
with hypo-reactivity and sluggish attention (prolonged orienting time) (Gallo,
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Gonzalez-Lima and Sadile, 2002). There is mounting evidence that heredity
plays an important role in the predisposition to behavioral traits that qualify for
ADD diagnoses in patients (Levy, Hay, McStephen, Wood & Waldman, 1997).
Genetic predispositions are expressed in interaction with the environment, and
animal models suggest that MS during early postnatal development may result in
both hyperactive and hypoactive phenotypes depending on genetic background,
which may resemble ADD+ and ADD- phenotypes seen in children (GonzalezLima, 2005).

3.5. CONCLUSION
Maternally separated HO rats displayed reductions in general activity and
risk-taking, and increases in orienting time. In contrast, early handling favored
risk-taking behavior, which may be consistent with previous findings implicating
early handling as beneficial in coping with stress. Sex differences in these
behaviors were limited, supporting existing literature. This study expands the
literature by showing a possible genetic predisposition in HO rats for hypoactive
behavior when exposed to MS as an early life stressor, and is the first to study
long-term effects of mother-infant separation in the HO strain of rats.
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Chapter 4: Adolescent female rats are more resistant than
males to the effects of mother-infant separation on prefrontal
cortex and impulsive behavior

We tested the hypothesis that adolescent Sprague-Dawley females may
be more resistant than males to display impulsive behavior and lower prefrontal
cortex thickness after mother–infant separation (MS). Starting at postnatal day 2
(P2), the MS group was separated 6 hours/day and the early handled (EH) group
15 min/day for 10 days, and another group was standard facility reared (SFR).
Subjects were examined for novel open-field activity (P28), light–dark apparatus
(P29), familiar open-field (P30) and frontal cortical thickness. This protocol
resulted in impulsive behavior in MS rats relative to EH and SFR, but this effect
was less pronounced in females than males. MS affected the two sexes
differently in terms of decreased prefrontal cortex dorsoventral thickness, with
this effect being significant in males but not females.

Neuroanatomical and

behavioral documentation that adolescent females are more resistant than males
to ADHD-like effects of maternal separation have not been previously reported.

4.1. INTRODUCTION
Anatomical alterations have been found in the frontal cortex of children
and adolescents with attention-deficit/hyperactivity disorder (ADHD), especially a
reduced size of dorsal prefrontal cortex bilaterally (Sowell, Thompson, Welcome,
Henkenius, Toga, & Peterson, 2003) that appears to be due to maturation delay
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in cortical thickness (Shaw, Eckstrand, Sharp, Blumenthal, Lerch, Greenstein,
Clasen, Evans, Giedd, & Rapoport, 2007). As children mature to become
adolescents, the effects of early life stressors may contribute to prefrontal cortical
thickness and behavioral disorders such as ADHD, anxiety and depression
(Heim & Nemeroff, 1999; Zappitelli, Pinto, & Grizenko, 2001; Teicher et al.,
2003).
One early life stressor that can be analyzed experimentally in rats is
maternal separation (MS), which involves separating pups from their mothers for
a prolonged period of time. MS is a well-established early stressor, based on the
degree to which rat pups are dependent on their mothers for stimulation and
nutrition (Hofer, 1975; Janus, 1987; Fumagalli, Molteni, Racagni, & Riva, 2007;
Sanchez, Ladd & Plotsky, 2001), and is clearly demonstrated to alter HPA
function later in life (Plotsky & Meaney, 1993).
In the present study, we tested the hypothesis that adolescent SpragueDawley female rats may be more resistant than males to display ADHD-like
effects of MS stress such as impulsive behavior and lower prefrontal cortex
thickness. Renard, Rivarola & Suarez (2007) have proposed that female rats are
more resistant than males to certain adverse effects of MS, which is supported
by previous MS studies (Ruedi-Bettschen, Zhang, Russig, Ferger, Weston,
Pedersen, Feldon, & Pryce, 2006; Spivey et al., 2008a) and other stress-related
manipulations such as restraint stress (Conrad, Jackson, Wieczorek, Baran,
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Harma, Wright, & Korol, 2004) and learned helplessness (Dalla, Edgecomb,
Whetstone, & Shors, 2008).
Of particular interest to the current study is that certain MS protocols and
rat strains have demonstrated sex-biased behavioral differences (RuediBettschen et al., 2006; Renard et al., 2007). For instance, adolescent Holtzman
rats show no baseline sex differences in open field ambulation, but males
demonstrate more impulsive behavior compared to females (Spivey et al.,
2008a). For the present study we used this 6-hour per day MS protocol (Kaneko,
Riley & Ehlers, 1994; Jimenez-Vasquez, et al., 2001) that produces a
hyperactive/impulsive phenotype in adolescent Sprague-Dawley male rats
(Colorado, et al., 2006), similar to that found in animal models of ADHD (King,
Barkley, Delville, & Ferris, 2000; Gonzalez-Lima, 2005).
Only a few studies have studied the behavioral effects of prolonged MS in
adolescent rats (Marin & Planeta, 2004; Ryu, Lee, Yoo, Gu, Moon, & Jahng,
2008; Spivey et al., 2008a). During adolescence, rats are more exploratory and
active, which may be an ideal time to test novelty seeking and ambulatory
behaviors in the open field (Spear, 2000; Shumake, Barrett, & Gonzalez-Lima,
2005). Similarly, school-age in human children is also a time in which ADHD is
identified, and in which sex differences can be observed relative to the behavioral
aspects of ADHD (Carlson, Tamm, & Gaub, 1997).
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Behavioral components of ADHD’s hyperactive/impulsive phenotype
include increased locomotion, deficits in attention, and increased impulsivity and
risk-taking (Gonzalez-Lima, 2005). In rats, the open field (OF) and light-dark (LD)
tests are ways to measure multiple behaviors related to ambulation (such as
frequency and velocity), attention (such as rearing counts and duration), and risktaking (such as increased exposed-zone time), behaviors which are similar to
those found in ADHD. The velocity of movement, defined as bursts of fast
ambulation, serves as an index of impulsivity analogous to what is found in
hyperactive/impulsive models of ADHD (Gonzalez-Lima, 2005; Colorado et al.,
2006). Rearing counts and average rearing duration are used to index orienting
behavior because the duration of rearing is associated with orienting or nonselective attention, where longer rearing indicates more orienting behavior
(Aspide et al., 1998; Gallo, Gonzalez-Lima, & Sadile, 2002). In the OF test, more
time spent in the periphery (also called thigmotaxis) is related to anxiety-like
behavior, while more time in the center places the rat at risk (Clement et al.,
1995). In the LD test, more time spent in the light compartment can serve as
another measure of risk-taking since adolescent rats prefer the covered dark
compartment to the exposed lighted compartment (Colorado et al., 2006).
In adolescent rats, sex differences in the ADHD-like behavioral effects of
MS may be related to reduced prefrontal cortical thickness. Adolescence is a
time of major physiological changes in sex hormones that are accompanied by
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marked maturational changes in the brain, especially changes in cortical synaptic
remodeling, neurogenesis, and neurotransmitter receptors and transporters
(Romeo, 2003; Sisk and Zehr, 2005). Animal models and human studies indicate
that androgenized individuals show frontal cortex hypometabolism and reduced
size and are more likely to display ADHD-like behaviors (King, Tenney, Rossi,
Colamussi, & Burdick, 2003; King et al., 2000; Gonzalez-Lima, 2005; Dickstein,
Bannon, Castellanos, & Milham, 2006; Martel, Gobrogge, Breedlove, & Nigg,
2008). In particular, juvenile Sprague-Dawley male rats display lower frontal
cortex metabolic capacity than females (Spivey et al., 2008b). Sex differences
may contribute to male-biased behavioral alterations related to the prefrontal
cortex, such as ADHD, which is more prevalent in males than females, and
especially in more masculinized males (Martel et al., 2008).
The present study fills a gap in the existing literature, by investigating
whether an MS protocol (Kaneko et al., 1994; Jimenez-Vasquez et al., 2001) that
may lead to ADHD-like behavior affects frontal cortical thickness and impulsive
behavior of adolescent Sprague-Dawley rats in a sex-dependent fashion,
compared to handled controls or facility reared animals. Female Sprague-Dawley
rats have a higher baseline locomotor activity in the open field than males
(Meisel, Dohanich & Ward, 1979; Slob, Bogers & Van Stolk, 1981; von Hoersten,
et al., 1993). We hypothesized that these baseline sex differences in ambulatory
behavior may not persevere as a result of the stressful MS manipulation, but
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rather, that females will be more resistant to MS-induced changes in ambulatory
behavior and frontal cortex thickness, while males will be affected more strongly
by the stressor. We predicted that female adolescent rats may be more resistant
to display the hyperactive/impulsive behavioral effects of MS that we previously
found in Sprague-Dawley male rats (Colorado et al., 2006). This hypothesis is
supported by a frontal cortex sex difference in adolescent rats in which male rats
have lower prefrontal cortex metabolic capacity than females (Spivey et al.,
2008b).
Additionally, MS is known to increase ambulatory activity in adolescent
rats placed in a novel environment (Marin & Planeta, 2004; Caldji, Francis,
Sharma, Plotsky, & Meaney, 2000), but few studies have continued this line of
inquiry in order to determine whether the increases in activity are retained during
repeated exposures to the once-novel environment (Colorado et al., 2006). The
rationale for analyzing the effects of MS on novel, versus familiar, environments
is that in human ADHD there is more hyper-reactivity to novel than to familiar
environments (Aspide et al., 1998). Finding an effect in a novel, but not familiar,
environment would support the MS paradigm as a model for human ADHD.
Therefore, we also tested the hypothesis that MS-related increase in ambulatory
behavior would be greater in novel vs. familiar environments.
Some behavioral data from males reared in the same litters have been
reported (Colorado et al., 2006). Male data previously reported in Colorado et al.
84

(2006) are velocity and rearing. New data from the males for the current study
are ambulatory counts and percent exposed zone time in novel open field, lightdark test, and familiar open field. All the cortical anatomy data are also new.

4.2. MATERIALS AND METHODS
4.2.1. Subjects
Subjects were 60 Sprague-Dawley rats (30 male, 30 female) divided into
three treatment groups: standard facility reared (SFR), early handled (EH) and
prolonged maternal separation (MS), each group containing 10 male and 10
female rats. Forty (20 male, 20 female) newborn pups for EH and MS groups
came from five pregnant females acquired from a commercial supplier (Harlan,
Houston, TX). Additionally, twenty (10 male, 10 female) standard facility reared
(SFR) age-matched rats were obtained from different litters from the same
commercial supplier. The pregnant females were singly housed and maintained
on a 12-hour light/dark cycle in a temperature-controlled room at 22oC and 40%
humidity. Food and water were available ad libitum. When the dams gave birth
(postnatal day 0), the newborns were culled so that each litter contained 5 males
and 5 females. This study was conducted in accordance with the guidelines of
the National Institutes of Health and the American Association for the
Accreditation of Laboratory Animal Care and was approved by the Institutional
Animal Care and Use Committee.
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4.2.2. Treatments
The MS protocol used was based on previous studies from our lab and
others that resulted in hyperactive/impulsive behavioral outcomes as compared
to EH and SFR groups (Colorado et al., 2006; Jimenez-Vasquez et al., 2001).
Early handled group was included in order to rule out the effects of handling the
rat pups; i.e., the pups from both groups were handled in an identical fashion, but
any differences arising in the MS group would be attributed to the duration of
separation from the dam, and not due to handling by the experimenters.
Beginning on Postnatal Day (P) 2, EH pups were handled and separated
from the dams for 15 minutes; whereas MS pups were handled and separated
from the dams for 6 hours. Maternal separation and early handling occurred daily
from P2 through P6; the animals were left undisturbed from P7-P8, and
separation occurred again daily from P9-P13. During the separation period, the
pups were kept in an incubator at 30-34o C in order to maintain appropriate body
temperature. SFR pups were not separated or handled postnatally at the Harlan
facility except for standard once-weekly cage maintenance, and the cage
environment at the supplier was similar to ours (Colorado et al., 2006).
Following P13, the subjects remained undisturbed until the day of weaning
at P21, when they were separated from the mother and housed with the
littermates. Food and water continued to be freely available and the 12-hour
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light/dark cycle was maintained. From P21 to P28, the subjects were handled
daily for 5 minutes in order to habituate them to the experimenters.

4.2.3. Behavioral measures in open field and light-dark tests
All animals were tested for open field (OF) activity during the first day of
behavioral testing (P28), followed by the light-dark (LD) test (P29). To evaluate
the effects of novelty in the OF, subjects were tested a second time in the OF on
P30, to measure any differences in activity between the novel (P28) and familiar
(P30) OF tests. In the OF test, each animal was placed in the middle of an openfield activity chamber and ambulatory behavior was recorded for 10 minutes. In
the LD test, the animals were initially placed in one of the corners of the
illuminated compartment and ambulatory behavior was recorded for 10 minutes.
These tests were conducted in an OF activity chamber (43 x 43 x 30.5 cm)
(Med Associates, St. Albans, VT). The four lateral sides of the chamber were
made of clear plastic, with a fiberglass white bottom. Activity was detected by
arrays of infrared light beam motion detectors (16 x 16, 2.54 cm apart) aligned at
the base and middle of each side of the chamber, thus creating a detection grid.
One array of detectors was located 1 cm above the floor to detect ambulatory
(horizontal) movement. Another array located 6 cm above the floor, was in place
to detect rearing (vertical) movement. The chambers were controlled by the
Activity Monitor program, version 5.10 (Med Associates), which recorded various
parameters related to the time course of the subject’s behavior. The LD test box
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was a modified setup of the OF activity chamber. A dark compartment that
covered half of the total area of the chamber was inserted in the chamber,
dividing its total area into two compartments: an illuminated side and a dark side.
The center wall included a hole that allowed the animals to move between the
dark and light compartments of the chamber. The chambers were washed and
dried between each session.
The Activity Monitor program automatically recorded OF and LD
parameters, including measures of locomotion (ambulatory counts), orienting
behavior (rearing frequency and duration), movement velocity, and exposedzone time (entering the center of the OF or the light compartment of the LD box).
The parameters measured in the novel and familiar OF and LD tests were
defined as follows:
1) Ambulatory counts. The number of horizontal beam breaks (counts)
recorded while a subject is engaged in ambulatory (locomotion)
movement.
2) Velocity. The mean ambulatory distance (cm) divided by time
(seconds).
3) Rearing counts. Number of periods of continuous vertical beam breaks
(counts) reported by the upper array of beams, when an animal rears on
its hind legs. Rearing consist of stopping ambulation and standing on the
hind limbs.
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4) Average rearing duration. Total vertical time divided by total vertical
counts.
5) Exposed-zone time. In the OF, this measure consisted of percent time
in the center area of the OF, where the center/surround border is defined
as 68%:32% of the total area. For the LD test, this measure was defined
as percent time spent in the exposed light compartment rather than the
covered dark zone. While these two measures are different for the OF and
LD tests, they both involve leaving a defensive zone to enter a more
exposed zone, and therefore they were both analyzed as risk-taking
indices.

Each behavioral measure was analyzed separately using a 3 (session) x 2
(sex) x 3 (separation group) repeated-measures analysis of variance (ANOVA)
using SPSS for Windows, version 11.5. Data from each 10-minute session were
summed for the purposes of the analysis, except in the case of the velocity and
exposed-zone measures, which were averaged across the 10-minute session.
Planned comparisons to assess the effects of novelty and familiarity in the open
field test were performed by separate 2 (session) x 2 (sex) x 3 (separation group)
repeated-measures ANOVAs. Post-hoc simple effects were analyzed and
Bonferroni-corrected in order to reduce error from multiple comparisons.
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4.2.4. Frontal cortex thickness analysis
MS and EH brains were extracted after testing and processed as
previously described (Spivey et al., 2008b/ Chapter 5). Frontal cortex thickness
was measured at Bregma level 3.7 using an image-processing system and
histochemical rat brain atlas (Gonzalez-Lima and Cada, 1998). The vertical
(dorsoventral) distance was measured parallel to the midsagittal line, using the
rhinal fissure endpoint to center the placement of the line. The horizontal
(mediolateral) distance was measured perpendicular to the midsagittal line,
crossing midway through the dorsoventral line. Nonparametric distribution data
were analyzed with independent Mann-Whitney U-tests.

4.3. RESULTS
4.3.1. Sex-dependent behavioral effects of separation
MS effects were more manifest in males than females, especially the
increase in velocity of movement and the decrease in rearing (Fig. 1B and C,
respectively). For example, MS differentially affected males and females in terms
of ambulation velocity, as reflected by a significant Group x Sex interaction (F
(2,57) = 5.488; p = 0.007). Simple effects tests showed that movement velocity
was increased in MS males as compared to EH males (p < 0.001) and SFR
males (p = 0.009), but was unaltered in MS females. MS resulted in similar
numbers of ambulatory counts for males and females (Fig. 1A). Since females
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showed greater ambulation than males in both SFR and EH groups, MS elevated
ambulation relatively more in males (increase of 188% compared to combined
SFR and EH males) than it did in females (increase of only 34% compared to
combined SFR and EH females). However, the Group x Sex interaction did not
reach significance (F (2,58) = 3.068; p = 0.054). No other behavior showed a
significant Group x Sex interaction.

4.3.2. Main effects of separation group and sex on behavior
Generally, statistically significant main effects of separation group were
found, in which the MS group had more ambulatory counts (F (2,58) = 11.477; p
< 0.001), higher average velocity (F (2,57) = 6.059; p = 0.004), higher exposed
zone time (F (2,57) = 3.340; p = 0.042), and fewer rearing counts (F (2,58) =
5.635; p = 0.006) than both EH and SFR animals. Moreover, main effects of sex
revealed that females had significantly greater ambulatory counts (F (1,58) =
11.706; p = 0.001), average velocity (F (1,57) = 5.171; p = 0.027), and rearing
counts (F (1,58) = 15.007; p < 0.001) than males (Fig. 1), but no significant main
effects of sex were found in average rearing duration or exposed-zone time.
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Figure 4.1. Activity measures in adolescent rats averaged across three daily test
sessions.
Females show greater overall (A) ambulation, (B) velocity, and (C) rearing
than males. Maternally separated (MS) rats show greater overall
ambulation and velocity and less rearing than early handled (EH) and
standard facility reared (SFR) rats. MS effects were generally more
manifest in males than females, especially the increase in velocity of
movement (B) and the decrease in rearing (C). a = female score
significantly greater than male; b = MS group significantly different than
EH and SFR groups.
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4.3.3. Group effects evoked by novel environment
Generally, when comparing the novel to the familiar OF tests, significant
Session x Separation Group interactions were found for average velocity (F
(2,58) = 4.247; p = 0.019), rearing counts (F(2,58) = 23.579; p < 0.001), average
rearing duration (F(2,58) =3.849; p = 0.027), and exposed zone time (F(2,57) =
4.570; p = 0.014). No significant repeated-measures interactions were found for
ambulatory counts.
MS animals reacted with faster ambulatory average velocities than both
EH (p = 0.001) and SFR (p = 0.003) animals in the novel OF; However, there
were no significant group differences in average velocity during the familiar OF
(Fig. 2A). A similar novelty effect was seen for the exposed-zone time, with MS
animals having much longer exposed zone times than EH animals (p = 0.004) in
the novel but not the familiar OF (Fig. 2B).
In addition, MS animals showed the highest rearing counts relative to
SFR group during the novel OF (p = 0.002), and the lowest relative to both EH
and SFR during the familiar OF (p < 0.001 for both comparisons) (Fig. 2C).
Average rearing duration was also affected by novelty, though in the opposite
direction: the novel OF test showed no significant group differences, but in the
familiar OF test, the MS animals had the shortest average rearing durations
relative to both SFR and EH animals (p < 0.001 for both comparisons) (Fig. 2D).
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Figure 4.2. Effects of maternal separation as a function of novel vs. familiar
environment.
Data from both males and females were averaged and compared for the
three groups, to identify group effects regardless of sex. (A) Maternally
separated (MS) rats show high movement velocity in both a novel and
familiar open field, whereas early handled (EH) and standard facility
reared (SFR) rats show reduced velocity in the novel open field. (B) MS
rats spend more time than EH and SFR rats exploring the exposed center
zone of the novel open field. SFR rats match this level of risk taking in the
familiar open field while EH rats continue to show less risk taking. (C) MS
rats decrease rearing while EH and SFR rats increase rearing after
repeated exposure to an open field. (D) SFR rats increase the duration of
their rearing episodes while MS and EH rats decrease the duration of
their rearing episodes after repeated exposure to an open field. MS rats
show briefer rearing episodes than EH and SFR rats across both test
sessions. * = MS group significantly different than EH and SFR groups.
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4.3.4. Sex differences evoked by familiar environment
In assessing sex-dependent effects of novel vs. familiar OF tests, the
general trend was that females’ behaviors changed during the familiar OF where
the males’ behaviors did not. The measures that revealed significant Session x
Sex interactions were rearing counts (F(1,58) = 7.494; p = 0.008), and exposed
zone time (F(1,58) = 4.074; p = 0.048). For rearing counts (Fig. 3A), males and
females behaved with similar rearing counts during the novel OF, but the
females’ rearing counts increased significantly during the familiar OF while the
males’ counts remained the same (p < 0.001). For exposed zone time (Fig. 3B),
like the rearing counts, there were no sex differences in the novel OF, but in the
familiar OF, females significantly increased their exposed zone time, while the
males’ exposed zone time remained the same (p = 0.025).
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Figure 4.3. Sex differences evoked by familiar environment.
Data from all groups were averaged to identify sex effects regardless of
group. Females show significantly greater (A) rearing and (B) time in the
center (exposed zone) of a familiar, but not novel, open field. * = female
score significantly greater than male.
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4.3.5. Frontal cortex thickness reduction in MS males
Dorsoventral cortical thickness (Fig. 4) was significantly reduced in MS as
compared to EH males (U = 19.5; p = 0.035). No other significant effects were
observed (Table 4.1). The cortex of SFR animals was not analyzed because they
did not show any significant behavioral main effects or interactions as compared
to EH animals.

Figure 4.4. A coronal hemisphere of a representative section of the rat prefrontal
cortex.
Measurements were taken at Bregma +3.7(figure adapted from GonzalezLima & Cada, 1998). Cortical thickness was measured along the two
white lines. DV = Dorsoventral; ML = Mediolateral, RF = rhinal fissure.
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Table 4.1. Means + SEM for dorsoventral and mediolateral cortical thickness in
adolescent rats.

4.3.6. Litter effects
To rule out the possibility that an aberrant litter could artificially drive a
group difference, the individual means from each litter are also presented in
Table 4.2. The means from each litter show that litters within groups were very
similar in behavior.
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Table 4.2. Behavioral measures with group differences (mean + SEM) for
individual MS and EH litters, and SFR group.

4.4. DISCUSSION
Since adolescence is a time of major sexually dimorphic changes in the
rat, we sought to determine sex-specific MS behavioral effects. Movement
velocity was affected by MS in a sex-dependent fashion, increasing in MS males
as compared to males of the comparison groups, but females were resistant to
these increases in activity. A similar trend in which MS affected males but not
females was evident in ambulatory counts. Dorsoventral cortical thickness was
reduced in MS males, as compared to EH males, but was not different between
groups in females. Overall, adolescent females were more resistant to display
the hyperactive/impulsive behavioral effects of MS found in male counterparts.
Reports of sex differences in the MS literature have described other
separation-group dependent sex differences. One behavioral difference that
99

stands out is that males exhibit increased anxiety-like behaviors compared to
females (Barna, Balint, Baranyi, Bakos, Makara, & Haller, 2003; Wigger &
Neumann, 1999; Kaneko et al., 1994). Behaviors related to locomotion and
exploration such as OF activity, thigmotaxis and rearing all show sex differences;
females show less thigmotaxis and rearing, while showing more ambulatory
behavior in the OF (Kaneko et al., 1994). With regard to reward-seeking
behaviors, MS females failed to acquire conditioned locomotor activity
(Matthews, Wilkinson, & Robbins, 1996). In another study, MS females selfadministered cocaine at higher levels than their male counterparts, suggesting a
sex-dependent alteration in the dopaminergic system following MS (Matthews,
Robbins, Everitt, & Caine, 1999).
Regardless of separation group, sex affected nearly every behavior
measured in adolescent Sprague-Dawley rats. Females had more ambulatory
behavior, higher velocity during those ambulatory episodes, and more rearing
counts than males. Particularly, SFR and EH females demonstrated greater
activity than males in each measure. However, mean duration of each rearing
episode was not different between the sexes. Females also appeared to show
some behavioral effects of familiarity with the OF setting, in which rearing counts
and exposed zone time were increased in the familiar OF, but no such changes
occurred in the males’ behavior.
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While other rat strains, such as Holtzman, have been reported to show
reduced or even reversed direction of sex differences in certain OF behaviors
(Spivey et al., 2008a / Chapter 3), the overall review of the literature provides a
picture in which females are described to be more active and ambulatory than
males (Blizard, Lippman & Chen, 1975; Slob, Bogers, & van Stolk, 1981; Slob,
Huizer & van der Werff ten Bosch, 1986). It is therefore not surprising that in the
current study, SFR and EH females had higher scores in measures of activity
(both horizontal and vertical) than males.
Separation group behavioral effects were also strong, with MS increasing
ambulatory counts, velocity, exposed zone time, and reducing rearing counts
compared to the comparison groups. The effect of being in a novel environment
appeared to affect MS animals to a greater degree than the other two groups.
Particularly, many of the measures of MS animals’ ambulatory behavior were
significantly higher than the other two groups in the novel OF, but this behavior
remained high even when returned to the OF for a second, familiar, visit.
However, regarding orienting behavior, the familiar OF is where MS animals
were particularly lower compared to the other groups.
Our findings in Sprague-Dawley rats support existing literature which
describes MS effects resulting in hyperactive/impulsive behavior. Various
experimenters have reported increased ambulation in MS animals during a novel
OF test (Hofer, 1975; Matthews, Wilkinson & Robbins, 1996; Brake, Zhang,
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Diorio, Meaney, & Gratton, 2004). Some MS protocols induce risk-taking
behavior, such as increased venturing into exposed zones of an OF (Arnold &
Siviy, 2002; Braun, Kremz, Wetzel, Wagner, & Poeggel, 2003; Colorado et al.,
2006; Kaneko et al., 1994; von Hoersten et al., 1993); however, others lead to
anxious behavior, such as increased time in a dark compartment of an OF or the
enclosed arms of an elevated plus maze (Spivey et al., 2008a; Janus, 1987;
Matthews & Robbins, 2003; Daniels, Pietersen, Carstens, & Stein, 2004; Huot,
Plotsky, Lenox, & McNamara, 2002). Potentially, some of the variation in
phenotype resulting from MS may come from protocol differences (e.g.,
separation periods ranging from 3 to 6 hours). The common finding appears to
be that MS can cause significant behavioral changes to the organism later in life.
Our measures of an ADHD-like behavioral profile in MS subjects rely on
voluntary behaviors in OF and LD tests rather than learning tasks, while some
measures of impulsivity are dependent on learning to delay gratification
(Cardinal, Pennicott, Sugathapala, Robbins, & Everitt, 2001). Our measures have
the advantage of avoiding a possible confounding influence because learning
deficits induced by MS (Matthews et al., 1996) could be interpreted as impulsivity
(Colorado et al., 2006). The 6-hour/day MS protocol for 10 days (Kaneko et al.,
1994; Jimenez-Vasquez et al., 2001) produced impulsive behavior in adolescent
male Sprague-Dawley rats (Colorado et al., 2006) that was similar to that found
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in animal models of ADHD (King et al., 2000; Gonzalez-Lima & Sadile, 2000;
Gonzalez-Lima, 2005).
The effect of being in a novel environment appeared to affect MS animals
to a greater degree than the other two groups, which supports existing literature
(Kaneko et al., 1994; Matthews et al., 1996; Brake et al., 2004). Particularly,
many of the measures of MS animals’ ambulatory behavior were significantly
higher than the other two groups in the novel OF, but this behavior remained high
even when returned to the OF for a second, familiar, visit. However, regarding
orienting behavior, the familiar OF is where MS animals were particularly lower
compared to the other groups. This is consistent with the interpretation that
orienting behavior as indexed by rearing is lower in a familiar environment in
animal models of ADHD (Gonzalez-Lima, 2005). Together the results of OF and
LD test measures suggest an ADHD-like behavioral profile in MS subjects
because the hyperactive/impulsive type of ADHD in humans and rat models is
similarly characterized by hyper-reactivity to spatial novelty, increased frequency
and faster velocity of locomotion, decreased frequency and shorter duration of
orienting behavior, and more risk-taking behaviors (Gonzalez-Lima, 2005;
Dickstein et al., 2006).
Our findings of sex differences in ADHD-like behaviors together with a
reduction of frontal cortex thickness in MS males are consistent with the literature
describing sex differences in prefrontal cortex anatomy and physiology as well as
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its involvement in impulsivity. Animal studies indicate that androgen exposure in
males facilitates their development of a hyperactive/impulsive phenotype that is
consistent with decreased frontal cortex catecholamines and higher expression
of ADHD-like behaviors (King et al., 2000; Li & Huang, 2006). A recent study by
Spivey et al. (2008b) reported sex differences in cortical metabolic capacity in the
Sprague-Dawley rats at 6 weeks of age. This neural finding in juvenile rats is
relevant to the current MS findings because sex differences were found in
cortical cytochrome oxidase, a rate limiting enzyme in cellular respiration.
Cytochrome oxidase activity is an index of brain metabolic capacity that is
correlated with behavioral predispositions (Sakata, Crews, & Gonzalez-Lima,
2005), and in particular with sex-related effects in various species including rats
(Sakata, Coomber, Gonzalez-Lima, & Crews, 2000; Sakata, Gonzalez-Lima,
Gupta, & Crews, 2002; Sakata, Gupta, Gonzalez-Lima, & Crews, 2002).
Importantly, compared to females, males displayed reduced amounts of
cytochrome oxidase in prefrontal cortical regions of the brain, regions implicated
in the maturation of behavioral inhibition in infant rats (Nair, Berndt, Barrett, &
Gonzalez-Lima, 2001), extinction of fear in rodents (Barrett, Shumake, Jones, &
Gonzalez-Lima, 2003) and ADHD in humans (Dickstein et al., 2006).
The human literature indicates the dorsal prefrontal cortex of children and
adolescents with ADHD is reduced bilaterally (Sowell et al., 2003), which is
consistent with our dorsoventral cortical thickness findings. This anatomical
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alteration appears to be due to maturation delay in cortical thickness from
children to adolescent patterns in individuals diagnosed with ADHD (Shaw et al.,
2007). Animal models have also shown that prefrontal cortex hypometabolism is
an important factor in ADHD-like behavior (Gonzalez-Lima, 2005). Since
adolescent Sprague-Dawley female rats have higher frontal cortex metabolic
capacity than males (Spivey et al., 2008b), females could be more resistant to
display the MS-induced impulsive behavior and reduced cortical thickness that
we found in male rats. This hypothesis was supported by our findings because
MS affected adolescent male rats more than females in impulsivity (ambulatory
velocity), orienting (rearing counts) and prefrontal cortex (dorsoventral thickness)
measures. Baseline differences in prefrontal cortex metabolic capacity showing
that males are hypometabolic relative to females may predispose males to the
adverse effects of an early stressor such as mother-infant separation. Therefore,
MS may have reduced cortical thickness preferentially in cortically hypometabolic
males as compared to females. However, these differences in cortical thickness
cannot account for the main effect of sex on behavior, but may be responsible for
sex-dependent effects of MS on behavior. Nevertheless there are many other
potential sex differences between adolescent rats that could account for the
findings that female rats are more resistant than males to some adverse effects
of MS. Further research is needed to understand whether cortical thickness is
causally related to MS-induced impulsive behavior.
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4.5. CONCLUSION
Overall, the findings are consistent with previous research demonstrating
that this MS protocol results in hyperactive/impulsive behavior. However, this is
the first study to our knowledge that finds sex-dependent effects of MS in
adolescent Sprague-Dawley rats; particularly, that adolescent females are more
resistant to the effects of MS on impulsive behavior and prefrontal cortex
thickness. MS affected the two sexes differently, especially in terms of increased
impulsivity as indexed by faster velocity of movement, and decreased prefrontal
cortex maturation as indexed by reduced cortical thickness, with these effects
reaching significant levels in males but not females. Findings of impulsivity and
prefrontal cortex alterations from MS studies in rats may translate into an animal
model for some aspects of ADHD in humans. Future directions for this line of
research

may

involve

observing

the

longitudinal

effects

of

MS

on

hyperactive/impulsive behavior across the lifespan of rats, and further
investigation of brain areas related to these behavioral effects.
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Chapter 5: Juvenile male rats display lower cortical metabolic
capacity than females

The juvenile brain undergoes marked maturational changes accompanied
by major sex hormone changes. In particular, sex differences in neural
substrates could underlie male-specific dysfunction in behavioral responses
related to the prefrontal cortex. Sex differences in regional metabolic capacity of
the cerebral cortex were investigated in juvenile Sprague-Dawley rats. At 6
weeks of age the brains were processed for quantitative histochemistry of
cytochrome oxidase, a rate limiting enzyme in cellular respiration, which is an
index of brain metabolic capacity. Quantitative image analysis revealed a main
effect of sex with males displaying lower regional metabolic capacity than
females in the dorsolateral and orbital prefrontal cortex and in the posterior
parietal cortex. In addition, males separated for 6 hours/day from their mothers
as pups showed greater ambulatory behavior in the novel open field and higher
metabolism in the posterior parietal cortex relative to males separated for 15
min/day. This is the first study to show sex differences in brain metabolic capacity
in regions such as the prefrontal cortex that may be hypometabolic in juvenile
males relative to females.

5.1. INTRODUCTION
Investigating the juvenile brain is important because during adolescence
the brain undergoes marked maturational changes in cortical synaptic
remodeling,

neurogenesis,

neurotransmitter
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receptors

and

transporters,

accompanied by major sex hormone changes and corresponding physiological
and behavioral differences (Romeo, 2003; Sisk & Zehr, 2005). Of interest for this
study is that sex differences may also be evident in brain regional metabolic
capacity, which may provide insight into sex differences in behavioral responses
(Coomber, Crews & Gonzalez-Lima, 1998; Crews, Coomber, & Gonzalez-Lima,
1997; Sakata, Coomber, Gonzalez-Lima, & Crews, 2000; Sakata, Crews, &
Gonzalez-Lima, 2005; Sakata, Gonzalez-Lima, Gupta, & Crews, 2002; Sakata,
Gupta, Gonzalez-Lima, & Crews, 2002). For example, sex differences in neural
substrates could underlie male-specific dysfunction in behaviors related to the
prefrontal cortex. In humans, prevalence of ADHD is higher in boys than girls
(Willens, Biederman, & Spencer, 2002). A number of studies support the
hypothesis that early androgen exposure in males facilitates their development of
hyperactivity, impulsivity and inattention in a manner consistent with their higher
expression of ADHD-like behaviors (King, Barkley, Delville, & Ferris, 2000; Li &
Huang, 2006). Specifically, the human literature and animal models indicate that
young males with ADHD show frontal cortex hypoactivity and reduced volume of
the cerebellum (Dickstein, Bannon, Castellanos, & Milham, 2006; Seidman,
Valera, & Makris, 2005).
Additionally, we sought to assess changes in the brain resulting from
prolonged vs. brief mother-infant separation to gain insight into any potential sex
differences in brain metabolic capacity. The enzyme cytochrome oxidase is an
appropriate histochemical marker for brain metabolic capacity (Gonzalez-Lima &
Cada, 1998). Cytochrome oxidase, the rate-limiting enzyme in the mitochondrial
electron transport chain, limits the production of ATP. The amounts of
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cytochrome oxidase reflect the metabolic demand of brain cells and are therefore
indicative of general metabolic capacity in any given region of the brain (WongRiley et al., 1998). We hypothesized that maturational changes in dendrites, the
most energy-demanding compartment of neurons, may be mirrored by regional
metabolic alterations. Therefore, the metabolic capacity in brain regions
implicated in sex differences in juvenile behaviors such as ADHD (Gallo,
Gonzalez-Lima, & Sadile, 2002; Gonzalez-Lima & Sadile, 2000; Gonzalez-Lima,
2005) was measured using quantitative cytochrome oxidase histochemistry. We
tested the hypothesis that juvenile male rats would show lower prefrontal cortical
metabolic capacity as compared to females given the male-biased dysfunction in
behavioral inhibition related to prefrontal cortex hypoactivity.
5.2. MATERIALS AND METHODS
5.2.1. Subjects
Subjects were the same as those reported on in Chapter 4. The study was
conducted in accordance with the guidelines of the U.S. Department of
Agriculture and National Institutes of Health in animal facilities approved by the
Association for Assessment and Accreditation of Laboratory Animal Care
International and all procedures were approved by the Institutional Animal Care
and Use Committee. Subjects were forty (20 male, 20 female) newborn SpragueDawley rats from four pregnant females acquired from a commercial supplier
(Harlan, Houston, TX). Four pregnant females were singly housed and
maintained on a 12-hour light/dark cycle in a temperature controlled room at 22
centigrade and 40% humidity. Food and water were available ad libitum. When
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the dams gave birth (postnatal day 0), the newborns were culled so that each
litter contained 5 males and 5 females.
5.2.2. Maternal separation protocol.
The maternal separation protocol was identical to that described in
Chapter 4. Brieffly, on Postnatal Day (P) 2, the litters were randomly divided into
two groups, each group containing 10 male and 10 female pups. The early
handling (EH) group was separated from the dams for 15 minutes, which is
similar to the procedure used for handling of litters for cage cleaning in our
animal facility; while the other group (MS) was separated from the dams for 6
hours. During the separation period, the pups were kept in an incubator at 33
centigrade in order to maintain appropriate body temperature. Maternal
separation occurred daily from P2 through P6; the animals were left undisturbed
from P7-P8, and separation occurred again daily from P9-P13. Following P13,
the subjects remained undisturbed until the day of weaning at P21, when they
were separated from the mother and housed with littermates. Food and water
continued to be freely available and the 12-hour light/dark cycle was maintained.
A recent paper from our laboratory reported that this separation protocol of 6
hours per day for 10 days during Postnatal Days 2-13 resulted in behavioral
hyperactivity/impulsivity in adolescent male Sprague-Dawley rats (Colorado, et
al., 2006; Chapter 4), a phenotype which is consistent with other similar studies
(Arnold & Siviy, 2002; Braun et al., 2003; Kaneko, Riley, & Ehlers, 1994; von
Hoersten et al., 1993). We used the same separation procedures in this study to
verify that maternal separation increases ambulatory behavior in the novel open
field test (Colorado et al., 2006).
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5.2.3. Tissue preparation
At 6 weeks of age, the subjects were decapitated; the brains were
removed and quickly frozen in isopentane. The brains were sectioned at 40
microns in a -20oC cryostat. The sections were kept frozen on slides until
processing with quantitative cytochrome oxidase (CO) histochemistry. Every third
section was used for staining. Staining and quantification of neural tissue for
cytochrome oxidase activity was used to determine the metabolic capacity of
brain regions based on densitometric histochemical analysis of the sections and
of brain paste standards of known cytochrome oxidase activity measured
spectrophotometrically (Gonzalez-Lima & Cada, 1998).
Slides were first treated in 10% sucrose phosphate buffer (0.1 M, pH 7.6)
containing 0.5% glutaraldehyde (Grade II) for 5 minutes. Three changes at 5
minutes each of 10% sucrose phosphate buffer were followed by 10 minutes in
Tris buffer (0.05 M, pH 7.6) containing 275 mg/l cobalt chloride, 10% sucrose,
and 0.5% dimethylsulfoxide. The slides were then rinsed for 5 minutes in
phosphate buffer and incubated at 37 °C for 60 min in 700 ml of an oxygensaturated

reaction

solution

containing

350

mg

of

diaminobenzidine

tetrahydrochloride (DAB), 52.5 mg of cytochrome c, 35 g of sucrose, 14 mg of
catalase, and 1.75 ml of dimethylsulfoxide in phosphate buffer. To stop the
reaction and fix the tissue, a 30 min immersion in 10% sucrose phosphate buffer
with 4% formalin (v/v) was used before dehydrating with ethanol, clearing with
xylene, and coverslipping with Permount.
Anatomically-matched sections from male and female subjects were
stained in the same batch to remove the possibility of inter-batch variability
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during the comparison between subject groups. In addition, sets of homogenized
tissue standards (10, 20, 40, 60, 80 micrometer-thick sections) were included
with each batch of slides (Gonzalez-Lima & Cada, 1998). These standards were
used to convert tissue optical density measures to cytochrome oxidase activity
units

via

a

regression

equation

based

on

their

optical

density

and

spectrophotometrically determined enzymatic activity.
Using an image-processing system (JAVA, Jandel Scientific, Corte
Madera, CA), optical density was sampled from regions of interest. The size of
the square-shaped sampling window was adjusted for each region so that it was
as large as possible while still allowing for four, non-overlapping readings to be
taken bilaterally. For each cortical region, optical density was sampled in both
superficial (I-III) and deep (IV-VI) layers across three adjacent sections and
averaged. These optical density values were then converted to cytochrome
oxidase activity units (micromole/min/gram tissue wet weight), which were
determined by spectrophotometry of cytochrome oxidase standards as described
before (Gonzalez-Lima & Cada, 1998).
5.2.4. Statistical analysis
Data from this experiment were analyzed using SPSS software (version
11.5, SPSS, Chicago, IL). Differences were considered significant at the twotailed p < .05 level for all tests. A 2 (sex) x 2 (separation group) univariate
ANOVA was used to assess group and sex differences in behavior and the
regions of interest, with cortical layers (superficial and deep) assessed
separately. Additional Bonferroni-corrected simple effects tests were utilized post
hoc.
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5.2.5. Regions of Interest
The human literature suggests that there are alterations in dorsolateral
and orbital prefrontal cortex and cerebellum in humans with ADHD. Regional
measurements from functional MRI studies have also been used to identify sex
differences both in patients with psychiatric disorders (Dickstein et al., 2006; Gur,
Kohler, Turetsky, Siegel, Kanes, Bilker, Brennan, & Gur, 2004; Hastings, Parsey,
Oquendo, Arango, & Mann, 2004; Lavretsky, Kurbanyam, Ballmaier, Mintz, Toga,
& Kumar, 2004) and in normal patients with respect to cognitive tasks (Bolla,
Eldreth, Matochik, & Cadet, 2004). Dysfunction of these regions associated with
ADHD merits a comparison within this study. Therefore, the implicated regions
as well as adjacent cortical and cerebellar regions were analyzed: dorsal frontal,
lateral frontal, agranular insular, lateral orbital, medial orbital, medial frontal,
perirhinal cortex, posterior parietal cortex, entorhinal cortex, cerebellar cortex,
vermis, and flocculus. Figure 5.1 lists these twelve regions of interest and their
corresponding Bregma levels according to the stereotaxic atlas of the rat brain by
Paxinos & Watson and our cytochrome oxidase atlas of the rat brain (GonzalezLima & Cada, 1998; Paxinos & Watson, 1997).
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Figure 5.1. Photographs of CO stained sections (left) and coronal brain diagrams
(right) illustrating the locations of each region of interest.
Bregma levels are listed according to the Paxinos and Watson
(1997) and Gonzalez-Lima and Cada (1998) atlases. Abbreviations
are listed in Table 5.1.
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5.3. RESULTS
The CO activity of each of the regions of interest is listed in Table 5.1,
grouped for males and females because effects of sex dominated the CO
differences. Generally, males were found to have lower CO activity relative to
females in dorsolateral and orbital frontal cortical regions, posterior parietal
cortex, lateral cerebellum and vermis.
Table 5.1. Sex differences in brain cytochrome oxidase activity (mean +/- SEM)
among juvenile rats.
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5.3.1. Effects of Sex.
In the cerebral cortex, males had consistently lower CO activity relative to
females regardless of separation condition. This was found in the following
regions: dorsal frontal cortex – deep (F(1,32) = 5.830; p = 0.022); lateral frontal
cortex – deep (F(1,32) = 9.728; p = 0.004); agranular insular cortex – deep
(F(1,32) = 7.663; p = 0.009); lateral orbital cortex – superficial (F(1,32) = 9.203; p
= 0.005) and deep (F(1,32) = 4.923; p = 0.034); medial orbital cortex – superficial
(F(1,32) = 5.741; p = 0.023) and deep (F(1,32) = 6.012; p = 0.020); and posterior
parietal cortex – superficial (F(1,32) = 5.787; p = 0.022) and deep (F(1,28) =
18.443; p <0.001). No significant sex differences were found in various superficial
cortical regions as well as medial frontal, perirhinal and entorhinal cortical
regions.

In the cerebellum, males also showed less CO activity relative to

females in the lateral cerebellar cortex (F(1,29) = 10.51, p = 0.003) and the
vermis (F(1,28) = 7.72, p = 0.01). But there were no significant sex differences in
other cerebellar regions such as the flocculus.
5.3.2. Effects of Maternal Separation.
Maternal separation affected CO activity in only one region, the posterior
parietal cortex. In the posterior parietal cortex there were main effects of both sex
(F(1,28) = 16.613; p < 0.001) and separation condition (F(1,28) = 4.861; p =
0.036). While males had significantly lower CO activity relative to females within
both separation conditions, Bonferroni-corrected simple effects post hoc tests
showed that only males separated 6 hours/day from their mothers as pups
showed significantly greater CO activity in the posterior parietal cortex relative to
males separated for 15 min/day (326 +/- 13 vs. 283 +/- 12; p = 0.023). No
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statistically significant effects relative to separation condition were found in any of
the other regions. Behavioral data verified that males are more susceptible than
females to show hyperactivity following maternal separation. In the novel open
field test, MS males showed a 159% increase in ambulation as compared to 57%
in females (Figure 5.2).

Figure 5.2. Ambulatory distance traveled during 10 minutes in the Novel Open
Field Test for early handled (EH) and maternally separated (MS)
males and females.
EH females showed 75% greater baseline activity than EH males. MS
resulted in increased ambulation in both males and females. But MS males
shower a greater increase (159% greater than EH) in ambulation relative to
MS females (57% greater than EH). An asterisk (*) represents a significant
(p < 0.05) sex difference within the separation group. A carat (^) represents
a significant (p < 0.01) separation group difference within the sex.
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5.4. DISCUSSION
Cortical regions for CO analysis were selected based on animal models of
hyperactivity and the human literature on ADHD. A genetic animal model of
hyperactivity, the Naples High- and Low-Excitability strains of rats, has been
analyzed previously using this cytochrome oxidase mapping approach (Gallo et
al., 2002). The Naples strains are Sprague-Dawley rats selectively bred for
behavioral reactivity to spatial novelty (Viggiano, Grammatikopolous, & Sadile,
2002) and are a suitable model with which to compare our subjects. GonzalezLima and Sadile conducted a mapping study of adult males of the Naples strains
using CO histochemistry which showed group differences in the following cortical
regions: prefrontal cortex, posterior parietal cortex, perirhinal cortex and
entorhinal cortex (Gonzalez-Lima & Sadile, 2000). Additionally, this previous CO
study found significant differences in the results when cortical areas were divided
into superficial (I-III) and deep (IV-VI) cortical layers, so this methodology was
applied to the sampling procedures in the current study. These areas are
therefore of interest in order to compare cortical sex differences with those due to
a genetic model of hyperactivity previously investigated with the same metabolic
mapping approach. Our previous study with the Naples rat model of hyperactivity
and the present study showed differences between superficial (I-III) and deep
(IV-VI) layers in some frontal cortical regions. Superficial layers are primarily
input layers while deep layers are for output. Hence hypometabolism in deep
layers responsible for output pathways from the frontal cortex to other regions
appear to be more relevant for the observed male preponderance to exhibit a
hyperactive/impulsive phenotype.
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Sex differences, regardless of separation condition, were evident in brain
regional metabolic capacity in cortical regions of interest for this study. As
hypothesized, a lower metabolic capacity was found in the prefrontal cortex of
males compared to females. Hypometabolism in regions such as the dorsal
frontal, lateral frontal, lateral orbital and medial orbital cortex is similar to findings
in the human literature in which young males with ADHD show reduced
metabolic activity, and potentially, dysfunction of, the prefrontal cortex, as well as
reduced volume of the cerebellum (Dickstein et al., 2006; Seidman, Valera, &
Makris, 2005). Since increased metabolism of these prefrontal regions in rats and
mice underlies the inhibition of behavior in both instrumental learning and
classical conditioning (Barrett, Shumake, Jones, & Gonzalez-Lima, 2003; Nair,
Berndt, Barrett, & Gonzalez-Lima, 2001), we interpret the sex difference in frontal
metabolism as perhaps contributing to the greater frequency of juvenile males to
display impaired behavioral inhibition characteristic of the hyperactive/impulsive
phenotype.
It is possible that a sex difference in neural substrates could mean an
underlying male-specific dysfunction in behaviors related to the prefrontal cortex.
In humans, prevalence of ADHD is higher in boys than girls (Willens et al., 2002).
A number of studies support the hypothesis that early androgen exposure in
males facilitates their predisposition to hyperactivity, impulsivity and inattention in
a manner consistent with their higher expression of some ADHD-like behaviors
(King et al., 2000; Li & Huang, 2006). Therefore, a relatively hypometabolic
prefrontal cortex in males due to androgenization may render adolescent males
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more susceptible than females to show less behavioral inhibition and more
impulsive behavior.
The interpretation of a relatively hypometabolic prefrontal cortex as
facilitating a hyperactive/impulsive phenotype is also consistent with our previous
CO mapping study of the Naples strains of Sprague-Dawley rats (Gonzalez-Lima
& Sadile, 2000). The Naples High and Low excitability rats were selectively bred
to display either hyper-reactivity or hypo-reactivity to spatial novelty, respectively.
The

High

excitability

rats

are

presumed

to

model

the

ADHD

hyperactive/impulsive type, whereas the Low excitability rats model the ADHD
predominantly inattentive type. The Low excitability rats show greater CO activity
in the prefrontal cortex relative to the High excitability rats (Gonzalez-Lima &
Sadile, 2000). Subjects with higher prefrontal cortex metabolic activity are more
successful at inhibiting their behavior. For example, increased metabolic activity
of the prefrontal cortex in normal rats is correlated with inhibition of behavior
during extinction, in both instrumental goal-seeking behavior (Nair et al., 2001)
and in classical conditioning (Barrett et al., 2003; Quirk, Garcia & Gonzalez-Lima,
2006). Therefore, a relatively hypometabolic prefrontal cortex may make juvenile
males less capable of inhibiting their behavior as compared to females.
Previous studies from our lab and others have demonstrated that sex
differences in brain CO activity can be seen in the gecko (Coomber et al., 1998;
Crews et al., 1997; Sakata et al., 2000; 2002) as well as in the human (Valla,
Berndt, & Gonzalez-Lima, 2001). Because adolescence is a time of hormonal
changes in the rat, we also sought to investigate whether there are sex-specific
brain differences in juvenile rats subjected to prolonged vs. brief mother-infant
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separation. Some studies have identified certain separation protocols and rat
strains in which sex-specific effects of mother-infant separation were found. For
example, sex differences in adult rats following maternal separation include
reductions in ambulation in females compared to males (Renard, Rivarola, &
Suarez, 2007). But no maternal separation studies have investigated sex
differences in the brains of juvenile rats.
In our study, juvenile males with prolonged mother-infant separation had
significantly greater CO activity in the posterior parietal cortex as compared to
briefly separated animals. The posterior parietal cortex has been associated with
higher order polymodal sensory integration, position sense for self and others,
and attention mechanisms in both rats (Kolb & Walkey, 1987) and humans
(Andersen & Buneo, 2003). The integration of somatosensory information with
visual stimuli is necessary to correlate the visual environment with the position of
the body parts and external objects. Humans with posterior parietal cortex
lesions have difficulty in attending to relevant stimuli. For example, patients with
right posterior parietal cortex injury show a form of sensory neglect in which they
ignore the left half of the body and objects in the visual field (Andersen & Buneo,
2003). Although posterior parietal cortex activity is mainly regarded as related to
the integration of different types of sensory inputs, its activity is also important for
motor expression because the output of the posterior parietal cortex is
synaptically linked to premotor and motor regions of the frontal cortex in both rats
and humans (Gonzalez-Lima, 2005; Matelli & Luppino, 2001). Lower CO activity
of frontal cortical regions may affect the output from these regions and render the
males more impaired in behavioral inhibition. A relative CO increase in posterior
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parietal cortex may reflect the role of this region in attentional shift since following
maternal separation subjects show evidence for greater attentional shifts
(Colorado et al., 2006).

5.5. CONCLUSION
The hypothesis that juvenile male rats would show lower prefrontal cortical
metabolic capacity as compared to females was supported by the data. The
lower cortical metabolic capacity measured by CO activity in males differentiates
juvenile males from females regardless of maternal separation condition or open
field behavioral scores. The CO difference is a cortical sex difference present
regardless of open field ambulatory scores. This sexually dimorphic lower
metabolic capacity in males is proposed to impair cortically-mediated behavioral
inhibition more in males than females following maternal separation stress.
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Chapter 6: Effects of mother-infant separation on Pavlovian fear
extinction and renewal in the adult Holtzman rat
The prefrontal cortex (PFC) plays a significant role in the extinction of
Pavlovian fear conditioning. As demonstrated in Chapters 2, 4 and 5, both the
structure and metabolic capacity of the PFC is affected by mother-infant
separation (MS) in a sex-dependent manner. Based on the findings from these
studies, we hypothesized that MS in early life would impair Pavlovian fear
extinction in adulthood, as a result of the PFC dysfunction found in preweanling
and adolescent rats. We found that the time course of Pavlovian fear extinction
was not altered by either MS or sex. However, a novel finding was that renewal
of Pavlovian fear was stronger in males than in females. Additionally, early
handling (EH) attenuated Pavlovian fear renewal in adult rats, supporting existing
literature in which the EH manipulation results in less anxiety when the organism
experiences stressful events later in life.
INTRODUCTION
It is well known that the prefrontal cortex plays an important role in the
extinction of Pavlovian fear conditioning (Milad & Quirk, 2002). Various lines of
research have implicated the rodent prefrontal cortex (PFC) in the consolidation
and retrieval aspects of fear extinction, particularly related to behavioral inhibition
(Barrett et al., 2003; Quirk & Mueller, 2008). For example, increased neuronal
activity as measured by fluorodeoxyglucose (FDG) uptake showed that the
medial prefrontal, dorsal frontal, and infralimbic cortical regions, among many
others, are activated during the presentation of an extinguished auditory
stimulus. Of particular interest is that the prefrontal cortical regions have been
123

shown to interact with lower auditory regions in such a way that the behavioral
response to the extinguished stimulus is inhibited (Barrett et al., 2003).
Dysfunction of the rodent prefrontal cortical neurons is also directly related to
dysfunctional fear extinction (Sgobio, Trabalza, Spalloni, Zona, Carunchio,
Longone, Ammassari-Teule, 2008).
From the human literature, dysfunction in the PFC has been associated
with fear extinction deficits in the human (Rauch, Shin & Phelps, 2006), but is
also a well-known neural correlate of attention-deficit hyperactivity disorder
(ADHD) (Dickstein et al.,2006; Seidman, Valera & Makris, 2005; Sullivan &
Brake, 2003; Gonzalez-Lima, 2005). Some have postulated that a predisposition
to ADHD can be enhanced by the environment, sometimes by a stressful event
early in development (Spencer, Biederman & Mick, 2007; Banerjee, Middleton &
Faraone, 2007). Similarly, in the animal literature, early life stressors provide
powerful influence on the development of the animal and have been shown to
disrupt PFC activity at the cellular level (Helmeke et al., 2008) and the behavioral
level (Sullivan and Brake, 2003). Consequently, early stressful experience has
also been linked to fear extinction disruption in rodents (Matsumoto, Togashi,
Konno, Koseki, Hirata, Izumi, Yamaguchi, & Yoshioka, 2008).
Maternal separation is one such early life stress paradigm that under
certain circumstances has led to behavioral hyperactivity in the rat (Colorado et
al., 2006; Arnold & Siviy, 2002; Kaneko et al., 1994) and may be a useful model
for studying the neural correlates of hyperactivity as well as Pavlovian extinction
because of its effects on the PFC. Examples of maternal separation effects in the
PFC include alterations in the morphology of pyramidal dendritic processes in
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this

region

(Pascual

&

Zamora-Leon, 2007), and reductions in their

electrophysiological activity (Stevenson, Halliday, Marsden & Mason, 2008).
Early handling (EH), typically used as a comparison group for MS, was
demonstrated to result in reduced conditioned freezing and accelerated
extinction in male Wistar rats (Madruga et al., 2006). Other investigators have
used varying separation protocols (ranging from 1-hour to 24-hour separations)
for MS and found similar nonsignificant trends for reduced freezing (Lehmann et
al., 1999; Kosten et al., 2005). Based on these studies, we hypothesized that our
MS protocol of repeated 6-hour separations may lead to prefrontal cortexdependent behavioral alterations which may have an impact on Pavlovian fear
extinction in adulthood.
The subjects used in this study were previously characterized in Chapter 3
(Spivey et al., 2008a), in which MS resulted in a hypoactive behavioral profile in
the open field test for both male and female adolescents. Additionally, in that
study, EH animals showed increased risk-taking behaviors, regardless of sex.
We intended to observe the longitudinal effects of MS and EH in these animals,
and so they were exposed to another trial in the open field test as adults, with the
hypothesis that group differences, as well as male-female differences, in
behavior during adolescence would carry over into adulthood.
Previous research from our lab has shown sex differences in prefrontal
cortex metabolic capacity as measured by cytochrome oxidase histochemistry
(Spivey et al., 2008b / Chapter 5). Potentially, reductions in cytochrome oxidase
activity in the prefrontal cortex could be a predictor or reflection of a reduced
capacity for fear extinction in males. Therefore, we set out to investigate the
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potential effects of both sex and maternal separation on Pavlovian fear
extinction. We predicted that Pavlovian fear extinction would be accelerated in
females, based on evidence of increased metabolic capacity in female rats’
prefrontal cortex, which would also indicate increased behavioral inhibition in a
fear extinction paradigm (Barrett et al., 2003). It was also predicted that maternal
separation would produce a deficit in Pavlovian fear extinction in males, because
of reductions in prefrontal cortical metabolic capacity (as seen in Chapter 5) that
would reduce behavioral inhibition and therefore impair the extinction process.

6.2. MATERIALS AND METHODS
6.2.1. Subjects
Subjects were 60 Holtzman albino rat pups born to 6 timed-pregnant
mothers bred in the colony of the Animal Resources Center at the University of
Texas at Austin. The subjects in this study were previously characterized for
behavior in adolescence, as described in Chapter 3. Housing and separation
conditions were also previously described in Chapter 3. All procedures were
conducted in accordance with the guidelines of the National Institutes of Health in
an animal facility accredited by the American Association for the Accreditation of
Laboratory Animal Care, and the protocol was approved by the Institutional
Animal Care and Use Committee.
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6.2.2. Maternal Separation Protocol
On P2, litters were culled to as close to ten pups as possible, always
consisting of an equal male/female ratio, and each litter was assigned to one of
the three separation groups. Maternal Separation and early handling consisted of
daily separation from P2 through P6; no separation from P7 to P8, and daily
separation from P9 through P13, as in our other studies (see Chapter 3). Briefly,
mother-infant separation (MS) consisted of 6 hours; early handling (EH)
consisted of 15 minutes; and standard facility rearing (SFR) were not handled at
all except for the culling on P2 and biweekly cage changes by facility staff.
6.2.3. Adult Testing Protocol
6.2.3.1. Open Field Test
Beginning on P90, the animals were tested in an open field arena for 10
minutes in order to assess baseline ambulatory behaviors. In the open-field test
(OFT), each animal was initially placed in a corner of the open-field activity
chamber and ambulatory behavior was recorded for 10 min. The Activity Monitor
(Med Associates, Version 5.10) program recorded various behavioral parameters
over the 10-min session, including data related to ambulatory, rearing, short
movements, resting and vertical behavior. The parameters measured by the
program included the following behaviors, classified into orienting, risk-taking and
general activity as in our previous MS behavioral studies (Spivey et al., 2008a /
Chapter 3; Colorado et al., 2006).
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General activity
General activity was assessed by measuring ambulatory and nonambulatory (short movement) time in the OFT. Measures of ambulatory activity
were of interest given our laboratory’s previous findings relating MS to
hyperactivity in the open-field (Colorado et al., 2006). Measured parameters
related to general activity were:

Ambulatory counts: The number of horizontal beam breaks (counts)
recorded while a subject is engaged in ambulatory (locomotion)
movement.
Ambulatory time: Total time (s) spent in ambulatory movement.
Ambulatory distance: Total distance (cm) traveled in the open field arena.
Short movement time: Total time (s) spent moving without ambulatory
displacement, within an area of 2×2 horizontal beams. This included
movements that do not require the rat to ambulate such as licking,
grooming, turning and head movements.
Average velocity: The mean ambulatory distance (cm) divided by time
(seconds), for each minute of ambulation.

Orienting behavior
Orienting was defined as time standing on hind legs (rearing or vertical
time) and thus breaking the upper beams in the apparatus after stopping
ambulation and non-ambulatory short movements. This is of interest because the
duration of rearing is associated with orienting and non-selective attentive
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behavior; where longer vs. shorter rearing time indicates more vs. less nonselective attention, respectively (Aspide et al., 1998; Gallo et al., 2002; GonzalezLima, 2005). Measured parameters related to orienting:

Vertical time: Total time (s) breaking upper beams.
Vertical Counts: Number of periods of continuous vertical beam breaks
(counts) reported by the upper array of beams, when an animal rears on
its hind legs. Rearing consist of stopping ambulation and standing on the
hind limbs.
Mean Rearing Duration: Total vertical time divided by total vertical counts.
Rearing counts and time were used to index orienting behavior because
the duration of rearing is associated with orienting or non-selective
attention, where longer rearing indicates more orienting behavior (Aspide,
et al., 1998; Gallo, Gonzalez-Lima, & Sadile, 2002).

6.2.3.2. Pavlovian Fear Conditioning and Extinction
Briefly, the week before Pavlovian training was scheduled to take place,
subjects were handled daily for 5 minutes in order to reacclimate them to
handling by the experimenters. Estrus phase was monitored daily by taking
vaginal smears beginning about a week before Pavlovian training was to take
place. Weights were also monitored weekly. Upon arriving at the day of estrus,
females began the sequence of training for this paradigm in order to standardize
any effects of circulating hormones on ambulatory behavior or learning
acquisition (Daniel, Fader, Spencer, & Dohanich, 1997). It is important to note
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that the days of testing for females were separate from males: once all training
took place for the females, the boxes were cleaned thoroughly, and then the
training was begun for the males. This was done in order to minimize the
potential ambulatory effects of the olfactory detection of a conspecific female in
estrus on a male’s behavior.

Apparatus.
The acquisition phase of the experiment occurred in context A. The
training apparatus for the acquisition phase consisted of a conditioning chamber
(22 x 14 x 22 cm) (MED Associates, St. Albans, VT) enclosed in a soundattenuated box illuminated by a red light. Two sides of the chamber were
aluminum, with clear Plexiglas for the front, back, and top. Tones were generated
by two Wavetek Sweep/Modulation generators (Wavetek, San Diego, CA) and
presented through speakers mounted in the top of each chamber. The acoustic
conditioned stimulus (CS) was a frequency- modulated tone of 1–2 kHz, two
sweeps per second, 15 sec in duration, with an intensity of 65 dB, measured at
the center of the floor of the chamber. The US was a foot shock of 0.5 mA, 0.75
sec in duration, delivered through metal bars separated by 0.6 cm forming the
floor of the chamber, which was wired to a Lafayette Instruments Master Shocker
(Lafayette Instrument Co., Lafayette, IN). Presentations of stimuli were controlled
by computer programs, created using the MED-PC for Windows programming
language (MED Associates). Between sessions the operant chambers were
washed with soap to provide a distinctive olfactory environment, and between
days the operant chambers were washed with a 5% (v/v) vinegar solution.
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The extinction training of the experiment was conducted in context B: an
open field activity chamber (43 cm x 43 cm x 30.5 cm) (Med Associates, St.
Albans, VT) in a dimly lit room. The four lateral sides of the open field were made
of clear plastic, with a white fiberglass bottom. Between sessions, each extinction
box was washed and swabbed with a diluted bio-clean solution in order to
provide a distinctive olfactory environment.

Behavioral Training.
Table 6.1 lists the timeline for the Pavlovian fear conditioning and
extinction testing. Briefly, the first two days of training consisted of two 1-hour
habituation periods in context A, in which neither tones nor footshocks were
experienced. Two days of Pavlovian fear acquisition followed, in which four tonefootshock pairings were received during each 15-minute trial in context A.
Intertrial intervals (ITI) ranged from 2, 2.5, 3, 3.5, to 4 min, randomly shuffled by
the MED-PC program (Barrett et al., 2003). During each trial of acquisition
training, the 15 sec tone and 0.75 sec foot shock coterminated.
On the fifth day of training, a 10-minute probe trial was conducted in the
open field (context B), in which the training tone was presented 4 times in order
to assess the learning effects of the tone independently from the training context.
On the same day, a second 10-minute probe trial occurred in context A in which
the training tone was presented 4 times. Two additional days of tone-alone
extinction were performed in context B., in which the tone was presented 20
times with a 3 minute ITI. Finally, a second day of probe testing assessed the
response to the tone in context B, again followed by probe tests in context A.
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Table 6.1. Adult behavioral procedure: Pavlovian fear conditioning and extinction

Behavioral measures:
Freezing was measured during each of the probe trials, as well as during
each of the extinction sessions. Freezing behavior was defined as a rat having all
four feet on the floor, with shallow, rapid breathing and minimal head and body
movement for at least 3 seconds. The 15 seconds prior to each CS (during the
probe trials only), as well as each 15-second CS presentation, was divided into
five 3-second bins, with the subject’s behavior scored for each of the five bins.
Thus, the maximum freezing score for each 15-second CS presentation was 5.
The pre-CS freezing measure was used to account for any contextual freezing
(Bruchey & Gonzalez-Lima, 2006).

6.2.3.3. Statistical Analysis
Data were analyzed using SPSS for Windows (v. 11.5). Open field data
were analyzed with 2 (sex) by 3 (separation group) analysis of variance (ANOVA)
for each individual behavioral measure. Freezing scores during extinction trials
were analyzed using 2 (sex) x 3 (separation group) x 2 (session) x 20 (trials)
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repeated-measures ANOVA. Freezing counts during probe trials were analyzed
using three-way (2 (trials: pre-CS vs. post-CS) x 3(group) x 2(sex)) repeatedmeasures ANOVA. Post-hoc simple effects were analyzed and Bonferronicorrected in order to minimize error from multiple comparisons.

6.3. RESULTS
Generally, there were no statistically significant interactions or effects of
sex or maternal separation on open field behaviors or extinction training. In the
open field baseline locomotor activity test, the only exception was for vertical
counts, in which females reared more times than males. During the postextinction probe trials, males showed more freezing to both the acquisition
context and the CS presentation in the acquisition context. Early handled animals
showed reduced freezing to the CS presentation in the post-extinction probe in
context A, compared to SFR and MS animals.

6.3.1. Open Field
6.3.1.1. General Activity Findings
Ambulatory Counts. No main effects or interactions were significant.
Ambulatory Time. No main effects or interactions were significant.
Ambulatory Distance. No main effects or interactions were significant.
Short movement counts. There were no statistically significant main effects or
interactions. However, a main effect of sex approached significance (F(1,41) =
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3.936; p = 0.054), in which males had more short movement counts than
females.
Velocity. No main effects or interactions were significant.

6.3.1.2. Orienting
Rearing Counts. A main effect of sex was statistically significant (F(1,41) = 4.380;
p = 0.048), in which females had more vertical counts than males.
Rearing Time. No main effects or interactions were significant.
Mean rearing duration: No main effects or interactions were significant.

6.3.2. Extinction
A four-way repeated measures ANOVA of freezing behavior, with Trials
and Sessions as within-subject variables, and Group and Sex as betweensubject variables, did not reveal any significant main effects (Figs. 6.1 and 6.2).
However, there was a trend for a main effect of sex in the second extinction trial
(F(1,47) = 3.665; p = 0.062), in which females had higher freezing scores than
males.
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Figure 6.1. Percent freezing during extinction sessions 1 (Panel A) and 2 (Panel
B).
Means for each separation group are presented, collapsed across sex.
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Figure 6.2. Percent freezing during extinction sessions 1 (Panel A) and 2 (Panel
B).
Means for each sex are presented, collapsed across separation group.
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6.3.3. Probe Trials
A three-way repeated measures ANOVA with 2 (trials: pre-CS vs. postCS) x 3(group) x 2(sex) was run for both post-acquisition and post-extinction
probes in each of the training contexts. The post-CS scores were derived by
taking the mean of all the freezing scores during each CS presentation during a
particular trial, excluding the first pre-CS freezing scores used as a baseline (preCS) measurement. Table 6.2 lists the mean freezing scores, expressed as
percent freezing, and standard errors.

Table 6.2. Freezing scores (expressed as % + S.E.M.) for post-acquisition and
post-extinction probes.
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Post-acquisition test: Context B -- Open Field. A main effect of sex
approached significance (F(1,47) = 3.722; p = 0.060), in which males had higher
freezing scores than females. Overall, pre-CS freezing was significantly lower
than post-CS freezing across all groups in this contextual probe (F(1,47) =
106.031; p < 0.001).
Post-acquisition test: Context A -- Acquisition Context. There were no
significant interactions or main effects of either sex or group in the postacquisition probe in the acquisition context. However, a group x sex interaction
approached significance (F(2,47) = 2.723; p = 0.076), and subsequent simple
effects tests showed a sex difference in freezing scores in the MS group (p =
0.042) where MS males had higher freezing scores than MS females. There was
also no significant difference between contextual freezing and tone-evoked
freezing, suggesting that excitatory contextual cues were strong enough to elicit
freezing behavior in the absence of the CS.
Post-extinction test: Context B -- Extinction Context. There were no
significant interactions or main effects of either sex or group in the post-extinction
probe in the extinction context. Overall, post-CS freezing was significantly greater
than pre-CS freezing (F(1,47) = 52.534; p < 0.001), but this is a minor finding
considering that both pre-CS and post-CS freezing scores were close to zero
(<1% and 7%, respectively)
Post-extinction test: Context A -- Acquisition Context (Renewal effect). A
main effect of sex was significant in this probe trial (F(1,47) = 4.851; p = 0.033),
in which males had higher freezing scores than females in the acquisition
context, even after extensive extinction in a neutral context. Within-subjects
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interaction of Group x Trials was significant (F(2,47) = 3.425; p = 0.041) and
post-hoc tests revealed that both MS and SFR groups had significantly higher
freezing scores after the CS presentation in the excitatory context. EH animals
showed no difference between excitatory contextual freezing and tone-evoked
freezing in this contextual probe. Overall, contextual freezing was significantly
lower than tone-evoked freezing in all groups in this contextual probe (F(1,47) =
4.454; p = 0.040).

6.4. DISCUSSION
Mother-infant separation in Holtzman rats did not change the adult
behavioral pattern of extinction of a conditioned tone compared to early handling
or standard facility rearing. Sex was also not a factor in the time course of the
extinction process. Similar to our null findings, sex differences have not been
found in basic Pavlovian extinction (Maes, 2002). An expected finding was that,
following acquisition, the tone CS was excitatory for all groups, and that the
excitatory context was sufficient to produce freezing in all groups. Our novel
finding was that, following extinction, males had a stronger renewal effect when
reintroduced into the acquisition context. Additionally, early handling attenuated
renewal effects, while the extinguished tone CS continued to elicit freezing in MS
and standard facility reared animals. In the open field test, sex differences were
minor, and limited to increases in vertical counts in females but not males.
There are no existing studies that discuss sex differences in renewal.
However, our findings are related to reported differences in contextual fear
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studies in which males show stronger post-acquisition contextual fear compared
to females. (Maren, de Oca, & Fanselow, 1994).
The finding that early life stress does not strongly affect the open field
behavior of adult rats is supported by the existing literature. In particular,
repeated maternal separation has not been demonstrated to be strongly effective
on the open field ambulatory behavior of adult rats of several strains. For
instance, researchers have reported no effects of 6-hour MS (Stanton, Crofton, &
Lau, 1992), 3-hour MS, or other early maternal manipulations in any ambulatory
measures in open field tests for Long-Evans (Shalev & Kafkafi, 2002), SpragueDawley (Rees, Steiner & Fleming, 2006) or Wistar rats (Aisa, Tordera, Lasheras,
Del Rio, & Ramirez, 2008).
While early handling was also not a significant factor in the adult
ambulatory behavior of the animals in the present study, it did reduce the amount
of freezing in the renewal test, consisting of post-extinction contextual and toneevoked freezing in the acquisition context. This finding, novel to the renewal
literature, falls in line with existing open field and extinction literature in which
early handling is reported to be beneficial in potentially stressful situations. For
instance, adult Wistar rats which were briefly handled during infancy showed
reduced anxiety by increased propensity to enter the exposed zones of an open
field (Madruga et al., 2005). The same study also demonstrated that EH
decreased both the latency to extinguish conditioned fear and the total amount of
freezing during extinction compared to MS and nonhandled groups, which they
interpret as a beneficial effect – reduction in fear without a reduction in the
effectiveness of the fear learning. Other studies report similar results, in which
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EH in infancy attenuated fear conditioning in adulthood as measured by
ultrasonic vocalizations (USVs) (Kosten et al., 2006). Additionally, our findings
that EH attenuated fear renewal are supported by results described in Chapter 2,
in which EH animals had altered metabolic capacity of the subiculum, a region of
the hippocampus implicated in Pavlovian fear extinction and renewal (Ji & Maren,
2005; Maren, 1999).
Other researchers have found only weak evidence that MS affects adult
Pavlovian learning or extinction. In the Wistar strain, MS males showed reduced
freezing to the acquisition context (Lehmann et al., 1999), but the MS protocol, a
single 24-hour separation, is a different enough procedure that the findings from
this study are not entirely comparable. However, the researchers also found that
MS did not affect the ability to acquire the conditioned fear response, and that
tone-evoked freezing was not strongly affected by the MS experience in infancy.
Another group of researchers also reported that MS (repeated 3-hour
separations) did not have an effect on tone-evoked freezing in adult male Wistar
rats (Madruga, et al., 2006). Additionally, adult Sprague-Dawley animals from a
1-hour MS protocol were not affected in the ability to acquire the conditioned
fear, and MS females showed slight, but not statistically significant, reductions in
contextual freezing extinction (Kosten, Lee, & Kim, 2006). While some of these
studies showed weak trends that MS affected conditioned freezing in adulthood,
perhaps the neural pathways involved in learning Pavlovian fear conditioning as
well as the circuitry involved in tone and contextual learning are so critical to
basic survival that they remain strong in adulthood, even after the experience of
early life stressors such as MS. It may also be that our measure of freezing is not
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sensitive enough to detect deficits in extinction following this early life
experience.

6.5. CONCLUSION
To our knowledge, this is the first study to describe sex differences in
renewal following Pavlovian fear extinction. In addition, early handling attenuated
renewal compared to mother-infant separation and standard facility rearing, a
finding consistent with existing literature about the beneficial effects of early
handling. Contrary to our hypothesis, neither sex nor mother-infant separation
was a factor in Pavlovian fear extinction; however, future studies may consider
different behavioral measures that may be more sensitive to the expression of
the conditioned emotional response.
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Chapter 7: Discussion
The results from the studies in this dissertation support the overarching
hypothesis that mother-infant separation (MS) stress in the first two weeks of life
affects the prefrontal cortex (PFC) and PFC-related behaviors across the
lifespan. While MS affected both males and females to some degree, in some
cases, MS altered both prefrontal cortex and hyperactive behavior in a sexdependent manner, affecting males more strongly than females or suggesting
that females were more resistant to the long-term effects of early life stress. This
may be due to the general sex difference findings of decreased metabolic
capacity in the prefrontal cortex of males.

7.1. SEX-DEPENDENT EFFECTS OF MOTHER-INFANT SEPARATION
7.1.1. Preweanling
Mother-infant separation (MS) had sex-dependent effects in the prefrontal
cortex in Holtzman rats. Repeated prolonged separation of rat pups from the
mother resulted in decreased metabolic capacity in the medial prefrontal and
lateral prefrontal cortex of female, but not male, preweanling pups.
These findings in the maternally separated preweanling PFC (Chapter 2)
are different than what are seen in adolescent Sprague-Dawley rats (Spivey et
al., 2008b / Chapter 5), in which females, regardless of separation, had greater
metabolic capacity than males in the PFC. A reduction in cytochrome oxidase
activity within a brain region suggests a reduced need for energy (in the form of
ATP) in those neurons. Perhaps reduced neuronal activity in the prefrontal cortex
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of MS females, but not MS males, is the result of a sex-dependent sensitivity to
stress in the developing brain (Weinstock, 2007).
While sex-dependent effects of MS are seen in the hyperactive and
impulsive behavior of adolescent Sprague-Dawley rats, no such effects are
observed in Holtzman rats of the same age. It is noteworthy, then, that sexdependent effects of MS in the PFC of preweanling Holtzman rats do not
necessarily correspond to the observed behavioral changes in adolescent
Holtzmans. However, the two-week period between the preweanling age and the
adolescent age tested allows for a great deal of brain maturation, and causal
inferences about the PFC and behavior of these animals are difficult to draw.
Despite the unanswered questions, the findings in Chapter 2 are the first to our
knowledge to report sex differences in the prefrontal cortex immediately following
a course of repeated prolonged maternal separation.

7.1.2. Adolescence and Adulthood
During adolescence, sex differences in MS animals were variable
depending on strain. Adolescent Sprague-Dawley rats showed sex-dependent
effects of MS in ambulatory behavior, particularly that MS resulted in hyperactive
and impulsive behavior in males, but that females were resistant to such a
change in behavior after the MS manipulation. In the PFC, cortical thickness
measurements revealed decreases in MS males of the Sprague-Dawley strain
compared to early-handled males. In measures of regional metabolic capacity,
however, no sex-dependent effects of MS were found. However, adult Holtzman
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rats did not display any sex-dependent effects of MS in either ambulatory
behavior in the open field, Pavlovian fear extinction or renewal.
The effects of MS on hyperactive/impulsive behavior in male SpragueDawley rats are similar to the behavioral effects of Attention-Deficit/Hyperactivity
Disorder (ADHD). A comparison can easily be made between the behavioral
components of ADHD, such as increased locomotion, deficits in attention, and
increased impulsivity (Diagnostic and Statistical Manual of Mental Disorders, IVTR, 2000). In Chapter 5, the male rats displayed similar behaviors, with
increased movement velocity, increases in ambulatory counts, and decreases in
rearing counts, which are often used as an index of general attention (GonzalezLima, 2005).
Additional comparisons can be made with our findings in the adolescent
effects of MS and the sex differences in the symptoms of ADHD. Males are more
likely than females to be treated for ADHD during the school-age/adolescent time
period (Gaub & Carlson, 1997), with a ratio of anywhere between 2:1 and 9:1,
depending on the specific symptoms (DSM-IV-TR, American Psychiatric
Association, 2000). Sex differences in fMRI studies show differences in prefrontal
cortex structure (Castellanos) and activity (Hermens, Kohn, Clarke, Gordon, &
Williams, 2005). More recent studies have reported sex differences in cortical
thickness in ADHD children (Shaw et al., 2007), suggesting a delay in cortical
maturation that results in the deficits in behavioral inhibition that are the
hallmarks of ADHD. Our findings of reduced cortical thickness in MS males
compared to EH males support the human literature, and also supports existing
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literature (Sullivan & Brake, 2003), suggesting that the use of MS in SpragueDawley rats can be a reasonable animal model for ADHD in children.
While the Sprague-Dawley rats showed a very clear parallel between the
behavioral and brain effects of MS and the symptoms of ADHD in humans, there
were no sex-dependent effects of MS in Holtzman rats (Section 7.3.2 discusses
the more general findings of MS on Holtzman rats in more detail). As mentioned
in Chapter 3, this may be due to subtle genetic variations within strains that
render them more or less susceptible to different behavioral phenotypes,
particularly when confronted with stressful manipulations such as learned
helplessness (Wieland et al., 1986) or in the case of these studies, mother-infant
separation. However, the study in Chapter 3 was the first study to consider both
male and female adolescent Holtzman rats in the MS paradigm.
What the maternal separation literature lacks in adolescent studies, it
makes up for in a wealth of adult studies. As reviewed in Chapter 1, adult rats
have shown sex-dependent effects of MS in behavior, ranging from anxiety-like
behaviors (Barna et al., 2003; Wigger & Neumann, 1999) to general ambulation
(Kaneko et al., 1994) and conditioning (Matthews et al., 1996; Ruedi-Bettschen
et al., 2006). The direction of the sex differences vary based on the measure,
and the picture is not entirely clear as to whether females are, indeed, more
resistant to the aversive effects of MS stress (as in Chapter 4 with SpragueDawley rats), or if MS stress affects both sexes equally (as in Chapter 3 with
Holtzman rats).
There is also evidence for an interaction of MS and sex in the brain. In
various studies, adult MS males show stress-related changes in the brain where
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MS females do not (Jimenez-Vasquez et al., 2001; Sircar et al., 2001; Genest et
al., 2004; Zimmerberg & Brown, 1998). While we did not find sex-dependent
effects of MS in the regional metabolic capacity of any of our selected brain
regions, the evidence for this interaction in the literature, as well as the findings
of sex-dependent behavioral effects of MS (Chapter 4), confirm that the sexually
dimorphic neural substrates can be affected by this form of early life stress.
7.2. SEX EFFECTS
7.2.1. Preweanling
Though sex differences were not necessarily specific to the MS
manipulation in every experiment, male-female differences were evident
regardless of separation group. In the preweanling Holtzman rat brain, sex
differences in regional metabolic capacity were found in various cortical and
subcortical regions: posterior parietal cortex, habenula, and ventral tegmental
area. Strong sex differences were found using path analysis, which showed that
descending prefrontal influence on the reciprocal mesolimbic pathway was very
strong in females, and virtually nonexistent in males, regardless of treatment.
Conversely, the descending influence of the lateral frontal cortex, sometimes
referred to as the primary motor cortex, on the striatum was significantly stronger
in males, regardless of separation group.
The strength of the reciprocal mesolimbic pathway was significantly
different between sexes as well. While no studies to our knowledge have
examined sex differences in these pathways at this age group, our findings do
support existing studies which demonstrate that activity in the striatum and
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nucleus accumbens is mediated by gonadal hormones (Becker, 1999). As part of
the mesolimbic dopamine pathway, which shows sex hormone-dependent
differences in drug-related studies (Becker, 1999), sex differences in cytochrome
oxidase activity in the VTA is supported by the literature.
Individually, the sex differences found in the metabolic capacity of the
habenula, and posterior parietal cortex are supported by the literature. The
habenula is one of many regions which is functionally related to maternal
behavior (Lonstein et al., 2000), so a sex difference in CO activity is not
surprising here. Male preweanling rats had lower CO activity in the posterior
parietal cortex compared to females. The posterior parietal cortex is involved in
sensorimotor integration, and particularly attention mechanisms, though this
cortical region has outputs to the primary motor cortex (Kolb & Walkey, 1987). In
the context of sex differences in the behaviors related to ADHD, decreases in CO
activity in the posterior parietal cortex could directly affect ambulatory activity by
way of the primary motor cortex. Additionally, a relative CO decrease in posterior
parietal cortex may reflect decreases in attention behaviors later in life, such as
rearing, when comparing male and female adolescents (Chapter 4).
7.2.2. Adolescence
Behavioral sex differences in adolescent rats were found in ambulatory
behaviors in the open field, but the strength of these sex differences varied
across strain. Female Sprague-Dawley rats showed greater ambulatory counts,
velocity, and rearing counts than males. Additionally, females showed greater
rearing counts and exposed zone time than males only during the second,
familiar visit to the open field. While males continued to avoid the center region of
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the open field, females began to venture into this exposed zone, suggesting
greater resistance by females to the potentially anxiety-provoking effects of being
in a once-novel situation.
Similarly, female Holtzman rats, regardless of treatment, displayed greater
velocity than males, a finding that is supported by existing literature. But male
Holtzman adolescents showed more risk-taking as evidenced by increased
exposed-zone time, and more short movement counts during the novel visit to
the open field, than females. Again, this difference between male SpragueDawley and male Holtzman rats in the measure of exposed-zone time may be
linked to genetic differences in the responsivity to an early life stressor.
In the adolescent Sprague-Dawley brain, sex differences were also
evident. Females showed greater regional metabolic capacity than males in
several divisions of the prefrontal cortex, as well as the posterior parietal cortex,
and cerebellum. Greater metabolic capacity in the adolescent female prefrontal
cortex may be related to greater behavioral inhibition. In our measures, sex
differences in open field behavior were limited to ambulation and velocity. It
would seem that greater behavioral inhibition, as indexed by more CO activity in
the prefrontal cortex, would be correlated with less ambulation and slower
movement velocity in adolescents. However, existing sex- difference literature
commonly describes behavioral sex differences in which females ambulate more,
and faster, than males. Perhaps the increase in CO activity in the prefrontal
cortex is not controlling ambulation per se, but rather is modulating susceptibility
to stress-related hyperactivity in Sprague-Dawley rats (as in Chapter 4).
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7.2.3. Adulthood
In the adult Holtzman rat, sex differences in behavior were no longer as
pronounced as they were during the adolescent period. Male-female differences
in general ambulation were not present in the open field; only rearing counts
were greater in females relative to males. The time course of Pavlovian extinction
was not affected by sex; however, post-extinction renewal effects were greater in
males than females.
Our findings support those of previous studies which have also failed to
find sex differences in fear extinction (Maes, 2002). However, that male rats
show stronger fear renewal than females in the acquisition context, after
extinction training, is a novel finding. In a somewhat similar fashion, contextual
fear has been reported to be greater in males than females (Maren, de Oca, &
Fanselow, 1994). The neural mechanisms of renewal are described in Bruchey &
Gonzalez-Lima (2006); in particular, the dorsal hippocampus is demonstrated to
be involved in this process because of the contextual focus of renewal (Corcoran
& Maren, 2004; Ji & Maren, 2005). There was no evidence for sex differences in
the subiculum, the output pathway for the hippocampus, in preweanling rats
(Chapter 2). However, sex differences in the dorsal hippocampus or other
regions associated with fear renewal may stem from activational effects during
puberty.
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7.3. EFFECTS OF MOTHER-INFANT SEPARATION
7.3.1. Preweanling
In the infant Holtzman brain, MS stress resulted in reduced regional
metabolic capacity in the medial prefrontal cortex. The prefrontal cortex is
implicated as a target of the effects of MS in adolescence and adulthood. Our
findings are consistent with studies from other age groups, which demonstrate
that MS does adversely affect prefrontal cortical functioning. For instance,
reduced dendritic length in PFC neurons after repeated MS stress (Pascual &
Zamora-Leon), impairment of which could affect the descending influence of the
PFC. Cytochrome oxidase is most widely concentrated in the dendrites of
neurons (Wong-Riley, Nie, Hevner, & Liu, 1998), and thus is easily related to
other MS-induced dendritic dysfunctions in the prefrontal cortex. Though we did
not find MS-based differences in our path analysis of the descending prefrontal
influences on the mesolimbic reciprocal pathway, PFC also projects to a myriad
of other regions in the brain that could be adversely affected by dysfunctions
such as reduction in PFC metabolic capacity or dendritic length (Sesack et al.,
1989).
7.3.2. Adolescence
Adolescent MS Holtzman rats showed a hypoactive phenotype in the open
field, with more orienting behavior in the familiar open field, less exposed-zone
time in the light-dark test, and less ambulatory behavior overall, than to the
comparison groups. Adolescent MS Sprague-Dawley rats, however, had a more
hyperactive phenotype, with increased ambulation, greater velocity, more
exposed-zone time, and fewer rearing counts than the comparison groups. Like
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in the preweanling brain, the effects of MS in the adolescent brain were limited,
here only to the posterior parietal cortex where MS animals had greater
metabolic capacity than EH animals.
The discrepant findings between the two rat strains were puzzling, given
that the MS protocol and manipulations for both studies were identical. However,
the opposite behavioral phenotypes seen in Holtzman and Sprague-Dawley rats
are similar to those seen in the Naples High- and Low- Excitability strains of
selectively bred rats (Cerbone et al., 1993). The High Excitability rats are
presumed to model the hyperactive/impulsive type of attention deficit disorder
(ADD+),

whereas

the

Low

Excitability

rats

model

the

predominantly

hypoactive/inattentive type (ADD-) (Gonzalez-Lima and Sadile, 2000). Thus,
depending on genetic background, different strains of rats could show diverging
ADD-like phenotypes. These opposite phenotypes are similar to those induced
by MS protocols, and may derive from use of different genetic strains or
differences in the MS protocols.
7.3.3. Adulthood
In adult Holtzman rats, MS animals had greater renewal; that is, percent
tone-evoked freezing in a post-extinction probe in the excitatory context, than
EH, but not SFR animals. This supports our initial hypothesis that MS would
result in deficits in extinction in adult rats. The prefrontal cortex (PFC) is
implicated in the inhibition of freezing in response to extinguished conditioned
stimuli (Barrett et al., 2003); perhaps a deficit in PFC resulting from the MS
manipulation (as seen in Chapters 2 and 5) has impaired the ability of MS
animals to fully inhibit the conditioned response to the tone CS.
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Our finding that MS does not strongly affect extinction of a Pavlovian fear
conditioned response is supported by the literature (Kosten et al, 2006; Maes,
2002), in which MS animals are not affected in the ability to acquire a conditioned
response to an aversive stimulus, and show nonsignificant trends toward deficits
in the extinction process. However, this is the first study to demonstrate greater
renewal in MS animals compared to handled controls.

7.4. EFFECTS OF EARLY HANDLING
While included as a comparison group to rule out the effects of
experimenter handling, this group showed significant effects compared to
nonhandled and MS groups. Various researchers have characterized Early
Handling as a beneficial manipulation, for the degree to which it attenuates the
stress response and anxiety-related behaviors later in life. Our findings support
this characterization, as described below.
7.4.1. Preweanling
In preweanling Holtzman rats, EH increased metabolic capacity in the
lateral prefrontal and medial prefrontal cortex, while decreasing it in the posterior
parietal cortex, ventral tegmental area, and subiculum. Some of these effects
were dependent on sex; particularly, the deep layer of the lateral prefrontal cortex
had elevated metabolic capacity in females compared to males.
While the main findings of EH-related differences in the brain and behavior
are related to reductions in stress reactivity, our findings of EH changes in the
prefrontal cortex, posterior parietal cortex, VTA, and subiculum are not directly
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related to the stress response. The prefrontal cortex does have some descending
influence on the stress response, but the other changes, which may not be
directly related to the attenuation of stress, may result in some other as-yet
unknown beneficial effects of EH.
However, the findings that some brain regions are affected by EH in a
gender-specific way are supported by the literature. Particularly, handling
increases both neuroendocrine reactivity (particularly, plasma hormone levels)
and brain activity in response to stress in females to a far greater degree than it
increases the reactivity of males (Park et al., 2003; Brake et al., 2004). These
findings of sex-dependent reactivity to early handling manipulation support the
idea of sex differences in the basic substrates of the HPA axis.

7.4.2. Adolescence and Adulthood
In adolescent Holtzman rats, EH animals had significantly greater
exposed-zone time in the light-dark test. In Sprague-Dawley adolescents,
however, no such behavioral effects of EH were evident. Similarly, in the
adolescent brain, EH manipulation did not result in any changes to regional
metabolic capacity. In adult Holtzman rats, EH attenuated renewal effects,
decreasing the amount of post-extinction contextual freezing in an excitatory
context. Similarly, EH is reported elsewhere to attenuate anxiety-like behaviors
(Meerlo et al., 1999; von Hoersten et al., 1993), enhance learning (Kosten, Lee,
& Kim, 2007); and reduce the magnitude of the neuroendocrine response to
stressors (Meerlo et al., 1999).
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7.5. ALTERNATIVE CONSIDERATIONS
The findings described in this research are sometimes discrepant with the
existing literature about maternal separation. The vast majority of protocols
involving repeated MS use a 3-hour separation period, lasting about the first two
weeks of life (cf. Plotsky & Meaney, 1993). The protocols used in this research
use a 6-hour separation period. While separation of the pups from the dam is
clearly demonstrated to be stressful by all manner of MS studies, variations in the
duration of separation from the dam could be responsible for the discrepant
findings. The difference in the behavioral outcomes is important to note,
particularly when trying to develop animal models for human psychopathologies.
For instance, depressive-like behavioral phenotypes have been the outcome of
some studies using a 3-h separation period (Marais et al., 2008; Mathe et al,
2007), and so the researchers use the rationale that this manipulation models
depression; as contrasted with hyperactive behavioral phenotypes, such as in
Chapter 4 (see also Colorado et al., 2006; Kaneko et al., 1994), which uses the
rationale that MS could be a reasonable animal model for ADHD. Regardless,
the common ground is that disruption of mother-infant interactions leads to the
potential for psychopathological behavior during development (Sanchez, Ladd, &
Plotsky, 2001). It is interesting to note that no studies to date have compared
behavioral outcomes to the different MS separation periods (3-hour and 6-hour)
within the same study. This, of course, would be a future direction for this line of
research that might better characterize the use of this animal model of early life
stress for a particular psychological disorder.
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Rat strain may also be a factor in assessing some of the apparent
discrepancies of the findings included in Chapters 2, 3, 4 and 5, and in the
comparison of these findings with those in the broader MS literature.

For

instance, MS adolescent Holtzman rats displayed a hypoactive phenotype in the
open field, whereas MS adolescent Sprague-Dawley rats displayed a hyperactive
phenotype. These strain differences are consistent with opposite brain
differences found between the preweanling Holtzman rats, and the adolescent
Sprague-Dawley rats. Holtzman adolescent males showed higher ambulatory
behaviors than females, opposite from the traditional understanding of more
ambulation in female rats (Slob et al., 1981). In general terms, Holtzman animals
tend to show opposite behaviors in response to experimental manipulations
compared to Sprague-Dawleys (see Chapter 3 for more discussion). Thus,
genetic background appears to play a strong role here, interacting with the earlylife stressor of MS to produce opposite phenotypes in brain and behavior.
Some researchers have suggested that the differences in brain and
behavior resulting from early experience such as MS can be attributed to
differences in maternal behavior. Researchers have explored the effects of
alterations in the quality and quantity of maternal care, and it has raised the issue
of whether the amount and type of maternal care is confounded with the findings
of sex differences and MS differences in brain and behavior (Pryce, Bettschen, &
Feldon, 2001). There is evidence for sex differences in the quantity of maternal
behavior, in particular, that dams are more attracted to pheromones found on
male pups and therefore spend more time licking and grooming the anogenital
region of male pups (Moore, 1995). Additionally, the issue is raised that the lack
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of quality maternal care during the MS period is enough to be a more direct
cause of the deficits in brain and behavior (Meaney, 2001), that care normally
afforded to the pups in a non-separated or minimally-separated situation can
never be recovered because of the extensive time away from the dams during
this critical developmental period.
Due to reasons beyond our control, maternal behavior was not recorded
or characterized in the experiments for this dissertation. However, we are able to
look to the literature, in which other researchers have empirically addressed this
issue. Particularly, direct comparison of maternal care in MS, EH and SFR
animals determined that dams of both EH and MS animals became more active
following reunion with the pups, and that overall time spent in maternal care was
not distinguishable between the two handled groups (Macri, Mason, & Wurbel,
2004). Rather, early experience (such as MS) and maternal care appear to play
independent roles on stress reactivity in the developing rat (for review, see Macri
& Wurbel, 2006). Therefore, any alterations in brain or behavior resulting from
MS cannot be attributed solely to variations in maternal care.

7.6. DIRECTIONS FOR FUTURE RESEARCH
One way to bridge the gap between our findings of CO activity in the
preweanling brain and the discrepant behavioral phenotypes in adolescence
would be to have some behavioral measure in the preweanling rats following the
2-week MS period. It would be particularly useful to implement some behavioral
measure that would be a reflection of PFC function during this time. An ageappropriate modification to the Pavlovian fear conditioning and extinction
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protocol, which would require behavioral inhibition, would be one direction for
future study.
Elsewhere in this dissertation, we make the claim that our MS protocol
may be suitable as an animal model of ADHD in adolescents because of
similarities in behaviors and brain changes (Chapters 4 and 5). One way to test
whether our model of MS-induced hyperactivity and prefrontal dysfunction is a
suitable model for ADHD would be to characterize tyrosine hydroxylase, an
enzyme present in the conversion of amino acids to catecholamines, in the
populations of neurons/regions related to ADHD. Cytochrome oxidase, the
enzyme measured in the studies within this dissertation, is limited in that it
measures the neural demand for energy, but not the specific biochemical entities,
such as tyrosine hydroxylase (TH) or dopamine beta-hydroxylase, that neurons
in a given region are using in order to make the neurochemical changes in output
that mirror the behaviors and brain changes seen in humans with ADHD (Prince,
2008). If TH levels are altered in MS animals, it would also be worthwhile to test
whether treatment with methylphenidate attenuates the behavioral as well as
neural changes seen in adolescent and adult MS animals. Children with ADHD
are commonly treated with methylphenidate, and respond favorably with
reduction in hyperactive behaviors and increases in performance in a classroom
setting (Carlson, Pelham, Milich, & Dixon, 1992). One would expect that if the MS
protocol used in this dissertation were an adequate animal model for ADHD, that
treatment with methylphenidate would attenuate hyperactive behaviors and
restore CO levels in the prefrontal cortex to that of control animals.
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7.7. CONCLUSIONS
Taken together, these studies confirm that the stress of mother-infant
separation in early life causes long-term changes to the brain and behavior of the
organism throughout life. The prefrontal cortex is a major target of this stressor,
which affected regional metabolic capacity throughout the duration of the stressor
and cortical thickness into adolescence. Behavioral changes are variable,
depending on variations in the organism’s genetic makeup, which may
predispose a particular behavioral phenotype in response to early life stress such
as maternal separation. Finally, sex differences found at baseline in nearly every
behavioral and brain measure in this series of studies, must be considered when
assessing manipulation-based changes. Particularly, effects resulting from
sexually dimorphic neural substrates in animal models resemble those in human
psychopathology such as ADHD, and have the potential to be a major factor in
the treatment of human mental illness.
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