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Abstract

The pathological mechanisms underlying human psychiatric disorders, including
anxiety and mood disorders, are far from understood. Mouse models of aspects of
anxiety-related disorders are tools for investigating key aspects of anxiety related to
complex human behaviors. By characterizing behavioral phenotypes in these mouse
models, we can begin to understand how genetic and environmental factors interact to
increase susceptibility of developing anxiety and depression.
The principle focus of this research was to investigate how altered serotonin and
brain-derived neurotrophic factor (BDNF) systems, alone and in combination with
environmental factors including chronic stress and aging, influence behavior. Mice with
constitutive reductions in serotonin transporter (SERT) or BDNF expression were studied
to identify changes in anxiety-related behavior. Because anxiety and mood are known to
influence learning and memory, the latter were also investigated. Mice treated with a
serotonergic neurotoxin were studied to characterize the phenotypic consequences of
depleting brain serotonin levels in adulthood.
A secondary focus of this research was to devise a battery of behavioral tests to
probe a wide range of different aspects of anxiety-related behaviors. Two strains of
recombinant inbred mice were compared. Overall, the findings begin to elucidate how
genetic, environmental, and gene × environment-induced changes in mouse anxiety and
learning behaviors can be used to understand the complex interactions of factors
modulating human anxiety-related disorders.
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Chapter 1

Thesis Overview

The serotonin (5-HT) system is involved in the regulation of mood, cognition, motor
function, sleep, and appetite, as well as many other biological functions (Cowen, 2008;
Murphy et al., 2008). Medications that directly affect 5-HT transmission are used to treat
anxiety-related disorders and major depression, implicating 5-HT system dysfunction in
the etiologies of these disorders (Singh et al., 2012). However, the delay between the
onset of antidepressant treatment and clinical efficacy implies a role for the involvement
of other neuromodulators. Brain-derived neurotrophic factor (BDNF) regulates neuronal
survival, growth, and synaptic plasticity in the developing and adult brain (Thoenen,
1995; Yamada et al., 2002; Lu, 2003; Yamada and Nabeshima, 2003). Additionally, a
role for BDNF in anxiety-related disorders and the therapeutic action of antidepressants
has been proposed (Nestler et al., 2002). The focus of this thesis was on investigating
how altered 5-HT and BDNF system function, alone and in combination with
environmental factors including chronic stress and aging, influences behavioral
phenotypes in mouse models of human neuropsychiatric disorders.
The serotonin transporter-linked polymorphic region (5-HTTLPR) is the most
extensively studied variant in psychiatric genetics. The short ‘S’ allele is a 43-base pair
deletion in the promoter region that is associated with lower serotonin transporter (SERT)
mRNA levels via reduced transcriptional efficiency (Heils et al., 1996; Lesch et al., 1996;
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Little et al., 1998; Heinz et al., 2000). Expression levels of SERT, as well as serotonin
reuptake rates, are hypothesized to be reduced. Both moderate and severe stressors have
been associated with increased risk for developing anxiety and depression in human
5-HTTLPR ‘S’ allele carriers (Caspi et al., 2003; Kendler et al., 2005). However, these
findings are still debated (Risch et al., 2009). No orthologous 5-HTTLPR has been found
in rodents but mice with constitutive deficiencies in SERT have been generated to model
the changes in SERT expression and function thought to exist in 5-HTTLPR ‘S’ allele
carriers (Bengel et al., 1998; Murphy et al., 2008).
One of the goals of this thesis was to determine whether chronic mild environmental
stress, a common form of stress, interacts with decreased SERT expression to alter
anxiety-related behavior in SERT-deficient mice. We found that brief handling stress
applied once per week beginning at weaning and continuing into periadolescence, early
adulthood, or into late adulthood interacted with constitutive SERT deficiency to
influence anxiety-related behaviors in an age-dependent manner. Handling applied during
the periadolescent period modestly increased anxiety-related behaviors regardless of
SERT genotype. Anxiety-related behaviors were increased in mice with partial SERT
deficiency (SERT+/- mice) handled into adulthood. By contrast, once-weekly handling
experienced from weaning to 18 months of age reversed the anxiety-like phenotype of
SERT-/- mice. These findings indicate that constitutive reductions in SERT could confer
resiliency against anxiety-related disorders in aging populations.
We additionally wanted to focus on investigating differences in anxiety-related
behaviors between aging wildtype (SERT+/+) and heterozygous-deficient (SERT+/-)
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mice. In young adult and aging SERT-deficient mice, an elevated anxiety-like phenotype
is most commonly observed in homozygous-deficient (SERT-/-) mice vs SERT+/+ mice
(Murphy et al., 2008). Novelty-induced hypophagia was utilized because this test has
been suggested to overcome some of the experimental limitations of other widely used
behavioral tests, i.e. the floor effect due to avoidance of the open arms in the elevated
plus maze in some mouse strains and genotypes (Holmes et al., 2003; Dulawa and Hen,
2005). We found that SERT genotype did not affect latency to approach a sweet solution
or the amount of solution consumed between the novel and home cage environments.
Furthermore, application of an acute stress prior to exposure to the novel cage did not
alter the anxiety responses of aging SERT+/+ and SERT+/- mice compared to unstressed
mice. Two forms of hippocampus-dependent learning and memory were also investigated
in aging SERT-deficient mice. While spatial learning was modestly impaired in SERT+/mice vs SERT +/+ mice, episodic-like memory was not affected by SERT genotype.
These results demonstrate that a 50% reduction in SERT expression affects one aspect of
cognition in aging mice, but other forms of learning, as well as anxiety-related behaviors,
are not altered.
A second method to investigate the role of specific neurotransmitter systems is to use
neurotoxins.

1-Methyl-4-2ʹ′-aminophenyl-1,2,3,6-tetrahydropyridine

(2ʹ′-NH2-MPTP)

degenerates 5-HT axons projecting to the frontal cortex and hippocampus (Andrews and
Murphy, 1993b, a; Andrews and Murphy, 1993c). Here, we investigated the behavioral
effects of 2ʹ′-NH2-MPTP-induced depletion of 5-HT. When forebrain 5-HT was depleted
in adulthood, neurotoxin-treated mice were phenotypically indistinguishable from control
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animals on anxiety-related and depression-like behaviors, as well as acquisition and
retention of a low-stress spatial learning task and novel object recognition. Thus,
significant depletion of 5-HT levels in the adult hippocampus and frontal cortex do not
appear to modulate behaviors assessed by this test battery.
Brain-derived neurotrophic factor is another protein often implicated in the
pathogenesis and treatment of human anxiety- and depression-related disorders.
Additionally, BDNF is hypothesized to modulate hippocampus-dependent learning and
memory (Bekinschtein et al., 2008). Spatial learning deficits in mice with constitutive
reductions in Bdnf gene expression (BDNF+/-) have been reported (Linnarsson et al.,
1997). However, not all studies have similar findings, particularly in aging animals
(Montkowski and Holsboer, 1997). We utilized a low stress route-learning task that does
not rely on aversive stimuli or visual cues to investigate spatial learning in young
(2 month-old) and aging (24 month-old) BDNF-deficient mice (Blizard et al., 2003;
Blizard et al., 2006; Bressler et al., 2010). Sensory modalities (i.e., pain tolerance, vision)
deteriorate with increasing age in mice (Ernfors et al., 1994). Changes in these sensory
systems represent potentially confounding factors when investigating learning in aging
animals. We found that acquisition of the Lashley maze was impaired in 2 month-old
male BDNF+/- mice vs BDNF+/+ mice. By contrast, female and male 24 month-old
BDNF+/- mice learned this task twice as fast as age-matched BDNF+/+ mice. The
reversal of genotype-dependent learning impairments in aging mice implies that the
behavioral sequelae of constitutive reductions in BDNF are age-dependent. Mice with
reduced BDNF expression might develop compensatory changes in other systems that
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influence cognitive performance. Additionally, age-dependent changes in anxiety-related
behaviors were observed. Young BDNF-deficient mice displayed modest increases in
anxiety while aging BDNF+/- mice were phenotypically indistinguishable from agematched BDNF+/+ mice.
Genetic models of aspects of human emotional behavior and risk for
neuropsychiatric disorders focus on genes of a priori interest, limiting the discovery of
novel genetic factors that modulate behavior. Recombinant inbred (RI) mouse strains
have been used to discover novel quantitative trait loci associated with behavioral traits
and differences in brain anatomy and function (Phillips and Belknap, 2002; Phillips et al.,
2002). A final goal of this thesis was to investigate an extensive battery of behavioral
tests that encompassed different aspects of anxiety-related behavior. The battery was
employed in two strains of BXD RI mice. Differences in context-specific anxiety-related
behaviors between strain 11 and strain 31 BXD RI mice were characterized across six
unique behavioral paradigms. These strains were previously identified as behavioral
extremes on a subset of anxiety-related behaviors in the original BXD panel in terms of
measures of nonsocial anxiety-related behavior (WebQTL). Strain 11 mice showed
increased anxiety-related behavior and decreased locomotor activity across the majority
of tests. However, context-dependent changes in behavioral inhibition were not
reproducible across two independent studies, likely due to uncontrolled and/or
unknowable factors that varied between the two studies (Crabbe et al., 1999; Wahlsten et
al., 2006). These findings suggest that with further phenotyping and an expansion to
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include additional strains, the BXD panel might be used to identify quantitative trait loci
that differentially modulate social vs nonsocial anxiety-related behaviors.
Using mice with reduced SERT or BDNF expression, we find that aging affects
the stability of anxiety-related and learning behaviors. We also demonstrate that chronic
mild stress interacts with SERT deficiency to alter the anxiety-like phenotype in a
manner that is differentially affected by age. By contrast, adult depletion of forebrain
5-HT is not associated with changes in anxiety-related, depression-like, or learning
behaviors across a wide variety of test paradigms. The assessment of anxiety-related
behaviors in strain 11 and strain 31 BXD mice is complicated by persistent differences in
activity. Overall, the results presented in this thesis demonstrate that aging and chronic
environmental stressors interact with genetic factors in mouse models of human anxietyrelated disorders to alter behavioral phenotypes.
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Chapter 2

Low-Stress Route Learning Using the Lashley III Maze
in Young and Aging Mice

Introduction
Many behavior tests designed to assess learning and memory in rodents,
particularly mice, rely on visual cues, food and/or water deprivation, or other aversive
stimuli to motivate task acquisition. As animals age, sensory modalities deteriorate. For
example, many strains of mice develop hearing deficits or cataracts. Changes in the
sensory systems required to guide mice during task acquisition present potential
confounds in interpreting learning changes in aging animals. Moreover, the use of
aversive stimuli to motivate animals to learn tasks is potentially confounding when
comparing mice with differential sensitivities to stress.
To minimize these types of effects, we have implemented a modified version of
the Lashley III maze (Blizard et al., 2003; Blizard et al., 2006). This maze relies on route
learning, whereby mice learn to navigate a maze via repeated exposure under low stress
conditions (e.g. dark phase, no food/water deprivation) until they navigate a path from the
start location to a pseudo-home cage with 0 or 1 error(s) on two consecutive trials. We
classify this as a low-stress behavior test because it does not rely on aversive stimuli to
encourage exploration of the maze and learning of the task.
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The apparatus consists of a modular start box, a 4-arm maze body, and a goal box.
At the end of the goal box is a pseudo-home cage that contains bedding similar to that
found in the animal’s home cage. The pseudo-home cage is specific to each animal for
the duration of maze testing. It has been demonstrated previously that this pseudo-home
cage provides sufficient reward to motivate mice to learn to navigate the maze (Blizard et
al., 2006). Here, we present the visualization of the Lashley III maze procedure in the
context of evaluating age-related differences in learning and memory in mice along with
a comparison of learning behavior in two different background strains of mice. We hope
that other investigators interested in evaluating the effects of aging or stress vulnerability
in mice will consider this maze an attractive alternative to behavioral tests that involve
more stressful learning tasks and/or visual cues.
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Materials and Methods
Lashley III Maze Apparatus
The Lashley III maze configuration is shown in Figure 2-1. The start box, maze
arms, and goal box are modular to allow for cleaning and modifiability of the maze. The
walls of the start box, maze arms, and goal box are constructed of black Plexiglas to
eliminate visual cues from outside and inside the maze. The start box is 8 cm × 9.5 cm ×
7 cm. Maze arms are 45 cm long, 7 cm high, and 5 cm wide. Doors leading to
consecutive arms of the maze are 4 cm × 4 cm and are situated 11 cm from the outer
walls of the maze. The goal box is 19.5 cm long × 7 cm high × 5 cm wide. Separate clear
Plexiglas pieces are placed on top of the start box, maze, and goal box to allow
visualization of each mouse as it progresses through the maze while preventing mice
from escaping. The maze rests on a base constructed of red Plexiglas large enough to
hold the three pieces of the maze plus a pseudo-home cage that is the same size as the
animal’s standard home cage.
Pseudo-home cages are prepared prior to the first maze trial. Fresh bedding
material of the same kind as that used in the animals’ home cages is added to individual
cage bottoms having doorways (2 cm × 2 cm) cut into the sides. Wire tops are placed on
the cage bottoms. Cages are individually number, one for each animal in a testing cohort.
These cages will serve as individual pseudo-home cages for each animal for the duration
of the testing timeframe. Because we are investigating the roles of stress and/or anxietyrelated behaviors in learning and memory, we use pseudo-home cages to avoid
individually housing mice in their home cages. However, if these factors are not of
primary concern, animals can be singly housed in home cages modified with doorways.
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Return to the home cage can then serve as the motivating factor for successful maze
navigation.

Lashley Maze Testing Protocol
Mice are moved to the behavior testing room a minimum of 1 h before testing to
allow them to acclimate to the testing environment. Thirty min before the testing start
time, food and water is removed from all home cages. Food and water is typically
removed 30 min after the change from the light phase to the dark phase, after peak
feeding has occurred. This ensures that animals are mostly food and water satiated prior
to testing; however, testing during this period provides a small additional motivating
force to navigate the maze even though there is no overt food or water reward upon task
completion. When the 30 min pretest period has elapsed, the pseudo-home cage
corresponding to the first animal is placed at the end of the goal box.
The door between the start box and maze should be closed. The first mouse in a
testing group is placed in the start box and the lid is replaced. When the observer is in
position to monitor the maze without obstruction, the start box door is opened and three
stopwatches are immediately started. When all four paws of the mouse have left the start
box, the start box door is closed and the first timer stopped.
The pathway the mouse travels as it navigates the maze is recorded by the
observer. A mouse enters a new zone or arm of the maze when all four paws have crossed
into that area (See Fig. 2-1). When all four paws enter the goal box, the door leading
between the maze and the goal box is closed and the second stopwatch stopped. When the

14
mouse has completely entered the pseudo-home cage, the door between the goal box and
the cage is closed and the third stopwatch is stopped.
The times from the three stopwatches are recorded. The number of errors the
mouse has made is counted. An error is defined as an entry into a dead-end cul-de-sac
zone (e.g., going from arm L to zone K; Fig. 2-1) or travelling back through an alreadytravelled arm of the maze (e.g., going from arm F to arm C; Fig. 2-1). While we score
mouse performance as it is occurring, it is possible to videotape or otherwise record maze
trials to allow for subsequent scoring either by eye or by automated software.
Experimenter discretion should be used to choose an appropriate method.
The animal is left in the pseudo-home cage for 1 min before returning it to its
home cage. The procedure is then repeated for all mice in the testing cohort. When the
last mouse in the cohort has been returned to its home cage, a 30 min timer is started. At
the end of this 30 min period, food and water are returned to all mice in the cohort and
the animals are returned to their colony room.
The procedure is repeated on consecutive nights, with one trial per testing day per
animal, until all mice in the cohort have reached a defined learning criterion or until a
predetermined number of test trials has occurred. A mouse is classified as having learned
the maze when it can perform the task with 0 or 1 error(s) on two consecutive trials. A
learning index, is the ratio of the number of correct path segments travelled to the total
number of path segments travelled for each trial, can also be assessed as a measure of
maze acquisition. The average learning index should be approximately 0.5 for trial 1,
when mice are first exposed to the maze and navigating by chance. The learning index
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then increases, approaching 1 between trials 2 and 4, indicating that learning is occurring.
Mice are tested in the same order on successive trials.
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Results
Days to learn (reach criterion) were analyzed and compared between young and
aging C57Bl/6NCr (Fig. 2-2a) and between young C57Bl/6NCr and young CD-1 mice
(Fig. 2-3a). Additionally, the learning index, which characterizes maze acquisition, was
evaluated over the first four days of the testing period (Figs. 2-2b and 2-3b).
In Figure 2-2a, young (2 month-old) and aging (24 month-old) male C57Bl/6NCr
mice were trained on the Lashley maze for up to 15 trials. The young mice learned the
maze in 7.6 ± 1.3 days. By contrast, the aging animals took 11.7 ± 2.1 days to reach
criterion. There was a strong trend for aging C57Bl/6NCr mice to take longer to learn the
maze ([t(27)=1.64, p=0.056]; one-tailed t-test, a priori hypothesis that days to learn was
longer in aging mice). When the learning index was calculated (Fig. 2-2b), both age
groups showed a steady increase in the learning index from trials 2 through 4 (significant
main effect of time p<0.001). However, there were no statistically significant differences
in the learning index between young and old C57Bl/6NCr mice (main effect of age
p=0.58).
Data from the young male C57Bl/6NCr shown in Fig. 2-2 was compared to data
from young Crl:CD-1(ICR)BR mice [CD-1, 4-5 months-old]. CD-1 mice learned the
Lashley III maze in 4.5 ± 1.4 days. There was no significant difference between the
strains for days to learn (Fig. 2-3a; [t(22)=1.66, p=0.11]; two-tailed t-test). By contrast,
examination of the learning index revealed that while all animals were navigating the
maze on the first trial by chance, CD-1 mice learned the task more quickly (main effect
of strain p<0.001), illustrated by a statistically significant increase in the learning index in
trials 2 through 4 in CD-1 mice compared to C57Bl/6NCr mice.
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Interestingly, if CD-1 mice continued to be trained in the maze beyond the point
of reaching criterion, they exhibited behavior indicative of overtraining (Fig. 2-4), which
is discussed in more detail below.
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Discussion
The most commonly used rodent behavioral tests to assess learning and memory
are the Morris water maze and variants of fear conditioning (Crawley, 2007). These tests
rely on visual or auditory cues for learning and aversive stimuli (e.g., water, foot shock)
to motivate animals to complete the tasks (Blizard et al., 2003). In aging rodents, as in
aging humans, sensory modalities decline over time. Several background strains of mice
lose their hearing or develop cataracts as they age, and mortality rates after 23.5 h of
water deprivation have been shown to increase in mice as they age (Warren, 1986). Thus,
changes in the performance in these more widely used tests may be difficult to interpret
in aging rodents.
The Lashley III maze was first described by Karl Lashley in 1929 (Lashley,
1929). Lashley used this paradigm to search for the memory engram in the cortex using
cortical lesioning techniques. We have modified the original maze to allow for its broad
applicability to studies involving aging rodents. We have eliminated food-cued
navigation of the maze and demonstrated that a pseudo-home cage environment provides
sufficient motivation for both young and aging mice to navigate the maze (Blizard et al.,
2003; Blizard et al., 2006). Other investigators have also utilized a food pellet reward to
facilitate learning of the Lashley III maze (Matzel et al., 2003). Visually cued navigation,
like that required in the Morris water maze and the Barnes circular maze, has been
minimized (Barnes, 1979; Brandeis et al., 1989; Crawley, 2007). Mice are not food
deprived to 90% of their body weight, as is required for several variations of the radial
arm maze, Y-maze, and T-maze tasks (Olton et al., 1979; Hepler et al., 1985; Crawley,
2007). Rather, food and water is available to animals ad libitum and is only removed

19
30 min before each testing trial, with testing typically taking place during the active dark
phase. Food is returned 30 min after the last mouse in a cohort has completed the task.
Thus, food is dissociated temporally from the return to the pseudo-home cage so as not to
act as an overt reward for completing the task. Importantly, unavailability of food and
water for the entire cohort should not extend beyond a period of 4-5 h per trial.
Additionally, mice representing different experimental groups should be tested together
on the same nights.
The modularity of the Lashley III maze allows for modifications designed to test
different aspects of learning retention. For example, while acquisition occurs with the
maze in a specific configuration, once acquisition is established, the maze can be rotated
so that mice must turn in the opposite direction to complete the task, i.e., mice will turn
right coming out of the start box to successfully navigate the maze during acquisition.
Flexibility of learning can be measured by rotating the maze 180° so that the mice must
turn left out of the start box for successful navigation. Additional variations of the test
procedure include establishing learning for a set period of time (usually 14 days), then
allowing a delay interval of several weeks after which retention of maze learning is
measured. Retention intervals need to be established by pilot work and are study-/straindependent. Longer training sessions tend to be associated with longer retention intervals.
Modifications of the Lashley III maze procedure itself include adding odor cues or noise
stimuli to provide additional motivation for successful maze navigation. Stressors such as
restraint stress can be applied at different times prior to, during, or after acquisition to
investigate state-dependent learning and memory.
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An important factor to consider when implementing the Lashley III maze is the
duration of the training interval. Most available strains of inbred and outbred mice,
including C57Bl/6, Swiss Webster, and BXD recombinant inbred mice, will reach the
learning criterion within 14 days. Some strains, especially CD-1 mice, reach criterion
after just 7 days. Overtraining of some strains of mice produces aberrant behavior in the
maze, wherein mice will begin to show a steady and rapid increase in the number of
errors made per trial and time spent exploring the maze. Figure 2-4 is representative of
overtraining in 4-5 month-old male CD-1 mice. After the first exposure to the maze, we
institute a 15 min cut-off period per trial for each mouse. After 15 min, the mouse is led
through the maze to the pseudo-home cage and errors are not counted once the 15 min
mark has been reached. If several mice in a cohort or in a larger study need to be led
through the maze after reaching learning criteria, this can be indicative of overtraining.
To circumvent problems with overtraining and to shorten the overall test duration, we
have limited the acquisition phase to five trials in some studies and averaged the learning
index from the fourth and fifth trials to determine a learning score.
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Figure 2-1: The Lashley III maze. The dead-end cul-de-sac zones of the maze are
colored red in this diagram for illustrative purposes only. The base and arms of the actual
maze are solid colors (inset). The maze is drawn to scale (dimensions in text).
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Figure 2-2: Lashley III maze performance in 2- vs 24-month-old male
C57Bl/6NCr mice. The Lashley III maze was used to assess route learning in young
(2 month-old) and aging (24 month-old) male C57Bl/6NCr mice. The parameters
measured were (a) days to criterion, the number of days required for a mouse to run
the maze for two consecutive nights with 0 errors or 1 error, and (b) learning index,
the number of correct four-paw arm entries made versus the total number of arm
entries made on days 1-4 of Lashley III maze testing.

24

Figure 2-3: Lashley III maze performance in young male C57Bl/6NCr and CD-1
mice. The Lashley III maze was used to assess route learning in 2 month-old
C57Bl/6NCr and 4-5 month-old CD-1 mice to compare strains. The parameters
measured were (a) days to criterion, the number of days required for a mouse to run
the maze for two consecutive nights with 0 errors or 1 error, and (b) learning index,
the number of correct four-paw arm entries made versus the total number of arm
entries made on days 1-4 of Lashley III maze testing. Statistical significances:
*p<0.05, **p<0.01 vs C57Bl/6NCr mice.
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Figure 2-4: Lashley III maze performance in 4-5 month-old male CD-1 mice. The
Lashley III maze was used to assess route learning in ten 4-5 month-old male CD-1
mice on 15 consecutive days. The parameters measured were (a) number of errors
made per day, with an error defined as a four-paw entry into a dead-end cul-de-sac
zone or travelling an already-travelled arm of the maze, and (b) time spent in the
maze per day. The mean day at which criterion was reached is indicated with a red
arrow.
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Chapter 3

Predisposition to a Lifetime of Anxiety:
The Serotonin Transporter and Mild Stress

Introduction
Evidence suggests that genetic and environmental factors, particularly significant
early life stress, work together to predispose individuals to developing stress-related
disorders, including depression and anxiety disorders (Leonardo and Hen, 2008; Uher
and McGuffin, 2008; Stevens et al., 2009). The most-studied genetic factor is the
serotonin transporter-linked polymorphic region (5-HTTLPR). In 2003, Caspi et al.
reported that 5-HTTLPR short ‘S’ allele carriers experiencing multiple early life stressors
were at increased risk for developing depression in adulthood compared to individuals
homozygous for the long ‘L’ allele (Caspi et al., 2003). While these findings have been
replicated and extended in several populations (Kaufman et al., 2004; Gibb et al., 2006;
Roy et al., 2007; Stein et al., 2008), this genotype × stress interaction is not always
observed (Risch et al., 2009). It is possible that differences in experimental methodology,
particularly with regard to methods of stress assessment and the types of stressors
experienced, underlie these discrepancies (Caspi et al., 2010).
Although there is no orthologous 5-HTTLPR in rodents, mice with constitutive
serotonin transporter (SERT)-deficiency have been produced to model the reductions in
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SERT hypothesized to manifest in short 5-HTTLPR allele carriers (Bengel et al., 1998;
Murphy et al., 2008). The human 5-HTTLPR ‘S’ allele is thought to result in 30-50%
reductions in SERT expression and function (Heils et al., 1996; Lesch et al., 1996; Little
et al., 1998; Heinz et al., 2000). Heterozygous SERT-deficient mice (SERT+/-) express
50% lower transporter levels, while SERT-/- mice show an absence of functional SERT
expression compared to wildtype littermates (Bengel et al., 1998; Perez et al., 2006).
Serotonin uptake rates are comparably reduced (Montañez et al., 2003; Perez and
Andrews, 2005). Behaviorally, SERT-/- mice display an elevated anxiety-like phenotype,
while SERT+/- mice are generally characterized by an intermediate phenotype compared
to wildtype littermates (for a recent review, see (Murphy et al., 2008).
In light of the inconsistent human literature regarding SERT genotype × early life
stress interactions predicting susceptibility to developing depression and anxiety
disorders, a critical area of interest is in using mouse models to investigate the effects of
stress on the neurological basis of adult anxiety-like behaviors. Environment over the
course of the lifetime and types and timing of stress can be more highly controlled in
animal models compared to humans. Although there has been some research exploring
this issue, the primary focus has been on stressful events occurring during early postnatal
periods in mice (Carroll et al., 2007a; Wellman et al., 2007; Carola et al., 2008a;
Bartolomucci et al., 2010; Muller et al., 2011). The afore mentioned studies used
paradigms thought to be highly stressful and investigated behavioral effects only in adult
mice at one time point after the final stress exposure.
While the initial studies investigating 5-HTTLPR × stress interactions in humans
considered only highly stressful events, a follow-up investigation found that the
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interaction persisted when minor/low-moderate threats were analyzed, particularly in S/S
women (Kendler et al., 2005). In light of these findings, we investigated changes in
anxiety-related behaviors resulting from interactions between decreased SERT expression
and repeated mild environmental stress – a type of stressor much more likely to be
experienced than discrete highly stressful events. Stress was experienced either during
periadolescence, into adulthood, or throughout the animal’s lifespan .We hypothesized
that brief weekly restraint stress, a typical laboratory procedure, alters anxiety-related
behaviors in a gene dose-dependent manner in female SERT-deficient mice. Furthermore,
longer exposures to this type of stress might have a greater potential to affect behavior.
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Materials and Methods
Animals
Female SERT-deficient mice were generated as described previously (Bengel et
al., 1998) on a mixed 129S6/SvEv × CD-1 background and were brother-sister mated for
>20 generations. Females were selected for this study because human S/S females have
been suggested to be more susceptible to stress and anxiety symptoms compared to males
(Eley et al., 2004; Sjoberg et al., 2006; Brummett et al., 2008). Moreover, sex differences
have also been found in regard to anxiety in adult C57BL/J6 mice such that female mice
displayed greater anxiety-like behaviors in response to predator odor alone, while male
mice were only affected by the more severe stressor of actual exposure to the predator
(Adamec et al., 2006b). In the present study, mice were weaned at 21 days of age and
housed in groups of 2-4 same sex siblings per cage in a temperature- and humiditycontrolled room with food (Lab Diet 5001, PMI Feeds, St. Louis, MO) and water
available ad libitum (12 h light/dark cycle, lights on at 0600 h). A total of 311 mice were
studied. Individual group sizes are included in Figure 3-1. Mice were not ovariectomized,
and estrous was not controlled for during the experimental procedures to model
conditions most often studied in human women. Experimental protocols were approved
by The Pennsylvania State University Institutional Animal Care and Use Committee and
adhered to the National Institutes of Health Animal Care Guidelines.

Handling restraint stress
All mice were restrained once by hand for 30 s at weaning on postnatal day 21 to
carry out tail clipping for genotyping and ear punching for identification. Subsequently,
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“handled” mice were removed from the home cage once per week and restrained in the
same manner while the abdomen was lightly rubbed with a finger in a circular motion for
the first 10 s of restraint. This weekly handling procedure was carried out until the week
of behavior testing. Mice were handled for a total of 8 weeks (periadolescent), 1016 weeks (early adult), or 18 months (late adult). “Unhandled” mice were not handled
and left undisturbed except for regular cage changes by trained animal care staff.

Elevated plus-maze
Four days after the last handling procedure, mice underwent elevated plus maze
testing. Mice were moved to the testing room at least 1 h before the dark-phase transition
with testing beginning 1 h after the start of the dark phase to avoid the peak feeding
period. A dim white light was used to illuminate the room. The elevated plus maze was
constructed of Plexiglas and consisted of two open arms (30 cm L × 5 cm W) and two
closed arms (30 cm L × 5 cm W × 15 cm H) extending from a common central platform
(5 cm × 5 cm) that was raised 38.5 cm above the floor (Lister, 1987). The walls of the
closed arms were constructed of clear Plexiglas to ensure even lighting across all arms of
the maze. At the start of each trial, mice were placed on the central platform facing a
closed arm and allowed to explore the maze for 5 min. The maze was cleaned between
trials with 70% ethanol and allowed to dry. All sessions were recorded by video camera
for behavior scoring.
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Light/Dark Transition Test
The light/dark test was carried out four days after plus maze testing in the cohort
handled during the periadolescent period. The light/dark apparatus consisted of a
Plexiglas chamber (40 cm W × 40 cm L × 30 cm H) equipped with eight infrared
photobeams and receptors to measure activity (Omnitech Electronics, Columbus, OH).
Each chamber contained an enclosed black (dark) Plexiglas box (20 cm W × 40 cm L ×
20.5 cm H). The black box had an opening (13 cm L × 5 cm H) in the center that allowed
mice to move freely between the dark and light compartments. The light compartment,
which was the same size as the dark compartment, was illuminated by a 75 W white light
situated 40 cm above the floor of the chamber. Light was directed to produce a sharp
light-dark line at the doorway between the two compartments (Crawley and Davis, 1982;
Crawley and Paylor, 1997). Each light/dark apparatus was housed in a wooden box
equipped with a fan to provide fresh air and background noise isolation from the
surrounding environment. Animals were initially placed in a corner of the light
compartment and allowed to freely explore the apparatus. Data were collected in four
5-min, non-cumulative intervals. Apparatuses were cleaned with 70% ethanol and
allowed to dry between trials.

Marble Burying Test
Four days after the light/dark transition test, mice in the periadolescence handled
group underwent the marble burying test. Cages (18 cm W × 28 cm L × 13 cm H) were
filled with approximately 6 cm of bedding. Fifteen marbles (1.5 cm diameter) were
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placed in 5 rows of 3 marbles 4 cm apart. Mice were individually placed in the corner of
a cage and allowed to freely explore for 30 min (Kalueff et al., 2006; Zhao et al., 2006).
Mice were returned to their home cages at the conclusion of the test session. The number
of buried (>2/3 covered), partly buried (1/3-2/3 covered), and unburied marbles were
recorded.

Open Field Test
Four days after the marble burying test, the periadolescence handled cohort also
underwent testing in the open field. Activity was measured in Digiscan open field animal
activity monitors (40 cm W × 40 cm L × 30 cm H) equipped with eight photobeams and
receptors surrounding Plexiglas boxes (Omnitech Electronics, Columbus, OH). The
center of the open field was defined as a 10 cm × 10 cm square located 15 cm from each
wall. A nose poke board elevated 3.5 cm with 16 equivalently spaced holes 3 cm in
diameter was inserted into each locomotor chamber to assess exploratory activity (Jones
et al., 1999). Apparatuses were housed in wooden boxes equipped with fans to provide a
continuous supply of fresh air and to isolate each chamber acoustically from the
surrounding environment. Mice were placed in the center of each apparatus. Data were
collected in 5 min, non-cumulative intervals for 60 min. Apparatuses were cleaned with
70% ethanol and allowed to dry between trials.

Statistics
Data were analyzed by three-way ANOVA with age, genotype, and handling
condition as the independent variables for the elevated plus maze. Subsequent two-way
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ANOVAs with genotype and handling condition as the independent variables for each
age were also carried out. Three-way ANOVAs with genotype and handling with the
independent variables and time as the repeated measures were performed for the
light/dark and open field tests. Two-way ANOVAs between genotype and time were also
performed for each handling condition. Individual comparisons were by Tukey’s post hoc
tests. All analyses were performed using the Statistical Analysis System (SAS Institute,
Cary, NC). Values are expressed as means ± SEMs with differences of p<0.05 considered
statistically significant.
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Results
Brief weekly handling alters anxiety-related behavior in the elevated plus maze in an
age-dependent manner
Anxiety-related behaviors were evaluated in the elevated plus maze by measuring
latency to make the first four-paw entry into an open arm, time spent in the open arms,
and numbers of open arm entries. There was a significant age × genotype × handling
interaction on open arm latency [F4,285=3.6; p<0.01] indicating that the effects of
genotype and handling varied across ages. In periadolescent mice, there was no
significant genotype × handling interaction [F2,182=1.4; p=0.25] suggesting that the
effects of handling were similar across genotypes. The main effects of genotype
[F2,182=17.8; p<0.001] and handling [F1,182=7.5; p<0.01] were significant at this age
(Fig. 3-1a). Both unhandled and handled SERT-/- mice took significantly longer to make
the first open arm entry compared to SERT+/+ mice in the same handling condition.
Handled SERT+/- mice took longer than handled SERT+/+ mice to make the first entry
into an open arm.
For SERT-deficient mice, handling into young adulthood was not associated with
a significant genotype × handling interaction [F2,41=2.2; p=0.12]. Additionally, no
significant main effect of genotype [F2,41=1.9; p=0.16] or handling [F1,41=0.2; p=0.63] on
open arm latency (Fig. 3-1b) was observed. By contrast, in aging handled SERT-deficient
mice there was a significant genotype × handling interaction [F2,62=11.5; p<0.001]. At
18-months of age, unhandled SERT-/- mice did not enter the open arms of the plus maze
during the entire testing session, whereas handled SERT-/- mice explored the open arms,
reversing the effects of handling observed in periadolescent mice (Fig. 3-1c).
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When time spent in the open arms was analyzed, the age × genotype × handling
interaction [F4,285=3.5; p<0.01] was also significant. In periadolescent mice, the genotype
× handling interaction was not significant [F2,182=0.6; p=0.54], indicating again that the
effects of handling were similar across genotypes at this age. There were significant main
effects of genotype [F2,182=8.4; p<0.001] and handling [F1,182=8.6; p<0.001] (Fig. 3-2a).
Handled periadolescent SERT-/- mice spent significantly less time in the open arms of
the plus maze compared to handled SERT+/+ mice. In SERT-deficient mice handled for
18 months, there was no significant genotype × handling interaction [F2,63=2.3; p=0.11];
however, there was also no significant main effect of genotype [F2,63=0.4; p=0.65]. There
was a significant main effect of handling [F1,63=9.1; p<0.01] at this age (Fig. 3-2c), with
handled 18-month old SERT-/- mice spending more time in the open arms than
unhandled SERT-/- mice (who did not enter the open arms during the testing session).
There was a significant genotype × handling interaction for mice handled for 10-16 wks
[F2,40=7.8; p<0.01] (Fig. 3-2b). Unhandled SERT-/- mice spent less time in the open arms
than both unhandled SERT+/+ and SERT+/- mice. Handled SERT+/- mice spent less
time exploring the open arms than unhandled SERT+/- mice.
Numbers of open arm entries were counted and analyzed as a third anxiety-related
variable. The age × genotype × handling interaction was significant [F4,289=3.7; p<0.01],
indicating that the genotype × handling interaction varied across the ages. There was no
significant genotype × handling interaction [F2,182=0.0; p=0.99], but there were
significant main effects of genotype [F2,182=27.0; p<0.001] and handling [F1,182=9.5;
p<0.01] in periadolescent mice (Fig. 3-3a) for open arm entries. At this age, both handled
and unhandled SERT+/- and SERT-/- mice made fewer entries into the open arms than
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SERT+/+ mice. There were significant genotype × handling interactions in adult
[F2,42=3.8; p<0.05] and aging [F2,65=4.4; p<0.05] mice. In five month-old mice,
unhandled SERT-/- mice made fewer open arm entries than unhandled SERT+/- mice
(Fig. 3-3b). However, at both five and 18 months, significant genotype differences
observed in unhandled mice were absent in the corresponding handled mice (Fig. 3-3c).
Total numbers of four-paw entries into both the open and closed arms of the maze
were used as an indicator of locomotor activity. Unlike the anxiety-related variables
discussed above, the age × genotype × handling interaction was not significant
[F4,290=0.3; p=0.86] for total entries. There was no significant genotype × handling
interaction [F2,182=0.1; p=0.92] or main effect of handling [F1,182=0.1; p=0.77], but there
was a significant main effect of genotype [F2,182=36.5; p<0.001] in periadolescent mice
(Fig. 3-4a). Both unhandled and handled SERT+/- and SERT-/- mice made significantly
fewer total arm entries than SERT+/+ mice, indicating that increases in anxiety-related
behaviors observed at this age are accompanied by a decrease in locomotion. In young
adult mice, there was no significant genotype × handling interaction [F2,43=0.0; p=1.00]
or main effects of genotype [F2,43=1.4; p=0.25] or handling [F1,43=1.6; p=0.22] on total
arm entries (Fig. 3-4b). Thus, differences in anxiety-related behaviors at five months of
age were not accompanied by the decreases in locomotion observed at three months.
There was no significant genotype × handling interaction [F2,65=1.0; p=0.38] or main
effect of genotype [F2,65=0.6; p=0.53], although there was a significant main effect of
handling [F1,65=7.3; p<0.01] in aging mice (Fig. 3-4c). Handled mice made fewer total
arm entries than unhandled mice.
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Handling alters anxiety-related behaviors in the light/dark transition test in
periadolescent SERT-deficient mice
Anxiety-related behaviors in the light/dark transition test were assessed by
analyzing the number of transitions between the light to dark compartments and the
amount of time spent in the aversive lit compartment. For numbers of transitions between
compartments, there was a significant genotype × handling × time interaction [F6,507=3.2;
p<0.01]. The main effect of handling was not significant [F1,169=2.5; p=0.11]. In
unhandled mice, there was a significant genotype × time interaction [F6,356=4.3; p<0.001]
suggesting that the effects of genotype varied across time (Fig. 3-5a). For handled mice,
there was no significant genotype × time interaction [F6,320=0.9; p=0.48] suggesting that
the effects of genotype were similar over time. The main effect of genotype [F2,320=36;
p<0.001] but not time [F3,320=1.9; p=0.14] was significant in this condition (Fig. 3-5b).
Both unhandled and handled SERT+/+ mice made significantly more transitions
compared to SERT-/- mice of the same handling condition at the 15 and 20 min intervals.
Regarding time spent in the light compartment, the genotype × handling × time
interaction was not significant [F6,507=0.3; p=0.27]; however, the main effect of handling
was significant [F1,169=4.6; p<0.05]. The genotype × time interaction was significant
[F6,356=3.5; p<0.01] in unhandled mice (Fig. 3-5c). Unhandled SERT+/+ mice spent more
time in the light compartment vs SERT-/- mice at the 15 and 20 min intervals and vs
SERT+/- mice at the 20 min time point. The genotype × time interaction was also
significant [F6,320=2.3; p<0.5] for handled mice (Fig. 3-5d). At the 15 min time point,
handled SERT+/+ spent more time in the light compartment than SERT-/- mice; at
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20 min, SERT+/+ and SERT+/- mice spent more time in the light side compared to
SERT-/- mice.
Activity was also assessed in the light/dark test. For activity in the light
compartment, there was a significant genotype × handling × time interaction [F6,507=2.5;
p<0.05]. The main effect of handling was also significant [F1,169=7.8; p<0.01]. In
unhandled mice, there was a significant genotype × time interaction [F6,356=5.0; p<0.001],
indicating that activity levels in SERT-deficient varied with respect to time (Fig. 3-5e).
While there was no significant genotype × time interaction [F6,320=1.6; p=0.16] for
activity in the light compartment in handled mice, there were significant effects of
genotype [F2,320=54.4; p<0.001] and time [F3,320=7.3; p<0.001] (Fig. 3-5f). Both
unhandled and handled SERT+/+ mice were significantly more active in the light side
compared to SERT-/- mice of the same handling condition at the 10, 15, and 20 min
intervals. Additionally, SERT+/+ mice were more active than SERT+/- mice at the 15
and 20 min time points in both handling conditions.
There was a trend towards a significant genotype × handling × time interaction
[F6,507=2.4; p=0.057] but the main effect of handling was not significant [F1,169=0.2;
p=0.69] for activity in the dark compartment. In unhandled mice, the genotype × time
interaction [F6,356=1.8; p=0.10] was not significant, but the main effects of genotype
[F2,356=11; p<0.001] and time [F3,356=25; p<0.001] were significant (Fig. 3-5g). At the
5 min time point, SERT+/+ and SERT+/- mice explored the dark compartment more than
SERT-/- mice. For handled mice, the genotype × time interaction [F6,320=1.0; p=0.44]
was not significant, but the main effects of genotype [F2,320=11; p<0.001] and time
[F3,320=79; p<0.001] were significant (Fig. 3-5h). Initially, handled SERT+/+ mice
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explored the dark compartment more than SERT+/- and SERT-/- mice. Light/dark
transition test data suggest increased anxiety-related behavior in both handled and
unhandled periadolescent SERT-/- mice as evidenced by reduced numbers of side
transitions and decreased time spent in the light compartment. Modest differences in
activity levels were also evident in this test with SERT-/- mice displaying reduced
activity compared to SERT+/+ mice in the both the anxiogenic light compartment and the
preferred dark compartment.

Handling does not change marble burying behavior in young mice
Overall, there was no significant genotype × handling interaction [F2,182=0.2;
p=0.84] nor significant main effects of handling [F1,182=0.1; p=0.79] on the number of
marbles buried. However, there was a significant main effect of genotype [F2,182=15.8;
p<0.001] (Fig. 3-6). Both handled and unhandled SERT-/- mice buried significantly
fewer marbles compared to SERT+/+ and SERT+/- littermates, suggesting that SERT-/mice may exhibit greater neophobia when confronted with a novel environment and/or
the opportunity to interact with novel objects.

Handling does not alter exploration of the open field in periadolescent SERT-deficient
mice
There were no significant genotype × handling × time interactions for any open
field test variable. Locomotor activity was measured by total distance traveled in the open
field. The main effect of handling was not significant [F1,175=1.2; p=0.28]. When
unhandled mice were analyzed, there was no significant genotype × time interaction
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[F22,1056=0.4; p=0.99], but the main effects of genotype [F2,1056=4.9; p<0.01] and time
[F11,1056=31; p<0.001] were significant (Fig. 3-7a). Similarly, the genotype × time
interaction was not significant [F22,1044=8.0; p<0.001] for handled mice. The main effects
of genotype [F2,1044=30; p<0.001] and time [F11,1044=110; p<0.001] were significant
(Fig. 3-7b), with SERT+/+ mice traveling more than SERT+/- mice at the 10 and 50 min
intervals.
Time spent in the center of the open field was evaluated as a measure of anxietyrelated behavior. There was a trend toward a significant main effect of handling
[F1,175=3.4; p=0.067]. For unhandled mice, the genotype × time interaction [F22,1056=0.7;
p=0.81] and the main effect of time [F11,1056=0.8; p=0.65] were not significant. However,
the effect of genotype was highly significant [F2,1056=47.0; p<0.001] (Fig. 3-7c).
Specifically, SERT+/+ mice spent significantly more time in the center of the open field
at the 25, 30, 35, 40, and 45 min intervals than SERT-/- mice and at the 5, 25, and 30 min
intervals compared to SERT+/- mice. For unhandled mice, the genotype × time
interaction [F22,1044=0.4; p=0.99] and the main effect of time [F11,1044=0.3; p=0.98] were
also not significant. However, the effect of genotype was highly significant [F2,1044=81.7;
p<0.001] (Fig. 3-7d). Specifically, SERT+/+ mice spent significantly more time in the
center of the open field at the 5, 15, 20, 30, 35, 40, 45, and 50 min intervals vs SERT-/mice.
The main effect of handling was also not significant [F1,174=0.4; p=0.55] for nose
pokes, which were quantified as an indicator of exploratory behavior in the open field. In
the unhandled group of mice, the genotype × time interaction was not significant
[F22,1044=0.3; p=0.99]; however, the main effects of genotype [F2,1044=5.0; p<0.01] and
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time [F11,1044=8.2; p<0.001] were significant (Fig. 3-7e). The handled cohort followed the
same pattern as the unhandled group. The genotype × time interaction was not significant
[F22,1044=0.5; p=0.97], but the main effects of genotype [F2,1044=8.7; p<0.001] and time
[F11,1044=10.6; p<0.001] were highly significant (Fig. 3-7f). Thus, SERT-deficient mice
did not preferentially explore the open field via investigational nose pokes in either the
unhandled or handled cohort, implying that genotype-dependent differences in open field
behaviors were not primarily the result of variations in exploration strategies in the
unhandled and handled mice.
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Discussion
Unhandled SERT-deficient mice display increases in anxiety-related behavior
compared to SERT+/+ mice as early as periadolescence. This anxious phenotype persists
throughout young and late adulthood, ultimately resulting in aging female SERT-/- mice
that completely avoid the anxiogenic open arms of the elevated plus maze. This
genetically associated behavior is modified by a brief, repeated procedure commonly
used during experimental manipulations of rodents with the effects of mild weekly
handling depending on the time frame over which they occur.
When weekly handling is restricted to the periadolescent period (8 weeks after
weaning) in female SERT-deficient mice, anxiety-related behaviors in the elevated plus
maze are not significantly different from those in unhandled mice of the same genotype.
By contrast, when mice are handled for 10-16 weeks post-weaning, anxiety-related
behaviors are somewhat increased, particularly in SERT+/- mice. When mice are handled
until they are 18-months old, there is a striking reduction in anxiety-related behaviors,
particularly in SERT-/- mice. Indeed, unhandled aging female SERT-/- did not enter the
open arms of the plus maze, while handling over the lifespan alters this behavior such
that handled SERT-/- mice are phenotypically identical to handled SERT+/+ and
SERT+/- mice in terms of behavior in the plus maze.
Assessment of additional anxiety-related behaviors in mice handled during
periadolescence revealed that the handling procedure altered anxiety-related behaviors in
the light/dark transition test. In general, handled mice spent less time and were less active
in the light compartment. However, handling did not affect the numbers of transitions
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between the light and dark compartments, indicating that the changes in anxiety-related
behaviors were not modulated by concurrent changes in locomotor activity.
Handling during periadolescence did not alter marble burying behavior. Marble
burying was originally thought to measure anxiety-related behavior as the number of
marbles buried decreases in response to treatment with benzodiazepines and serotoninselective reuptake inhibitors (Njung'e and Handley, 1991; De Boer and Koolhaas, 2003).
However, marbles do not provoke a fear-response in mice (De Boer and Koolhaas, 2003).
Therefore, marble burying behavior may be a result of normal rodent digging rather than
defensive burying of anxiogenic objects. The marble burying test alternately can be
interpreted as a measure of impulsivity and a possible indicator of obsessive/compulsive
disorder-related behaviors (Londei et al., 1998; De Boer and Koolhaas, 2003). Reduced
marble burying by SERT-/- mice has previously been associated with increased
emotionality (Zhao et al., 2006) or hypoactivity (Kalueff et al., 2006). While we observed
reduced burying in both unhandled and handled SERT-/- mice, we did not observe a
robust change in activity in SERT-/- at this age. Thus, we hypothesize that genotypedependent differences in marble burying are indicative of increased neophobia in SERT/- mice.
Anxiety-related behaviors and activity in the open field were unaltered by the
handling restraint procedure employed here in young mice. However, the open field test
was the final test in the behavioral test battery administered to the periadolescent cohort.
With this experimental design, mice were exposed to the handling restraint 16 days
before undergoing open field testing; thus, it may be that increasing length of time from
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last restraint diminished the effects of handling that we might otherwise have observed in
this test.
Many studies, predominantly in rats, have indicated that direct manipulation of an
animal’s environment through handling alters anxiety-like behavior (Levine et al., 1967;
Fride and Weinstock, 1988; Nunez et al., 1996; Vallee et al., 1996; Meerlo et al., 1999;
Chapillon et al., 2002). Additionally, the length of the handling or separation period
might influence adult anxiety responses. In mice, daily handling for at least one minute
pre-weaning or post-weaning until 5-6 months of age reduced emotionality in the open
field test (Reboucas and Schmidek, 1997; Genaro and Schmidek, 2002).
Naturally occurring strain differences in parenting behavior can also produce
significant changes in adult behavior (Priebe et al., 2005). However, there is evidence
that maternal separation has little to no effect on adulthood anxiety- and depressionrelated behaviors in mice (Millstein and Holmes, 2007). Low maternal care experienced
by SERT+/- mice pre-weaning increases anxiety-related behaviors compared to SERT+/mice receiving high maternal care in both sexes (Carola et al., 2008b). Conversely,
maternal separation and mild footshocks experienced during the second postnatal week
did not alter the adult anxiety-related phenotype of SERT-deficient mice, an effect that
could be associated with increased maternal care upon return to the dam or to the
possibility that the footshock stressor was too mild (Carroll et al., 2007b). Here, we were
specifically interested in investigating the interactions between reduced SERT expression
and brief, mild, repeated environmental stress beginning at weaning in mice – a
developmental age that corresponds to childhood in humans. By beginning the handling
procedure at this time point, we dissociated the effects of reciprocal maternal actions on
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handled and unhandled mouse behavior. However, as the animals were group housed
during the handling procedure, it is possible that the existing cage dynamic influenced
anxiety-related behaviors in a manner similar to increased maternal care observed during
pre-weaning procedures.
In mice, predictability, duration, controllability, and severity of stressors, as well
as the age, gender, strain, and genetics of the animals all interact to determine
physiological and behavioral responses to stressors (Anisman and Matheson, 2005; Van
Bogaert et al., 2006). Previous studies investigating the effects of chronic mild stress in
adult mice have often used the unpredictable chronic mild stress model (Pothion et al.,
2004; Yalcin et al., 2008; Schweizer et al., 2009). There is reason to suspect that the brief
handling procedure used in this study is a milder stress than common unpredictable
chronic mild stress paradigms, which utilize a random presentation of stressors including
mild food and water deprivation, acute restraint stress, light cycle alterations, and cage
tilting (Pothion et al., 2004; Adamec et al., 2006a; Schweizer et al., 2009). It may be that
the handling procedure, while a potential model of mild to moderate human stress, was
not severe enough to produce genotype-dependent increases in anxiety-related behaviors
in periadolescent mice. However, the attenuation of anxiety-related behaviors in SERT-/mice handled until 18-months of age indicates that this mild handling procedure is
capable of producing behavioral changes. Further investigation of the stressresponsiveness of handled SERT-deficient mice is required to determine what
physiological differences may be responsible for the behavioral differences observed.
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Figure 3-1: Effects of brief weekly handling on open arm latency in the elevated plus
maze in female SERT-deficient mice. Latency to enter the open arms of the elevated
plus maze was assessed in mice handled once per week for (a) 8 weeks, (b) 10-16 weeks,
or (c) 70 weeks post-weaning. Statistically significances are denoted as follows: *p<0.05
vs SERT+/+ mice; †p<0.05 vs SERT+/- mice; ##p<0.01 vs unhandled mice of same
genotype.
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Figure 3-2: Effects of brief weekly handling on open arm time in the elevated plus
maze in female SERT-deficient mice. Time spent in the open arms of the elevated plus
maze was assessed in mice handled once per week for (a) 8 weeks, (b) 10-16 weeks, or
(c) 70 weeks post-weaning. Statistical significances are denoted as follows: *p<0.05 vs
SERT+/+ mice; †p<0.05 vs SERT+/- mice; #p<0.05 and ###p<0.001 vs unhandled mice
of same genotype.
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Figure 3-3: Effects of brief weekly handling on open arm entries in the elevated plus
maze in female SERT-deficient mice. Number of entries into the open arms of the
elevated plus maze was assessed in mice handled once per week for (a) 8 weeks, (b) 1016 weeks, or (c) 70 weeks post-weaning. Statistical significances are denoted as follows:
*p<0.05 vs SERT+/+ mice; †p<0.05 vs SERT+/- mice.
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Figure 3-4: Effects of brief weekly handling on total arm entries in the elevated plus
maze in female SERT-deficient mice. Number of total arm entries of the elevated plus
maze was assessed in mice handled once per week for (a) 8 weeks, (b) 10-16 weeks, or
(c) 70 weeks post-weaning. Statistical significances are denoted as follows: *p<0.05 vs
SERT+/+ mice.
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Figure 3-5: Anxiety-related behaviors and activity in the light/dark transition test.
Anxiety-related behavior was measured in the light/dark transition test and analyzed as (a
& b) numbers of transitions between the light and dark compartments and (c & d) time
spent in the light compartment. Activity was monitored by counting the numbers of
horizontal beam breaks in the (e & f) light and (g & h) dark compartments of the
apparatus. Mice per group: N=22 for unhandled SERT+/+, N=40 for unhandled SERT+/-,
N=30 for unhandled SERT-/-, N=23 for handled SERT+/+, N=37 for handled SERT+/,
and N=23 for handled SERT-/- male. Statistical significances: *p<0.05 SERT+/+ vs
SERT-/- mice; †p<0.05 SERT+/+ vs SERT+/- mice; #p<0.05 SERT+/- vs SERT-/- mice.
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Figure 3-6: Anxiety-related behaviors in the marble burying test. Anxiety-related
behavior was measured by counting the number of marbles (out of 15 total) buried during
a 30 min test session. Statistical significances: *p<0.05 SERT+/+ vs SERT-/- mice;
#p<0.05 SERT+/- vs SERT-/- mice.
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Figure 3-7: Locomotor activity and anxiety-related behaviors in the open field. In
the open field test, locomotor activity was analyzed as total distance traveled in (a)
unhandled and (b) handled mice. Anxiety-related behavior was assessed as the time spent
in the center of the field in (c) the unhandled and (d) handled groups. Changes in vertical
exploration patterns were analyzed as nose pokes in (e) unhandled and (f) handled mice.
Mice per group: N=22 for unhandled SERT+/+, N=40 for unhandled SERT+/-, N=30 for
unhandled SERT-/-, N=23 for handled SERT+/+, N=37 for handled SERT+/, and N=23
for handled SERT-/- male. Statistical significances: *p<0.05 SERT+/+ vs SERT-/- mice;
†p<0.05 SERT+/+ vs SERT+/- mice.
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Chapter 4

Differentiating Anxiety-Related and Learning Behaviors in Aging
Wildtype and Heterozygous Serotonin Transporter-Deficient Mice

Introduction
Serotonin (5-HT) modulates many behavioral domains, including cognition,
anxiety, and responsiveness to stress (Cowen, 2008; Murphy et al., 2008). The serotonin
transporter (SERT) removes 5-HT from the synaptic cleft, thereby regulating the
magnitude and duration of serotonergic neurotransmission. Humans exhibit a SERTlinked polymorphic region (5-HTTLPR) with short ‘S’ and long ‘L’ functional allelic
variants. Approximately 75% of the Caucasian population carries the 5-HTTLPR ‘S’
allele and is thought to have 30-50% reduced SERT expression and function compared to
individuals homozygous for the ‘L’ allele (Heils et al., 1996; Lesch et al., 1996; Little et
al., 1998; Heinz et al., 2000). There is no homologous 5-HTTLPR in rodents; mice with
constitutive reductions in SERT have been used to model the reductions in SERT
hypothesized to manifest in 5-HTTLPR ‘S’ allele carriers (Bengel et al., 1998; Murphy et
al., 2008). Heterozygous SERT deficient (SERT+/-) mice express 50% lower transporter
levels (Bengel et al., 1998; Perez et al., 2006) and reduced 5-HT uptake rates (Montañez
et al., 2003; Perez and Andrews, 2005) compared to wildtype mice. Therefore, SERT+/mice can be considered a model of human 5-HTTLPR ‘S’ allele carriers in terms of SERT
expression and function.
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The ‘S’ allele of the 5-HTTLPR has been associated with increases in anxietyrelated personality traits (Murphy et al., 2008), as well as heightened stress
responsiveness (Caspi et al., 2003; Kendler et al., 2005) and amygdala reactivity to
positive and negative stimuli (Hariri et al., 2002; Canli et al., 2005; Heinz et al., 2007).
Similarly, anxiety-related behaviors in SERT-deficient mice are generally increased (for
a recent review, see (Murphy et al., 2008). Procedures thought to be highly stressful (i.e.,
psychosocial stress, inescapable footshocks) further increase anxiety in SERT-deficient
mice (Wellman et al., 2007; Carola et al., 2008; Bartolomucci et al., 2010; Muller et al.,
2011). Additionally, we have demonstrated that mild stress experienced for 10-16 weeks
or 18 months post-weaning alters the anxiety-like phenotype in SERT-deficient mice
(Chapter 3).
Recognition and recall memory are also modulated by the 5-HTTLPR (Roiser et
al., 2007), but the effects of this polymorphism on other forms of learning and memory
have not been extensively investigated in humans. Rodents display task-dependent effects
of reduced SERT expression. For example, SERT+/- and SERT-/- mice make fewer
errors on a reversal learning task than SERT+/+ mice (Brigman et al., 2010); SERT-/rats are impaired in a novel object recognition paradigm (Olivier et al., 2009).
Normal human aging results in a loss of forebrain serotonin axon projections
(Marcusson et al., 1987). Serotonergic dysfunction is associated with the early stages of
neurodegenerative diseases (Zarros et al., 2005; Aznar and Knudsen, 2011; Eskow
Jaunarajs et al., 2011), and there is an increased incidence of depression and cognitive
decline or dementia in the human geriatric population. No association between the
5-HTTLPR polymorphism and cognitive impairments has been found in non-demented
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elderly populations, but there is evidence of serotonergic modulation of age-related
cognitive decline (Payton et al., 2005). Rodents display similar age-associated loss of
forebrain serotonergic innervation accompanied by impaired cognitive function (van
Luijtelaar et al., 1992; Nishimura et al., 1998). Previously, we demonstrated a significant
age-related loss of forebrain 5-HT innervation in 19 month-old female SERT+/+ mice but
a preservation of axon density in SERT+/- mice (Unger, 2004). However, previous
attempts to assess anxiety-related behaviors and spatial learning in aging SERT-deficient
mice were complicated by exposure to lifelong handling (Unger, 2004). Thus, age- and
disease-related 5-HT system degeneration might partly underlie behavioral changes but
these have not been studied definitively in SERT-deficient mice.
The aim of the present study was to examine differences in anxiety-related
behavior, acute stress responsiveness, object recognition memory, and spatial learning in
aging SERT+/+ and SERT+/- mice. We selected the novelty-induced hypophagia, onetrial novel object recognition, and Lashley III maze paradigms, which have not been
previously explored in aging SERT-deficient mice. We sought to determine if
performance on tasks modulated in part by forebrain structures, including the
hippocampus and amygdala, is improved in aging SERT+/- mice with preserved
serotonergic innervation to these regions compared to SERT+/+ mice (Unger, 2004).
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Materials and Methods
Animals
Male and female SERT-deficient mice aged 14-20 months (median age
18 months) at the start of behavior testing were generated as previously described
(Bengel et al., 1998) on a mixed 129S6/SvEv × CD-1 background. Mice were brothersister mated for >20 generations. Housing was in groups of 2-4 same-sex siblings per
cage until 13 days before novelty-induced hypophagia training (described below). At that
time, mice were individually housed and remained so for the duration of the experimental
procedures. Novelty-induced hypophagia training commenced with 95 mice (female
SERT+/+ N=23; male SERT+/+ N=24; female SERT+/- N=24; male SERT+/- N=24).
Mice were housed in a temperature- and humidity-controlled room with food (Lab Diet
5001, PMI Feeds, St. Louis, MO) and water available ad libitum (12 h light/dark cycle,
lights on at 0600 h). For all behavior testing procedures, mice were moved to the
behavioral testing room 1 h before the start of the dark cycle to habituate. Experimental
protocols were approved by The Pennsylvania State University Institutional Animal Care
and Use Committee and adhered to the National Institutes of Health Animal Care
Guidelines.

Novelty-Induced Hypophagia
The novelty-induced hypophagia (NIH) test has been described previously
(Dulawa and Hen, 2005). On the day prior to training, each mouse was transferred to a
clean home cage with bedding and nesting squares. Mice were trained to drink dilute (3
parts water to 1 part milk) sweetened condensed milk (Carnation, Nestle USA, Glendale,
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CA) for three consecutive days. Training was conducted during the first 30 min following
the transition to the dark phase under red light when peak feeding occurs. Food and water
were removed at this time. Milk was presented in 10 mL serological pipettes attached to
sippers. Latency to consume and amount consumed were recorded in 5 min intervals for
30 min. Home cage testing occurred on the fourth day, following the same procedure as
the training phase. On the fifth day, approximately half of the mice were randomly
assigned to receive an acute restraint stress (defined below) or were unstressed.
Following the restraint stress procedure, mice were placed in a novel, clean acrylic cage
the same dimensions as their home cage with no bedding, nesting material, food, or water
available under bright illumination at the dark phase transition. Mice were given free
access to the milk solution for 30 min, with latency to drink and the amount of milk
consumed recorded every 5 min as before. At the conclusion of testing, mice were
returned to their home cages. Fresh milk solution was prepared on the first day of training
for each group tested, stored at 4°C, and brought to room temperature 1-2 h before
training/testing began.

Acute Restraint Stress
Basal body temperature was measured rectally 2 times and averaged to determine
pre-stress body temperature. Mice were weighed. Those assigned to the acute stress
condition were restrained in clear acrylic Broome restraints (38 mm diameter, Plas Labs,
Lansing, MI) beginning 2 h before the light/dark transition. The size of the Broome
restraint was selected to accommodate rodents weighing 30-125 g. Broome restraints
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containing mice were placed individually in clean cages. Mice were restrained for 2 h,
after which rectal temperature was measured again for all animals. Mice were weighed
24 h, 48 h, and 72 h post-restraint. Two animals died during the restraint procedure.
Broome restraints were cleaned with 70% ethanol after use.

One-Trial Novel Object Recognition
Eighteen days after the NIH novel cage testing, half of the mice were randomly
assigned to undergo novel object recognition testing with different delay intervals.
Sixteen mice each were subjected to 10 min, 4 h, or 24 h delay intervals between training
and testing sessions (4 mice per sex per genotype per delay interval; 48 mice total). The
one-trial novel object recognition test was adapted from procedures used in rats
(Ennaceur and Delacour, 1988; Dere et al., 2007; Olivier et al., 2008; Olivier et al.,
2009). Mice were introduced into a bedding-free arena (50 cm W × 50 cm L × 24 cm H)
containing two identical objects that they could climb in and on but could not easily
move (CritterTrail, Elk Grove Village, IL) beginning 1 h after the transition to the dark
phase. Mice were allowed to freely explore both objects for 5 min before being returned
to their home cages for the delay interval. One of the objects was replaced with a novel
object made of the same material as the familiar objects but differing in shape and color
contrast (light vs dark) before animals were reintroduced into the arena. The novel object
was positioned in the same location as one of the familiar objects during the training
procedure. The side of the arena where the novel object was placed was alternated
between animals. Mice were again allowed to explore the arena for 5 min. Trials were
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video recorded for subsequent behavioral analysis. The discrimination index, defined as
[(novel object exploration time – familiar object exploration time) / total object
exploration time] during the testing phase, was calculated for each delay interval. The
arena and objects were cleaned thoroughly with 70% ethanol and allowed to dry between
animals.

Lashley III Maze
Eighteen days after NIH novel cage testing, mice not assigned to novel object
recognition testing (42 mice) underwent Lashley III maze training as described
previously (Blizard et al., 2003; Blizard et al., 2006; Bressler et al., 2010) (see also
Chapter 2). Mice were tested once per night for 14 consecutive nights. A learning index,
the ratio of correct path segments to total path segments travelled in a single trial, was
calculated for the first 4 trials to evaluate the rate of learning acquisition.

Statistics
Data for the novelty-induced hypophagia procedure were initially analyzed by
three-way ANOVA with sex, genotype, and stress as the independent variables.
Subsequent two-way ANOVA with genotype and stress as the independent variables was
carried out for data from each sex. For the novel object recognition test, data were
initially analyzed by two-way ANOVA with genotype and delay interval as the
independent variables for each sex. Lashley maze data was analyzed by two-way
ANOVA with genotype and sex (days to learn) or trial (learning index) as the variables.
Where interaction terms were not significant, main effects are reported. A priori
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individual comparisons were by Bonferroni’s post-tests or one-tailed Student’s t-tests. All
analyses were performed using the Statistical Analysis System (SAS Institute, Cary, NC)
or GraphPad Prism (GraphPad Software, Inc., San Diego, CA). All values are expressed
as means ± SEMs with differences of p<0.05 considered statistically significant.
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Results
SERT-deficiency does not alter response to acute restraint stress in aging mice
General responses to acute restraint stress were assessed in aging mice by
measuring core body temperature pre- and post-stress and monitoring body weight for
72 h post-stress. Body temperature and weight were also measured in unstressed mice. A
1-2°C drop in core body temperature is indicative of a stressful response in mice
(Johnson et al., 2000). In female mice, there was a significant effect of stress [F1,37=14.8;
p<0.001] but not genotype [F1,37=0.0; p=0.97] on change in body temperature (Fig. 4-1a).
Stressed SERT+/- mice displayed a greater change in temperature than unstressed
SERT+/- mice (p<0.01). There was also a significant effect of stress [F1,37=13.1;
p<0.001] but no significant effect of genotype [F1,37=1.2; p=0.28] for male mice
(Fig. 4-1b). Specifically, the change in temperature between unstressed and stressed
SERT+/+ mice was significant (p<0.01), with stress causing a significant decrease in
basal temperature. These decreases in body temperature indicate that 2 h restraint was
stressful for the aging mice studied.
Post-stress body weight change was monitored as a second measure of
generalized stress response. The main effects of genotype [F1,41=0.5; p=0.47] and stress
[F1,41=0.1; p=0.76] were not significant for female mice; however, the main effect of time
was significant [F2,82=19.5; p<0.001] (Fig. 4-1c). In male mice, the main effects of stress
[F1,43=5.9; p<0.05] and time [F2,86=13.7; p<0.001] were significant, while the main effect
of genotype was not significant [F1,43=0.1; p=0.81] (Fig. 4-1d). Further analysis showed
that weight change was significantly different between unstressed and stressed male
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SERT+/- mice 24 h and 48 h post-stress. Thus, the acute restraint resulted in significant
stress-induced weight loss in aging male SERT+/- mice only.

Novelty-induced hypophagia is not altered in aging SERT-deficient mice
Novelty-induced hypophagia was used as a test of anxiety-related behavior.
Latency to approach the condensed milk solution in the familiar vs novel environment
was compared for each sex. There was an effect of environment [F1,42=6.4; p<0.05] but
not genotype [F1,42=2.6; p=0.12] or stress [F1,42=0.6; p=0.45] for female mice. Mice
displayed significantly longer latencies in the novel environment [82 ± 40 s (unstressed
SERT+/+), 53 ± 31 s (stressed SERT+/+), 117 ± 64 s (unstressed SERT+/-), and
307 ± 161 s (stressed SERT+/-)] than in the home environment [40 ± 20 s (unstressed
SERT+/+), 19 ± 7 s (stressed SERT+/+), 32 ± 9 s (unstressed SERT+/-), and 29 ± 8 s
(stressed SERT+/-)]. For male mice, there was also a significant effect of environment
[F1,43=4.2; p<0.05] but not genotype [F1,43=1.2; p=0.28] or stress [F1,43=2.6; p=0.11] on
approach latency. Regardless of SERT genotype or stress exposure, male mice
approached the milk significantly faster in the home [29 ± 22 s (unstressed SERT+/+),
33 ± 14 s (stressed SERT+/+), 64 ± 46 s (unstressed SERT+/-), and 156 ± 137 s (stressed
SERT+/-)] vs novel [28 ± 10 s (unstressed SERT+/+), 246 ± 151 s (stressed SERT+/+),
116 ± 104 s (unstressed SERT+/-), and 400 ± 200 s (stressed SERT+/-)] environments.
Differences in behaviors between the novel and home cage testing environments
were also analyzed for each sex separately. There was a significant effect of genotype
[F1,35=5.1; p<0.05] but not stress [F1,35=0.9; p=0.34] on the change in approach latency
between the novel and familiar cage environments in aging female SERT-deficient mice
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(Fig. 4-2a). Further analysis revealed a significant difference between stressed SERT+/+
and stressed SERT+/- mice (p<0.05). There were no significant main effects of genotype
[F1,33=0.1; p=0.77] or stress [F1,33=4.1; p=0.052] for aging male SERT-deficient mice
(Fig. 4-2b), indicating that the difference in approach latency between the two
environments was similar between SERT+/+ and SERT+/- mice regardless of stress.
The amount of milk consumed during the first 5 min of testing was also compared
across environments for each sex. In the female mice, the effect of environment
[F1,42=10.0; p<0.01] but not genotype [F1,42=0.1; p=0.73] or stress [F1,42=2.5; p=0.12] was
significant. For male mice, there was also a significant effect of environment [F1,43=7.5;
p<0.01] but not genotype [F1,43=0.5; p=0.49] or stress [F1,43=0.0; p=0.97]. There were no
significant main effects of genotype (female [F1,43=1.1; p=0.31], male [F1,42=2.0;
p=0.17]) or stress (female [F1,43=0.7; p=0.40], male [F1,42=0.8; p=0.38]) on the change in
initial consumption between the novel and home cage environments (Figs. 4-2c and
4-2d).
Total volume consumed during the 30 min testing period was investigated to
determine if the initial consumption behavior persisted upon prolonged exposure to the
testing environments. There was a significant effect of environment [F1,42=8.1; p<0.01]
but not genotype [F1,42=1.6; p=0.21] or stress [F1,42=0.5; p=0.49] for total consumption in
female mice. In male mice, the effect of environment [F1,43=10.0; p<0.01] but not
genotype [F1,43=0.1; p=0.76] or stress [F1,43=0.6; p=0.45] was also significant.
Specifically, mice of both sexes consumed significantly more than in the home cage than
in the novel cage. There was a significant genotype × stress interaction [F1,41=5.1;
p<0.05] on change in total volume consumed in aging female SERT-deficient mice,
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indicating that stress differentially affected total consumption in SERT+/+ and SERT+/mice. (Fig. 4-2e) Simple effects revealed no significant individual comparisons. There
were no significant main effects of genotype [F1,42=2.0; p=0.17] or stress [F1,42=0.8;
p=0.38]) on change in total consumption between the novel and home cage environments
in aging male SERT-deficient mice (Figs. 4-2f). Together, these data indicate that aging
mice of both sexes display increased anxiety-related behaviors in novel environments, but
not in a SERT genotype-dependent manner. Acute restraint stress prior to exposure to the
novel environment altered the difference approach latency between the novel and home
cages in female SERT-deficient mice but did not otherwise modify anxiety-related
behaviors.

Object recognition memory is preserved in aging SERT+/- mice
The one-trial object recognition memory test was used to assess episodic-like
memory in aging SERT-deficient mice (Dere et al., 2006; Dere et al., 2007). Time spent
investigating familiar vs novel objects was analyzed at three different delay intervals for
female and male mice, with each mouse only being exposed to one delay interval. For the
10 min delay interval, there was a significant effect of object [F1,12=79.2; p<0.001] but
not genotype [F1,12=0.1; p=0.72] on investigation time in female mice (data not shown).
Specifically, mice spent more time investigating a novel object (129 ± 13 s for SERT+/+
mice and 119 ± 18 s for SERT+/- mice) than a familiar object [13 ± 2 s (SERT+/+) and
32 ± 5 s (SERT+/-)]. In male mice, there was a significant effect of object [F1,12=47.4;
p<0.001] and genotype [F1,12=6.9; p<0.05] on investigation time at the 10 min interval.
Mice spent more time with the novel object [116 ± 12 s (SERT+/+) and 64 ± 14 s
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(SERT+/-)] than with the familiar object [24 ± 3 s (SERT+/+) and 27 ± 5 s (SERT+/-)].
Additionally, male SERT+/+ spent more time with the novel object than SERT+/- mice.
When female mice were tested at the 4 h delay interval, there was no effect of
object [F1,12=0.0; p=0.99] or genotype [F1,12=1.5; p=0.25] for times spent investigating
the novel [80 ± 27 s (SERT+/+) and 60 ± 13 s (SERT+/-)] vs the familiar [86 ± 27 s
(SERT+/+) and 53 ± 17 s (SERT+/-)] objects. By contrast, when male mice were exposed
to the 4 h delay interval, there was a significant effect of genotype [F1,12=12.6; p<0.01]
but not object [F1,12=0.0; p=0.93] for times spent investigating the novel [72 ± 14 s
(SERT+/+) and 32 ± 5 s (SERT+/-)] vs the familiar [76 ± 18 s (SERT+/+) and 31 ± 4 s
(SERT+/-)] objects. Male SERT+/+ mice spent significantly more time investigating both
objects compared to SERT+/- mice.
At the 24 h delay interval, there was also no effect of genotype [F1,12=0.4;
p=0.55] for time spent investigating the novel [30 ± 12 s (SERT+/+) and 20 ± 3 s
(SERT+/-)] vs the familiar [43 ± 10 s (SERT+/+) and 43 ± 5 s (SERT+/-)] objects in
aging female SERT-deficient mice. The effect of object showed a trend towards
significance [F1,12=4.6; p=0.053]. In male mice, there was no significant effect of
genotype [F1,12=0.4; p=0.54] or object [F1,12=2.9; p=0.12] on time spent investigating the
novel [37 ± 13 s (SERT+/+) and 27 ± 10 s (SERT+/-)] vs the familiar [50 ± 9 s
(SERT+/+) and 47 ± 7 s (SERT+/-)] objects at the 24 h delay interval.
Comparison of the discrimination indices across different delay intervals revealed
no significant effect of SERT genotype for female mice [F1,18=0.3; p=0.62]. However, a
significant delay interval effect was observed [F2,18=12.7; p<0.001] (Fig. 4-3A). Female
SERT+/+ mice displayed a positive discrimination index following the 10 min delay
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interval but not when the interval was extended to 4 h or 24 h. The discrimination index
was significantly different between the 10 min and 24 h interval trials in SERT+/- mice,
with discrimination decreased at the 24 h interval. Additionally, the discrimination index
was significantly decreased between the 10 min and 4 h intervals and between the 10 min
and 24 h intervals in SERT+/+ mice. For male mice, there was also no significant main
effect of genotype [F1,18=1.5; p=0.24], but there was a highly significant effect of delay
interval [F2,18=25.2; p<0.001] (Fig. 4-3b). Discrimination was not evident in male
SERT+/+ mice at the 4 h and 24 h intervals, compared to the 10 min delay. In male
SERT+/- mice, the discrimination index was significantly reduced at 24 h compared to
10 min. This suggests that object recognition memory is not evident at longer delay
intervals in SERT-deficient mice, particularly in male mice.

Spatial learning is impaired in aging SERT+/- mice
Spatial learning was investigated by measuring the number of days required to
reach learning criterion (i.e., two consecutive days with 0 or 1 error(s)) in the Lashley III
maze. There were significant main effects of genotype [F1,37=5.7; p<0.05] and sex
[F1,37=4.7; p<0.05] on days to learn (Fig. 4-4). Aging female SERT+/+ mice learned the
maze in 6.7 ± 1.2 days, while female SERT+/- mice reached criterion in 10.3 ± 1.6 days
(p<0.05). Male SERT+/+ mice required 5.1 ± 0.4 days; male SERT+/- mice needed
6.9 ± 1.3 days.
The learning index was used to evaluate rates of maze acquisition across
trials 2-4. Trial 1 was not included in the statistical analysis because upon first exposure
to the maze, mice navigate by chance (learning index = 0.5). In female mice, there was a
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significant main effect of trial [F2,51=5.4; p<0.01] but no significant main effect of
genotype [F1,51=2.0; p=0.16] (Fig. 5a). The learning index was significantly higher for
SERT+/+ mice between the second and third as well as between the second and fourth
trials, indicating successively better navigation. Similarly, in male mice, the main effect
of trial was significant [F2,63=13.4; p<0.001] with no significant main effect of genotype
[F1,63=0.3; p=0.60]. Learning improved in male SERT+/+ mice between the second and
fourth and between the third and fourth trials while in male SERT+/- mice, it improved
between the second and fourth trials (Fig. 5b). For both sexes, increases in the learning
indexes indicated that learning was occurring as mice made more correct path choices on
consecutive Lashley maze training sessions.
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Discussion
The data presented in this chapter reveal differences in spatial learning between
aging SERT+/+ and SERT+/- mice. By contrast, genotype-dependent responses in object
recognition memory across different delay intervals, anxiety-related behavior using the
novelty-induced hypophagia test, and responsiveness to an acute restraint stress were not
different. Behavioral paradigms included in this study have not been previously studied
in this animal model.
Novel object recognition has been proposed as a model of episodic-like memory
in rodents (Dere et al., 2006; Dere et al., 2007). Varying the length of the interval
between the training and test trials is used to uncover differences in recognition. Here,
recognition was not different after a 10 min delay interval in aging (14-20 month-old)
SERT+/+ and SERT+/- mice. Object recognition decreased with increasing delay interval
length. A 4 h delay interval resulted in no discrimination in SERT+/+ mice, and both
genotypes were unable to discriminate between the novel and familiar objects after a 24 h
delay interval. However, caution should be exercised when interpreting these results due
to the small group sizes tested. Larger groups of aging animals will need to be studied in
the novel object recognition paradigm at all delay intervals, as well as the inclusion of a
young adult cohort, to extend these findings.
The changes in object recognition presented here appear to contradict published
findings in SERT-deficient and acute tryptophan depleted rats. Young adult SERTdeficient rats display no differences in discrimination between novel and familiar objects
at 1 h, 2 h, and 4 h delay intervals. However, an 8 h inter-trial interval is associated with a
lack of object recognition in SERT+/- and SERT-/- rats, while SERT+/+ rats retain
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discrimination (Olivier et al., 2008; Olivier et al., 2009). Furthermore, mild acute dietary
tryptophan depletion modestly decreases object recognition after a 1 h delay in SERT+/+
and SERT+/- rats yet severely impairs object recognition in SERT-/- rats; standard acute
tryptophan depletion produces more pronounced deficits in all genotypes of rats (Olivier
et al., 2008). Acute tryptophan depletion in the study by Olivier, et al. (2008) was
induced by multiple oral injections of a tryptophan-free mixture. We have demonstrated
that repeated handling in a manner similar to injection restraint alters the behavioral
phenotype of SERT-/- mice (Chapter 3). Thus, the injection stress possibly contributes to
the genotype-dependent impairment in object recognition.
Spatial learning and memory was also evaluated in aging SERT-deficient mice
using the Lashley III maze, a cognitive task that does not rely on aversive stimuli, such as
swimming, to motivate learning (Blizard et al., 2003; Blizard et al., 2006; Bressler et al.,
2010). In the experiments presented in this chapter, female SERT+/- mice required more
trials than SERT+/+ mice to reach learning criterion. The initial rate of learning assessed
across trials 2-4 did not vary with respect to genotype, but the increased learning index
from the second to fourth trials indicates that learning was occurring in these animals.
A previous study investigating spatial learning in SERT-deficient mice utilized
repeated exposure to the open field and elevated plus maze (Kalueff et al., 2007). Those
behavioral paradigms are more widely accepted as measures of anxiety-related behavior
and activity, with repeated exposure to the testing arenas used to evaluate habituation and
response to novelty rather than cognitive functioning. Aging SERT-deficient mice that
received once-weekly handling beginning at weaning navigated the Barnes maze similar
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to aging handled SERT+/+ mice, but it is likely that the handling procedure altered
individual mouse response to the Barnes maze test environment (Unger, 2004).
While the effects of constitutive reductions in SERT on spatial learning and
memory await further elucidation via additional behavioral paradigms (i.e., Morris water
maze, 8-arm radial maze), neurotoxic lesions of the adult serotonergic system (Chapter 5)
do not impair spatial learning and memory. Neurotoxin administration in adulthood
allows the animals to undergo development with an intact 5-HT system. Meanwhile,
SERT+/- mice undergo development with reduced SERT expression compared to
SERT+/+ mice. Compensatory mechanisms and developmental alterations resulting from
constitutive reductions in SERT are not fully known but are likely to impact the
behavioral and physiological phenotype of these mice (Murphy et al., 2008). Additional
experiments, particularly in young adult animals, will need to be conducted to determine
if age also affects Lashley maze performance, as we observed in mice with constitutive
reductions in brain-derived neurotrophic factor (Chapter 6).
Differences in anxiety-related behaviors in young SERT-deficient mice have been
previously characterized in several behavioral paradigms, the most widely-used of which
is the elevated plus maze. Significant phenotypic differences are often observed between
SERT+/+ and SERT-/- mice, with SERT+/- mice characterized by an intermediate
phenotype (recently reviewed in (Murphy et al., 2008). Elevated plus maze performance
is also dependent on locomotor activity, as mice must navigate and explore the open and
closed arms of the maze. A modest hypoactive phenotype has been reported in young
SERT-/- mice (Bengel et al., 1998; Holmes et al., 2003), with this decrease in activity
also present in aging SERT-deficient mice (Unger, 2004). We sought to assess anxiety-
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related behaviors in aging SERT+/+ and SERT+/- mice using the novelty-induced
hypophagia test to minimize the effects of changes in baseline locomotor activity. The
absence of a significant increase in anxiety in aging SERT+/- mice relative to SERT+/+
mice, even with the application of an acute stress, indicates that novelty-induced
hypophagia might not be sensitive enough to detect SERT gene-dose-dependent changes
in anxiety-related behaviors.
Stress responsiveness has been implicated in anxiety and depression and stress
may modulate aspects of learning and memory. We administered an acute restraint stress
to a random subset of the cohort of aging SERT+/+ and SERT+/- mice studied here
immediately prior to the novel cage exposure trial in the novelty-induced hypophagia
paradigm. Restraint elicited a drop in core body temperature, but only significantly
enhanced stress-induced weight loss in aging male SERT+/- mice vs unstressed SERT+/mice. In humans, discrete early life stress events are thought to interact with SERT
genotype to increase adult depression susceptibility (Caspi et al., 2003; Kendler et al.,
2005; Roy et al., 2007). Genotype-dependent changes in response to a single stress
exposure are not differentiable, with 3-4 stressful life events necessary to observe
genotype segregation. Thus, while acute restraint did elicit a stress response here, it is
possible that the 5-HT neurotransmitter system modulates chronic but not acute stress.
Multiple restraint sessions may be necessary to produce a gene-dose-dependent change in
stress responsiveness and/or behaviors assessed post-stress.
In conclusion, the behavioral experiments described in this chapter demonstrate
that two forms of memory dependent, in part, on intact hippocampal function are
differentially affected by constitutive reductions in SERT in aging animals. That is,

82
episodic-like memory does not change with regard to reduced SERT expression in mice,
yet spatial learning is impaired in SERT+/- mice. Anxiety-related behaviors and response
to an acute stress were not altered by SERT deficiency measured by novelty-induced
hypophagia. Further experiments, particularly in larger numbers of aging and young
SERT-deficient, are necessary to determine if aging potentiates or attenuates these
behaviors.

83
References
Aznar S, Knudsen GM (2011) Depression and Alzheimer's disease: Is stress the initiating
factor in a common neuropathological cascade? J Alz Dis 23:177-193.
Bengel D, Murphy D, Andrews A, Wichems C, Feltner D, Heils A, Mossner R, Westphal
H, Lesch K (1998) Altered brain serotonin homeostasis and locomotor
insensitivity to 3,4-methylenedioxymethamphetamine ("Ecstasy") in serotonin
transporter-deficient mice. Mol Pharmacol 53:649-655.
Blizard DA, Klein LC, Cohen R, McClearn GE (2003) A novel mouse-friendly cognitive
task suitable for use in aging studies. Behav Genet 33:181-189.
Blizard DA, Weinheimer VK, Klein LC, Petrill SA, Cohen R, McClearn GE (2006)
'Return to home cage' as a reward for maze learning in young and old genetically
heterogeneous mice. Comp Med 56:196-201.
Bressler A, Blizard D, Andrews A (2010) Low-stress route learning using the Lashley III
maze in mice. J Vis Exp:e1786.
Brigman JL, Mathur P, Harvey-White J, Izquierdo A, Saksida LM, Bussey TJ, Fox S,
Deneris E, Murphy DL, Holmes A (2010) Pharmacological or genetic inactivation
of the serotonin transporter improves reversal learning in mice. Cereb Cortex
20:1955-1963.
Canli T, Omura K, Haas BW, Fallgatter A, Constable RT, Lesch KP (2005) Beyond
affect: A role for genetic variation of the serotonin transporter in neural activation
during a cognitive attention task. Proc Natl Acad Sci USA 102:12224-12229.
Caspi A, Sugden K, Moffitt T, Taylor A, Craig I, Harrington H, McClay J, Mill J, Martin
J, Braithwaite A, Poulton R (2003) Influence of life stress on depression:
Moderation by a polymorphism in the 5-HTT gene. Science 301:386-389.
Cowen PJ (2008) Serotonin and depression: Pathophysiological mechanism or marketing
myth? Trends Pharmacol Sci 29:433-436.
Dere E, Huston JP, De Souza Silva MA (2007) The pharmacology, neuroanatomy and
neurogenetics of one-trial object recognition in rodents. Neurosci Biobehav Rev
31:673-704.
Dere E, Kart-Teke E, Huston JP, De Souza Silva MA (2006) The case for episodic
memory in animals. Neurosci Biobehav Rev 30:1206-1224.
Dulawa SC, Hen R (2005) Recent advances in animal models of chronic antidepressant
effects: The novelty-induced hypophagia test. Neurosci Biobehav Rev 29:771783.
Ennaceur A, Delacour J (1988) A new one-trial test for neurobiological studies of
memory in rats. 1: Behavioral data. Behav Brain Res 31:47-59.
Eskow Jaunarajs KL, Angoa-Perez M, Kuhn DM, Bishop C (2011) Potential mechanisms
underlying anxiety and depression in Parkinson's disease: Consequences of lDOPA treatment. Neurosci Biobehav Rev 35:556-564.
Hariri AR, Mattay VS, Tessitore A, Kolachana B, Fera F, Goldman D, Egan MF,
Weinberger DR (2002) Serotonin transporter genetic variation and the response of
the human amygdala. Science 297:400-403.
Heinz A, Smolka MN, Braus DF, Wrase J, Beck A, Flor H, Mann K, Schumann G,
Büchel C, Hariri AR, Weinberger DR (2007) Serotonin transporter genotype (5-

84
HTTLPR): Effects of neutral and undefined conditions on amygdala activation.
Biol Psychiatry 61:1011-1014.
Holmes A, Yang R, Lesch K, Crawley J, Murphy D (2003) Mice lacking the serotonin
transporter exhibit 5-HT1A receptor-mediated abnormalities in tests for anxietylike behavior. Neuropsychopharmacology 28:2077-2088.
Johnson EA, Sharp DS, Miller DB (2000) Restraint as a stressor in mice: Against the
dopaminergic neurotoxicity of D-MDMA, low body weight mitigates restraintinduced hypothermia and consequent neuroprotection. Brain Res 875:107-118.
Kalueff AV, Jensen CL, Murphy DL (2007) Locomotory patterns, spatiotemporal
organization of exploration and spatial memory in serotonin transporter knockout
mice. Brain Res 1169:87-97.
Kendler KS, Kuhn JW, Vittum J, Prescott CA, Riley B (2005) The interaction of stressful
life events and a serotonin transporter polymorphism in the prediction of episodes
of major depression: A replication. Arch Gen Psychiatry 62:529-535.
Marcusson JO, Alafuzoff I, Bäckström IT, Ericsoon E, Gottfries CG, Winblad B (1987)
5-Hydroxytryptamine-sensitive [3H]imipramine binding of protein nature in the
human brain.: II. Effect of normal aging and dementia disorders. Brain Res
425:137-145.
Murphy DL, Fox MA, Timpano KR, Moya PR, Ren-Patterson R, Andrews AM, Holmes
A, Lesch K-P, Wendland JR (2008) How the serotonin story is being rewritten by
new gene-based discoveries principally related to SLC6A4, the serotonin
transporter gene, which functions to influence all cellular serotonin systems.
Neuropharmacology 55:932-960.
Nishimura A, Ueda S, Takeuchi Y, Matsushita H, Sawada T, Kawata M (1998)
Vulnerability to aging in the rat serotonergic system. Acta Neuropathologica
96:581-595.
Olivier J, Jans L, Korte-Bouws G, Korte S, Deen P, Cools A, Ellenbroek B, Blokland A
(2008) Acute tryptophan depletion dose dependently impairs object memory in
serotonin transporter knockout rats. Psychopharmacology 200:243-254.
Olivier JDA, Jans LAW, Blokland A, Broers NJ, Homberg JR, Ellenbroek BA, Cools AR
(2009) Serotonin transporter deficiency in rats contributes to impaired object
memory. Genes Brain Behav 8:829-834.
Payton A, Gibbons L, Davidson Y, Ollier W, Rabbitt P, Worthington J, Pickles A,
Pendleton N, Horan M (2005) Influence of serotonin transporter gene
polymorphisms on cognitive decline and cognitive abilities in a nondemented
elderly population. Mol Psychiatry 10:1133-1139.
Perez X, Bianco L, Andrews A (2006) Filtration disrupts synaptosomes during
radiochemical analysis of serotonin uptake: Comparison with chronoamperometry
in SERT knockout mice. J Neurosci Meth 154:245-255.
Roiser JP, Müller U, Clark L, Sahakian BJ (2007) The effects of acute tryptophan
depletion and serotonin transporter polymorphism on emotional processing in
memory and attention. Int J Neuropsychopharmacol 10:449-461.
Roy V, Merali Z, Poulter MO, Anisman H (2007) Anxiety responses, plasma
corticosterone and central monoamine variations elicited by stressors in reactive

85
and nonreactive mice and their reciprocal F1 hybrids. Behav Brain Res 185:4958.
Unger EL (2004) Serotonergic and dopaminergic control of behavior in genetic models of
psychiatric and neurodegenerative disorders. In: Integrative Biosciences.
University Park, PA: The Pennsylvania State University.
van Luijtelaar MGPA, Tonnaer JADM, Steinbusch HWM (1992) Aging of the
serotonergic system in the rat forebrain: An immunocytochemical and
neurochemical study. Neurobiol Aging 13:201-215.
Zarros A, Kalopita K, Tsakiris S (2005) Serotoninergic impairment and aggressive
behavior in Alzheimer's disease. Acta Neurobiol Exp (Wars) 65:277-286.

86

Figure 4-1: Acute stress response in 18 month-old SERT-deficient mice. The effects
of a 2 h restraint stress were determined by (a & b) changes in core body temperature
immediately post-restraint and (c & d) the amount of weight lost 24 h, 48 h, and 72 h
post-restraint. Statistical significances: *p<0.05 and **p<0.01 stressed vs unstressed mice
of the same genotype.
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Figure 4-2: Anxiety-related behaviors in 18 month-old SERT-deficient mice.
Novelty-induced hypophagia was used to measure anxiety-related behavior in aging
SERT-deficient mice. Mice were trained to drink a dilute (3 parts water:1 part milk)
sweetened condensed milk solution over three consecutive days. Testing in the home
cage environment was recorded on the fourth day and in a novel environment on the fifth
day. Anxiety-related behaviors were analyzed as difference scores (novel – home) for
(a & b) approach latency, (c & d) volume consumed during the first 5 min of testing, and
(e & f) total volume consumption. †p<0.05 vs SERT+/+ mice of same stress condition.
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Figure 4-3: Novel object recognition memory in 18-month-old SERT-deficient mice.
Object recognition memory was measured by evaluating the discrimination index,
defined as [(novel object exploration time – familiar object exploration time) / total
object exploration time], at different delay intervals: 10 min (short-term memory), 4 h
(intermediate-term memory), or 24 h (long-term memory) after initial exposure to
objects. Data are compared in (a) female and (b) male aging SERT-deficient mice.
Statistical significance: *p<0.05, **p<0.01, and ***p<0.001 vs 10 min delay in same
genotype.
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Figure 4-4: Spatial learning in 18 month-old SERT-deficient mice. Learning was
measured as the number of days required for a mice to reach criterion in the Lashley III
maze. †p<0.05 vs SERT+/+ mice of same sex.
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Figure 4-5: Spatial learning in 18-month-old SERT-deficient mice. The rate of
Lashley III maze acquisition, assessed as the learning index (the ratio of correct path
segments to total path segments traveled), was measured in (a) female and (b) male
SERT-deficient mice. Statistical significance: *p<0.05 and ***p<0.001 vs LI-4 in the
same genotype, †p<0.05 vs LI-3 in the same genotype.
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Chapter 5

Effects of the Serotonin Neurotoxin 2ʹ′-NH2-MPTP
on Cognitive and Affective Behaviors

Introduction
Loss of serotonin (5-HT) axons projecting to the forebrain is a consequence of
normal aging (Carlsson, 1985; Marcusson et al., 1987). Serotonergic degeneration is
associated with increased incidence of depression, dementia, aggression, and the loss of
motor capabilities in humans (Cowen, 2008; Murphy et al., 2008). Serotonin
neurodegeneration and dysfunction are also seen in the early stages of Alzheimer’s
disease (Aznar and Knudsen, 2011; Parvizi et al., 2001; Rüb et al., 2000; Zarros et al.,
2005) and Parkinson’s disease (Eskow Jaunarajs et al., 2011; Hornykiewicz, 1998;
Thomas et al., 2011). As such, age- and/or disease-related serotonin degeneration is
expected to partly underlie late life behavioral changes, although causative associations
are difficult to make in humans. Similar to humans, rodents display age-associated loss of
serotonergic innervation, particularly in prefrontal cortex, frontoparietal cortex,
hippocampus, and caudate putamen, accompanied by impaired cognitive and motor
function (Nishimura et al., 1998; van Luijtelaar et al., 1992). Moreover, a mouse model
of Alzheimer’s disease characterized by the development of amyloid plaques shows
concomitant loss of hippocampal 5-HT levels (Szapacs et al., 2004b) and serotonergic
axons (Liu et al., 2008).
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Neurotoxins can be used to cause relatively selective lesions of neuronal
subpopulations, enabling the investigation of loss of function associated with specific
neurotransmitter systems (Kostrzewa, 2009). 1-Methyl-4-(2'-aminophenyl)-1,2,3,6tetrahydropyridine (2'-NH2-MPTP) is an amino-substituted analog of the dopaminergic
toxin

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

(MPTP).

Unlike

MPTP,

2'-NH2-MPTP produces reductions in 5-HT and norepinephrine (NE) primarily in the
frontal cortex and hippocampus in rats and several strains of mice without affecting
dopamine levels (Andrews and Murphy, 1993a; Andrews and Murphy, 1993b; Andrews
and Murphy, 1993c; Unger et al., 2002). Serotonin and NE depletions last at least
6 months (Andrews and Murphy, 1993a). Toxicity due to 2'-NH2-MPTP is “tunable” by
pretreating animals with norepinephrine- or serotonin-selective reuptake inhibitors to
produce serotonergic- or noradrenergic-specific neurotoxicity, respectively (Andrews and
Murphy, 1993a; Andrews and Murphy, 1993b).
Administration of 2'-NH2-MPTP results in transient elevations in brain-derived
neurotrophic factor (BDNF) and glial fibrillary acidic protein (Luellen et al., 2003;
Szapacs et al., 2004a). These changes, together with immunohistochemical evidence of
argyrophilia (Luellen et al., 2003) and loss of serotonergic axons (Luellen et al., 2006),
are indicative of neurodegeneration. While not fully known, the mechanism of action of
2'-NH2-MPTP appears to have similarities to that of MPTP, including evidence for
conversion to a toxic pyridinium by monoamine oxidase (Andrews and Murphy, 1993a),
uptake by vesicular monoamine transporters (Numis et al., 2004), and generation of
oxygen radicals (Andrews et al., 1996).
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Studies have shown that disruption of the serotonin system in response to
intraparenchymal

administration

of

a

different

serotonin

neurotoxin,

5,7-dihydroxytryptamine (5,7-DHT), leads to changes in learning and memory in rodents
and non-human primates (Clarke et al., 2007; Clarke et al., 2004; Clarke et al., 2005;
Lieben et al., 2006), although not all studies are in agreement (Adams et al., 2008;
Majlessi et al., 2003). Unlike learning and memory, anxiety- and depressive-like
behaviors in 5,7-DHT-treated animals are not significantly altered (Galani et al., 2007;
Lieben et al., 2006). Although the effects of 2'-NH2-MPTP at the neurochemical and
anatomical levels are well established, behavioral changes resulting from serotonergic
neurodegeneration in response to this systemically administered MPTP analog have not
been investigated. We selected low-stress spatial navigation and object recognition tasks
to examine memory-related behavior separate from the effects of stress. We explored the
effects of 2'-NH2-MPTP treatment on anxiety- and depression-like behaviors influenced
by serotonergic activity, including acute stress responses. We hypothesized that axonal
degeneration induced by 2'-NH2-MPTP would result in impaired cognition and increased
depression- and/or anxiety-like behaviors, similar to changes in brain function observed
in humans with neurodegenerative disorders having serotonin system involvement.
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Materials and Methods
Animals
We investigated Crl:CD-1(ICR)BR mice, hereafter referred to as CD-1 mice.
Breeding pairs were purchased from Charles River Laboratories (Wilmington, MD). All
study mice were generated in-house to avoid the effects of stress associated with vendor
rearing and transportation. Mice were weaned 21 days after birth and housed in groups of
2-4 same-sex siblings per cage in a temperature- and humidity-controlled room with food
(Lab Diet 5001, PMI Feeds, St. Louis, MO) and water ad libitum (12 h light/dark cycle,
lights on at 0600 h).
Male mice were assigned to one of three experimental cohorts and treated with
2'-NH2-MPTP at 12-16 weeks of age (Fig. 5-1). Female mice were included in cohort 1.
Behavior testing began 14-21 days following treatment of all cohorts to allow recovery
from the acute effects of 2'-NH2-MPTP (Andrews and Murphy, 1993a; Luellen et al.,
2003). Testing timelines are shown in Figure 5-1. The first cohort of mice underwent
elevated plus maze, locomotor activity, and Lashley III maze acquisition testing after
2'-NH2-MPTP treatment. The second cohort was trained on the Lashley maze,
administered 2'-NH2-MPTP, then tested for Lashley maze retention, the effects of an
acute stressor on maze retention, novel object recognition, and novel social investigation.
The third cohort was tested in the novel object recognition test at a different delay
interval, the saccharin preference test, and the forced swim test after 2'-NH2-MPTP
administration. For all behavioral procedures, mice were moved to the testing room 1 h
before the start of the dark cycle for habituation. Testing began 1 h after the dark phase
transition and was conducted under dim white or red light. Experimental protocols were
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approved by The Pennsylvania State University Institutional Animal Care and Use
Committee and adhered to National Institutes of Health Animal Care Guidelines.

2ʹ′-NH2-MPTP Administration
Mice were housed individually on the day of treatment. The neurotoxin
2'-NH2-MPTP (free base dissolved in sterile water at 5.1-8.1 mg/mL) was administered at
4 × 15 mg/kg by the intraperitoneal (ip) route at 2 h intervals. This dose was based on a
previously established dose regimen (Andrews et al., 1996). Furthermore, a dose of
4 × 20 mg/kg administered to six female and seven male mice in this study was lethal
within 24 h of administration in all but three female mice. Thirty min prior to neurotoxin
or vehicle administration, mice were injected ip with 20 mg/kg desipramine (SigmaAldrich, St. Louis, MO) to minimize 2'-NH2-MPTP-induced effects on noradrenergic
neurons (Andrews and Murphy, 1993a; Andrews and Murphy, 1993b). Vehicle-treated
mice received injections of sterile water on the same schedule as 2'-NH2-MPTP. In
cohorts 2 and 3, some vehicle-treated mice were administered 10 mg/kg paroxetine
instead of desipramine to determine effects on behavior. Student’s t-tests revealed no
significant differences between desipramine and paroxetine pretreatment groups; thus,
these groups were combined for vehicle-treated groups. A separate group of animals in
each cohort was not injected following individual housing to control for the behavioral
effects of the injection procedure. All mice were weighed 24 h and 48 h post-injection.
Four male mice in cohort 1 and four male mice in cohort 2 died during the course of the
experiment. Of these, 3 mice in cohort 1 died within 48 h of treatment.
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Elevated plus-maze
Anxiety-related behavior was assessed using a Plexiglas elevated plus maze that
was raised 38.5 cm above the floor. The maze had two open arms (30 cm L × 5 cm W)
and two closed arms (30 cm L × 5 cm W × 15 cm H) extending from a common central
platform (5 cm × 5 cm) (Lister, 1987). The walls of the closed arms were constructed of
clear Plexiglas to ensure even lighting across all maze arms. A dim white light was used
to illuminate the room. Mice were placed on the central platform facing a closed arm at
the start of the testing period and were allowed to explore the maze for 5 min. The maze
was cleaned between trials with 70% ethanol and allowed to dry. All sessions were
recorded by video camera for behavior scoring.

Locomotor Activity
Locomotor activity was measured in Digiscan open field animal activity monitors
(40 cm × 40 cm × 30 cm) equipped with eight photobeams and receptors housed in
Plexiglas boxes (Omnitech Electronics, Columbus, OH). The center of the open field was
defined as a 10 cm × 10 cm square located 15 cm from each wall. A nose poke board
elevated 3.5 cm with 16 equally spaced holes (3 cm diameter) was inserted into each
locomotor chamber to assess exploratory activity (Jones et al., 1999). Each apparatus was
housed in a wooden box equipped with a fan to provide fresh air and acoustic isolation
from the surrounding environment. Each mouse was placed in the center of the apparatus
and allowed to explore the open field for 1 h. Data were collected in 12-five min, non-
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cumulative intervals. Apparatuses were cleaned with 70% ethanol and allowed to dry
between trials.

Lashley III Maze
The Lashley maze procedure has been described previously (Blizard et al., 2003;
Blizard et al., 2006; Bressler et al., 2010) (see also Chapter 2). Briefly, 30 min after the
transition to the dark phase, food and water were removed for all animals. Testing began
30 min later. The black Plexiglas maze was placed on a red Plexiglas floor and covered
by a clear Plexiglas lid. Clear Plexiglas doors separated the start and goal boxes from the
rest of the maze and were closed to prevent reentry. A red light illuminated the maze. A
clean cage with bedding (pseudo-home cage) was located at the end of the goal box. A
clear Plexiglas door confined the mouse in this pseudo-home cage for 1 min at the end of
the trial. Each mouse was assigned an individual pseudo-home cage that was used for all
Lashley maze trials. After each trial, the maze floor, lid, and start and goal boxes were
cleaned with 70% ethanol and allowed to dry. Food and water were returned 30 min after
the last mouse in each testing group completed the nightly trial.
An observer monitored each trial and recorded the path traveled and the amount
of time required to complete the maze. Each run was scored for errors, with an error
defined as a four-paw entry into a blind alley or a previously traveled zone. A learning
index, the ratio of correct path segments traveled to total path segments, was calculated
for the first four trials. A mouse was considered as having learned the maze (reached
criterion) after completing two consecutive nightly trials with only 0 errors or 1 error.
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Mice were tested once per night for seven consecutive nights. Retention was assessed
15 days after Lashley maze acquisition in the second cohort of animals.

Acute Restraint Stress
Basal body temperature was measured twice rectally, and the second temperature
reading was used as the pre-stress temperature. Mice were weighed and then restrained in
clear acrylic Broome restraints (38 mm diameter, Plas Labs, Lansing, MI) beginning 1 h
before the light/dark transition. Broome restraints were placed in clean cages. Mice were
restrained for 2 h, and rectal temperature was measured at the end of the restraint period.
Mice had been pre-trained for Lashley maze acquisition and retested for retention 2 days
prior to the restraint stress session (Fig. 5-1). Mice were then re-exposed to the Lashley
maze for a single trial following restraint. Mice were weighed 24 h, 48 h, and 72 h postrestraint. Broome restraints were cleaned with 70% ethanol and allowed to air dry after
use.

One-Trial Novel Object Recognition
The one-trial novel object recognition test was adapted from rat procedures (Dere
et al., 2007; Ennaceur and Delacour, 1988; Olivier et al., 2008; Olivier et al., 2009). Mice
were introduced into an arena (50 cm W × 50 cm L × 30 cm H) containing two identical
objects (approximately 9 cm W × 12 cm L × 6 cm H), which they could climb in and on
but not easily move (CritterTrail, Elk Grove Village, IL). Mice were allowed to freely
explore both objects for 5 min before being returned to their home cages for a delay
interval of either 10 min or 4 h. Animals were then reintroduced into the arena after one
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of the objects was replaced with a novel object made of the same material as the familiar
objects but differing in shape and color (light vs dark). The novel object was positioned in
the same location as one of the familiar objects, and the side of the arena with the novel
object was alternated between animals. Mice were again allowed to freely explore the
arena for 5 min. Trials were video recorded for subsequent behavioral analysis. The
discrimination index, defined as [(novel object exploration time–familiar object
exploration time)/total object exploration time] during the post-delay testing phase, was
calculated for both delay intervals. The arena and objects were cleaned thoroughly with
70% ethanol and allowed to dry between animals.

Novel Social Investigation
The novel social investigation test was adapted from a rat procedure (Cavigelli et
al., 2009; Cavigelli et al., 2007). The bedding-free arena was the same as that used for the
novel object recognition test described above. A novel experimentally naïve male
‘stimulus’ CD-1 mouse approximately the same weight as the experimental animals was
housed in a small clear plastic cage (15 cm W × 8 cm L × 13 cm H) equipped with a
vented top and placed on its side in a corner adjacent to the start location for the
experimental animal. The same stimulus mouse was used for each experimental mouse
tested. Mice from each treatment condition were exposed to the stimulus mouse in
random order. A second empty plastic cage of the same size was placed in the corner
opposite the cage containing the stimulus mouse. Experimental mice were introduced into
an empty corner of the testing arena and allowed to explore freely for 5 min. The arena
and exterior of the cages was cleaned between trials with 70% ethanol and allowed to
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dry. Behavior was recorded by video camera for analysis of the latency to approach and
time spent investigating each cage.

Saccharin Preference Test
Tap water was presented in two bottles for four consecutive days to train mice to
the preference task. Beginning on the fifth day, mice were given one bottle containing
saccharin solution and one containing tap water. Mice were offered increasing
concentrations of saccharin (0.0025%, 0.01%, and 0.02%) over two days for each
concentration for six consecutive days. Bottles and mice were weighed at 1400 h each
day, at which time bottle positions were reversed to prevent side bias. Solution intake was
corrected with respect to body weight (mL/kg/day) and averaged across the two-day
period of availability. Preference was calculated as the ratio of saccharin intake to total
fluid intake at each concentration (Cooper and Barber, 1994; Pelloux et al., 2005; Scinska
et al., 2009).

Forced Swim Test
Clear plastic beakers (19 cm D × 27 cm H) were filled to a height of 18 cm with
room temperature (22-25°C) water. Mice were placed in the water facing the beaker wall
and allowed to swim for 6 min (Porsolt et al., 1978). Mice were then removed from the
water, dried thoroughly, and returned to their home cages. The procedure was repeated on
the following night (Conti et al., 2002; McLaughlin et al., 2003). Trials were recorded by
video camera, and the last 4 min of each trial were scored for time spent swimming,
climbing, or immobile.
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Neurochemistry
Mice were sacrificed by cervical dislocation on the day after the last behavior test,
34-44 days after neurotoxin administration (Fig. 5-1). Brains were rapidly removed and
placed on a glass dissecting plate on ice. Frontal cortex was dissected bilaterally. Brains
were then bisected sagittally, and brain stem and hippocampus were removed from the
left hemisphere. Tissue samples were immediately frozen on dry ice and stored at -70°C
prior to analysis.
Concentrations of serotonin and norepinephrine, and the monoamine oxidasederived metabolite of serotonin (5-hydroxyindoleacetic acid, 5-HIAA) were analyzed by
high performance liquid chromatography (HPLC) as previously described (Andrews and
Murphy, 1993c; Numis et al., 2004). Frozen tissue samples were thawed on ice and
sonicated

in

200-250 µL

0.1 M

HClO4

containing

250 nM

5-hydroxy-Nω-

methyltryptamine as the internal standard. Neurochemical concentrations were
normalized to protein levels assayed in 15 µL of sonicant from each sample (BCA
Protein Assay Kit from Pierce, IL). The remaining sonicant was centrifuged at 7200 g for
15 min at 4ºC. Supernatants and external standards were analyzed on an HTEC-500 high
performance liquid chromatography instrument (Eicom Corporation, San Diego, CA).
The stationary phase was Spherisorb ODS2 (3 µm particle size, 100 mm × 3 mm;
Thomson Instrument Company, Clear Brook, VA) at 22ºC. The mobile phase consisted
of 0.1 M monochloroacetic acid (pH 2.6), 10 µM EDTA, 0.035% octanesulfonic acid,
0.1% triethylamine, and 9% acetonitrile. Neurochemicals were detected at a graphiteworking electrode (WE-3G; Eicom Corporation, San Diego, CA) at +700 mV vs
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Ag/AgCl. Data were analyzed using PowerChrom v. 6.7 (Eicom Corporation, San Diego,
CA). Peak areas were quantified against standards of known concentration. Limits of
detection for all neurochemicals were below 2.5 nM. Compounds were identified by
retention times: NE (~2 min), 5-HIAA (~6 min), 5-HT (~12 min), and internal standard
(~15 min) (Andrews and Murphy, 1993; Numis et al., 2004). Concentrations of
neurotransmitters were calculated as ng neurochemical/mg protein and analyzed as
percentages of uninjected control group levels.

Statistics
Data were initially analyzed by one- or two-way ANOVA with treatment as the
independent variable and trial (Lashley, forced swim, saccharin preference), social
condition (conspecific vs empty cage; novel social investigation), delay interval (novel
object recognition), or time (open field) as the within-subjects variables. For two-way
ANOVA, only main effects are reported in cases where interaction terms were not
significant. Simple effects of treatment were analyzed by one-way ANOVA at individual
time points where indicated after significant interaction terms. All analyses were
performed using the Statistical Analysis System (SAS Institute, Cary, NC) or GraphPad
Prism (GraphPad Software, Inc., San Diego, CA). Values are expressed as means ±
SEMs with differences of p<0.05 considered statistically significant.
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Results
Body weight is decreased immediately following 2ʹ′-NH2-MPTP treatment
Weight was monitored 24 h and 48 h post-treatment with 2ʹ′-NH2-MPTP
(Fig. 5-2). In the first cohort, the effect of 2'-NH2-MPTP treatment [F2,52=26.0; p<0.001]
but not time [F1,52=0.1; p=0.78] was significant in male mice (Fig. 5-2a). Serotonindepleted mice showed a greater weight loss compared to uninjected and vehicle-injected
mice at both time points. Vehicle-injected male mice lost more weight than non-injected
mice at 48 h post-treatment. In female mice, the effect of 2'-NH2-MPTP treatment
[F2,54=14.5; p<0.001] but not time [F1,54=0.2; p=0.63] was significant (Fig. 5-2b). In
contrast to male mice, serotonin-depleted and vehicle-injected female mice showed
greater weight loss compared to uninjected female mice at both time points. In the second
cohort, there was a significant effect of treatment [F2,66=20.3; p<0.001] but not time
[F1,66=0.0; p=0.85] on change in body weight (Fig. 5-2c). Neurotoxin-treated mice lost
significantly more weight than uninjected and vehicle-treated mice 24 h and 48 h postinjection. Vehicle-treated mice lost more weight than uninjected mice 48 h post-injection.
Similarly, for the third cohort, the effect of neurotoxin treatment [F2,68=29.2; p<0.001]
but not time [F1,68=0.2; p=0.70] was significant. At 24 h and 48 h post-treatment,
2ʹ′-NH2-MPTP-treated mice lost more weight than non- and vehicle-injected mice
(Fig. 5-2d). Thus, 2ʹ′-NH2-MPTP treatment induced a significant reduction in weight up
to 48 h post-treatment in each cohort investigated. However, only 2ʹ′-NH2-MPTP-injected
male mice, but not female mice, showed weight loss in excess of that observed in
vehicle-injected counterparts, suggesting that male mice were more susceptible to the
effects of 2ʹ′-NH2-MPTP than female mice.
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Degree of 2ʹ′-NH2-MPTP-induced serotonin depletions varied across sexes and cohorts
Brain tissue levels of 5-HT, 5-HIAA, and NE were analyzed in frontal cortex,
hippocampus, and brain stem to assess the effects of 2ʹ′-NH2-MPTP in the three cohorts of
mice. Neurotransmitter levels are expressed relative to uninjected mice. For cohort 1
male mice (Fig. 5-3a), there was a significant effect of treatment [F2,78=87.0; p<0.001]
and brain region [F2,78=8.3; p<0.001] on percent 5-HT. Serotonin levels in neurotoxintreated male mice were significantly lower than levels in non-injected and vehicleinjected male mice in all brain regions. Serotonin depletions were more extensive in
hippocampus and frontal cortex compared to brain stem. For male mice in cohort 1,
neurotoxin treatment resulted in brain 5-HT levels that were 20 ± 6% of control in frontal
cortex, 20 ± 4% in hippocampus, and 70 ± 4% in brain stem 44 days post-treatment.
There were no significant differences between vehicle-treated and uninjected groups.
In cohort 1, female CD-1 mice were also treated with 2'-NH2-MPTP at the same
time as male mice using the same dosing solution (Fig. 5-3b). There was a significant
effect of treatment [F2,80=15.7; p<0.001] but not brain region [F2,80=1.4; p=0.25] on
percent 5-HT. Neurotoxin treatment resulted in lower 5-HT levels in 2ʹ′-NH2-MPTPtreated female mice that were 60 ± 6% in frontal cortex and 70 ± 8% in hippocampus
relative to uninjected female mice. Levels in vehicle-treated female mice were similar to
uninjected values.
In the second cohort of mice (males only) (Fig. 5-3c), there was a significant
effect of treatment [F2,52=15.4; p<0.001] but not brain region [F2,52=0.2; p=0.85] for 5-HT
levels. Mice treated with 2ʹ′-NH2-MPTP had significantly depleted 5-HT levels compared
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to uninjected and vehicle-injected mice in the frontal cortex and hippocampus but not in
the brain stem. In cohort 2, 5-HT levels in 2ʹ′-NH2-MPTP-treated mice were reduced to
60 ± 8% (frontal cortex) and 70 ± 8% (hippocampus) of levels in uninjected mice at
34 days post-treatment. Similarly, in the third cohort of mice (Fig. 5-3d), there was a
significant effect of treatment [F2,99=11.7; p<0.001] but not brain region [F2,99=0.1;
p=0.93], with neurotoxin-treated mice displaying significantly depleted 5-HT levels
compared to uninjected mice in frontal cortex and hippocampus, and also in the
hippocampus compared to vehicle-injected mice. Serotonin levels in 2ʹ′-NH2-MPTPtreated mice in the third cohort were 70 ± 10% (frontal cortex) and 70 ± 8%
(hippocampus) of levels in uninjected mice 42 days post-treatment.
The levels of 5-HIAA, the major metabolite of 5-HT, were analyzed. There was a
significant effect of treatment [F2,78=66.5; p<0.001] but not brain region [F2,78=1.0;
p=0.39] for male mice in the first cohort. Neurotoxin-treated mice showed significant
5-HIAA depletions compared to uninjected and vehicle-injected mice in each brain
region. When 5-HIAA levels were analyzed in female mice, there was a significant effect
of treatment [F2,80=7.9; p<0.001] but not brain region [F2,80=0.6; p=0.53] (Fig. 5-4b).
Levels of 5-HIAA were significantly depleted in 2ʹ′-NH2-MPTP-treated female mice
compared to vehicle-treated mice in the hippocampus but not frontal cortex or brain stem.
There was a significant effect of treatment [F2,52=6.7; p<0.01] but not brain region
[F2,52=0.0; p=0.95] for 5-HIAA levels in the second cohort of mice (Fig. 5-4c), with
significantly depleted 5-HIAA levels observed in 2ʹ′-NH2-MPTP-treated mice compared
to vehicle-treated mice in hippocampus but not frontal cortex or brain stem. Also, in the
third cohort, there was a significant effect of treatment [F2,99=28.2; p<0.001] but not brain
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region [F2,99=0.6; p=0.57] for 5-HIAA levels (Fig. 5-4d). Neurotoxin-treated mice
showed significant 5-HIAA depletions compared to uninjected and vehicle-injected mice
in each brain region analyzed. Norepinephrine levels were analyzed to ensure that
desipramine pretreatment sufficiently protected serotonergic neurons. There were no
significant effects of treatment in the first [F2,77=2.9; p=0.06], second [F2,52=1.6; p=0.21],
or third cohorts [F2,98=1.6; p=0.21] with respect to NE levels (data not shown). There
were also no significant effects of treatment [F2,80=1.4; p=0.25] on NE levels in female
mice (data not shown).
To determine if the effects of 2ʹ′-NH2-MPTP varied between female and male
mice in the first cohort, 5-HT levels in neurotoxin-treated mice were compared across the
three brain regions. There was a significant region × sex interaction [F2,50=5.7; p<0.01]
on 5-HT levels. Frontal cortex and hippocampus levels of 5-HT were depleted to a
greater extent in male mice compared to female mice. Because of the gender-specific
differences in the degree of 5-HT depletion, the behavioral effects of 2ʹ′-NH2-MPTP were
analyzed separately for female and male mice. To determine if the effects of
2ʹ′-NH2-MPTP varied among the three cohorts of male mice, 5-HT levels in neurotoxintreated male mice were compared across cohorts with respect to brain region. Here, there
was a significant region × cohort interaction [F4,78=3.0; p<0.05] on 5-HT levels. Frontal
cortex and hippocampus 5-HT levels were depleted to a greater extent in cohort 1 vs
cohorts 2 or 3.
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Depletion of forebrain serotonin does not impair spatial memory acquisition or statedependent retention
Mice quickly acquire navigation skills in the Lashley maze over consecutive
nightly exposures under low stress conditions (Bressler et al., 2010). Mice from the first
cohort were tested in the Lashley maze beginning 30 days after 2'-NH2-MPTP (Fig. 5-1).
There was no effect of treatment on the number of days to reach criterion [F2,26=0.6;
p=0.59] (Fig. 5-5a). Uninjected control animals learned the maze in 5 ± 1 d, vehicle
control animals required 6 ± 1 d, and serotonin-depleted mice learned the maze in 6 ± 2
d. For female mice in this cohort, there was no effect of neurotoxin treatment on days to
acquire Lashley maze learning [F2,27=0.2; p=0.78] (Fig. 5-6a). Uninjected female mice
learned the maze in 5 ± 1 d, vehicle-injected animals required 5 ± 1 d, and serotonindepleted mice reached criterion in 4 ± 1 d.
When the learning index was analyzed for trials 1-4 in male mice, there was a
significant effect of trial [F3,104=9.9; p<0.001] but not treatment [F2,104=0.9; p=0.39]
(Fig. 5-5b). Maze acquisition, indicated by an increasing learning index across trials,
improved in the serotonin-depleted mice for trials 2, 3, and 4 vs trial 1. For vehicletreated mice, the learning index increased during trials 3 and 4 vs trial 1; in control mice,
the learning index was greater for trial 4 vs. trial 1. In female mice, there was a significant
effect of trial [F3,108=6.2; p<0.001] but not treatment [F2,108=0.1; p=0.88] on the learning
index over trials 1-4 (Fig. 5-6b). Maze acquisition improved for trials 3 and 4 vs trial 1 in
control animals, and for trial 4 vs trial 1 in vehicle-injected mice. These data suggest that
moderate (female) to severe (male) neurotoxic lesion of serotonergic axons in adulthood
does not impair the acquisition of a low-stress spatial memory task.
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Retention of Lashley maze learning was measured in a second cohort of male
mice. Mice were trained to criterion over seven days. On the eighth day, mice were
randomly assigned to one of three groups and were treated with 2'-NH2-MPTP, vehicle,
or were untreated. The three groups of mice did not show differences in the number of
days to reach criterion prior to treatment [F2,29=0.6; p=0.56]. Mice assigned to the
uninjected group learned the maze in 4 ± 1 d, mice assigned to the vehicle-treated group
required 5 ± 1 d, and mice assigned to the 2'-NH2-MPTP-treated group learned the maze
in 5 ± 1 d. The ability of serotonin depletion to disrupt a previously learned task was
evaluated by re-exposing mice to a single maze trial 14 days after neurotoxin treatment.
The influence of stress to disrupt a previously learned task was also evaluated in these
mice. Mice were subjected to acute restraint stress on day 24 (16 days after neurotoxin
treatment) before a single maze trial.
The number of errors made on the final day of training prior to neurotoxin
treatment, and during the retention and stress trials were compared (Fig. 5-5c). One
uninjected mouse died during the acute restraint stress procedure. The main effect of trial
was significant [F2,80=13.7; p<0.001]; however, there was no significant effect of
treatment [F2,80=0.7; p=0.48]. The number of errors made by mice in the vehicle- and
2'-NH2-MPTP-treated conditions increased significantly in the trial following acute stress
compared to the final training trial. Furthermore, 5-HT-depleted mice made significantly
more errors during the stress trial than during the retention trial. These data suggest that
stress, but not modest depletion of forebrain 5-HT, disrupts performance of a previously
learned spatial memory task.
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Responses to acute stress were also assessed by comparing core body
temperatures pre- and post-stress. A 1-2°C drop in core body temperature has been
reported to indicate a stress response in mice (Johnson et al., 2000). There was a
significant effect of stress [F1,52=5.7; p<0.05] but not treatment [F2,52=1.0; p=0.38] on
core body temperature. Mice in all treatment groups had lower body temperatures after
acute restraint than before stress. Core body temperature decreased by 0.1 ± 0.3°C for
uninjected control animals, 0.5 ± 0.2°C for vehicle control animals, and 0.6 ± 0.2°C for
serotonin-depleted mice at the end of the 2-h restraint stress period.

Treatment with 2ʹ′-NH2-MPTP does not alter object recognition memory
The one-trial object recognition test was used to assess episodic memory, another
type of memory that depends on intact hippocampal function (Dere et al., 2007; Dere et
al., 2006). Times spent investigating a familiar vs a novel object were analyzed at two
different delay intervals. For a 10-min delay interval, there was a significant effect of
object [F1,68=41.2; p<0.001] but not treatment [F2,68=0.0; p=0.98] on investigation time.
Specifically, mice spent double the time investigating a novel object (86 ± 8 s uninjected
animals, 80 ± 7 s vehicle-treated mice, and 85 ± 6 s 2'-NH2-MPTP-treated mice) vs a
familiar object [49 ± 6 s (no injection), 52 ± 5 s (vehicle injected), and 47 ± 5 s
(serotonin-depleted)]. By contrast, when tested at a 4-h delay interval, there was no effect
of object [F1,56=3.5; p=0.067] or treatment [F2,56=1.1; p=0.35] [novel object: 40 ± 5 s (no
injection), 43 ± 5 s (vehicle-injected), and 36 ± 3 s (2'-NH2-MPTP-treated) vs familiar
object: 46 ± 2 s (uninjected), 51 ± 6 s (vehicle-treated), and 43 ± 5 s (2'-NH2-MPTPtreated)].
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The discrimination index was also calculated for 10-min and 4-h delay intervals
(Fig. 5-7). There was no significant main effect of treatment when discrimination indices
were analyzed [F2,62=0.5; p=0.64]; however, there was a significant effect of delay
interval [F1,62=36.9; p<0.001]. Regardless of treatment, mice spent more time
investigating the novel object following a 10-min delay interval (positive discrimination
index) vs a 4-h delay. These data suggest that while a 10-min delay interval is associated
with novel object recognition in mice, serotonin depletion does not influence object
recognition at 10-min or 4-h delays.

Adult depletion of brain serotonin does not increase depression-like behaviors
Decreased consumption of a preferred sweetened solution is used to model
anhedonia in rodents. Treatment with 2'-NH2-MPTP did not affect saccharin preference
[F2,102=1.3; p=0.27] (Fig. 5-8a). However, there was no effect of increasing saccharin
concentration [F2,102=0.04; p=0.96] across treatment groups.
Putative aspects of behavioral despair and learned helplessness were measured in
the forced swim test. Times spent immobile, swimming, or climbing were assessed
during two consecutive swim sessions (Fig. 5-8b). Treatment with 2'-NH2-MPTP did not
affect immobility [F2,65=0.6; p=0.55], swimming [F2,68=0.4; p=0.66], or climbing
[F2,68=0.03; p=0.97] times. However, there was a significant effect of trial on time spent
immobile [F1,65=18.6; p<0.001], swimming [F1,68=7.6; p<0.01], or climbing [F1,68=6.8;
p<0.05]. All treatment groups spent more time immobile and less time swimming or
climbing during the second swim exposure, a response interpreted as reflecting increased
behavioral despair (Cryan and Mombereau, 2004).
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Anxiety-related behaviors are not affected by treatment with 2ʹ′-NH2-MPTP
Open latency, defined as the time to make the first four-paw entry into an open
arm of the elevated plus maze, was not significantly different with respect to
2'-NH2-MPTP treatment [F2,26=1.6; p=0.23] (Fig. 7-9a). Serotonin-depleted male mice
spent similar amounts of time [F2,26=0.2; p=0.81] and made similar numbers of entries
[F2,26=0.4; p=0.67] in the open arms of the plus maze compared to control male mice
(Figs. 5-9b and 5-9c). Time spent in the center of the open field was used a different
measure of anxiety-related behavior. Here, there was a significant effect of treatment
[F2,26=6.0; p<0.01] (Fig. 5-9d). However, center time was significantly lower in
2'-NH2-MPTP-treated mice compared to uninjected control mice only during the 20 min
interval and in both 2'-NH2-MPTP-treated and vehicle-injected mice at the 25 min and
45 min intervals compared to uninjected mice. For female mice, there was no effect of
neurotoxin treatment on open arm latency [F2,27=2.0; p=0.15] (Fig. 5-10a). Neurotoxin
treatment also did not affect time spent in the open arms [F2,27=0.6; p=0.57] (Fig. 5-10b)
or numbers of open arm entries [F2,26=2.2; p=0.13] (Fig. 5-10c). Additionally, there was
no significant effect of 2'-NH2-MPTP treatment on time spent in the center of the open
field in female mice [F2,27=0.0; p=0.97] (Fig. 5-10d).
Locomotor activity was assessed by total arm entries in the elevated plus maze
and total distance traveled in the open field. Treatment with 2'-NH2-MPTP did not
influence total arm entries [F2,26=0.5; p=0.63] (Fig. 5-9e) in male mice. There was also no
significant effect of 2'-NH2-MPTP treatment on total distance traveled [F2,26=0.1; p=0.93]
(Fig. 5-9f). Regardless of treatment, male mice traveled more when initially exposed to
the open field, a pattern indicative of habituation to the testing apparatus (significant
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main effect of time [F11,286=72.2; p<0.001]). Similarly, analysis of activity levels in
female 2'-NH2-MPTP-treated mice revealed no significant effect of treatment on total
arm entries in the elevated plus maze [F2,27=0.8; p=0.48] (Fig. 5-10e) indicating that all
treatment groups showed similar activity levels in the plus maze. There was a significant
effect of neurotoxin treatment on total distance traveled in the open field [F2,27=5.0;
p<0.05] (Fig. 5-10f). Specifically, distance traveled was significantly lower in female
vehicle-injected mice compared to uninjected control mice during the 20, 25, 30, and
50 min intervals. Vehicle-treated mice also traveled less than serotonin-depleted mice at
the 35 min interval. These findings suggest that an 80% depletion of serotonin in male
mice and a 30-40% depletion of serotonin in female mice do not alter the anxiety-related
or locomotor behaviors examined here.

2ʹ′-NH2-MPTP treatment does not alter social investigation behaviors
Investigation of a novel conspecific compared to a novel empty cage was
compared in 2'-NH2-MPTP treated male mice by assessing initial approach latencies.
There was no treatment effect [F2,55=0.3; p=0.77] or social effect [F1,55=0.0; p=0.86] on
approach latency, indicating that mice from all treatment groups did not preferentially
approach the novel animal vs the empty cage faster (Fig. 5-11a). In all treatment groups,
approximately half of the mice approached the novel conspecific first compared to the
empty cage. Total time spent interacting with the conspecific vs the empty cage served as
another measure of social investigation. Neurotoxin treatment did not significantly affect
investigation time [F2,56=0.04; p=0.96]; however, there was a trend towards a significant
social effect [F1,56=3.9; p=0.052] (Fig. 5-11b). Thus, regardless of 2'-NH2-MPTP
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treatment, mice preferentially interacted with the cage containing the novel conspecific
compare to the empty cage.
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Discussion
The aim of this study was to investigate changes in hippocampal-dependent
learning and memory, and anxiety-related and depression-like behaviors in adult mice
having brain 5-HT depletions induced by the neurotoxin 2'-NH2-MPTP. The tasks
included in the behavioral test batteries were selected to determine whether loss of
forebrain serotonin produced behavioral changes similar to those observed in human
neurodegenerative disorders with serotonin system involvement. We uncovered little to
no differences between 5-HT-depleted and control mice in behaviors thought to be
modulated, at least in part, by the serotonergic system. The varying degrees of depletion
between the cohorts could play a role in the absence of some phenotypic changes.
Specifically, depletions of forebrain 5-HT to 60-70% of control levels in the second and
third cohorts might not have been large enough to alter the behaviors tested. However,
depletions to 20-30% of control 5-HT levels in male mice in the first cohort, which are
similar to previously reported 2'-NH2-MPTP-induced depletions in CD-1 mice (Andrews
et al., 1996), more definitively demonstrate that large reductions in forebrain 5-HT in
adulthood do not affect anxiety-related behaviors, locomotor activity, and low-stress
spatial memory acquisition.
The underlying reasons for the differences in 2'-NH2-MPTP serotonergic lesions
across the three cohorts of male mice remain unknown. Previous experiments utilizing
2'-NH2-MPTP indicate that some recovery of frontal cortex and hippocampus
neurotransmitter levels after 2'-NH2-MPTP occurs between 3 and 9 weeks post-treatment
(Andrews and Murphy, 1993a). Tissue neurotransmitter levels for each cohort in the
present study were analyzed 5-6 weeks after 2'-NH2-MPTP administration, within this
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recovery window. Small differences in initial toxicity reflecting biodiversity across
cohorts might influence recovery trajectories accounting for differences in the depletion
levels. Notably, significant weight loss was observed 1-2 days after neurotoxin
administration in all cohorts, arguing against problems with the dosing solutions.
Female mice were included in the first cohort of mice. Here, 5-HT levels in
frontal cortex and hippocampus were decreased to a lesser extent than depletion levels in
male mice treated at the same time (60-70% vs 20-30% of control levels). Therefore, it
appears that female mice are not as susceptible to the effects of 2'-NH2-MPTP as male
mice. Studies have shown that female mice are resistant to DA depletion after MPTP
treatment (Dluzen, 2000; Miller et al., 1998; Morissette et al., 2007). Castrated male mice
pre-treated with estrogen are protected from MPTP toxicity (Dluzen et al., 1996). The
oxidized metabolite of MPTP, 1-methyl-4-phenylpyridinium (MPP+), is taken up by the
dopamine transporter (DAT), where it oxidizes critical thiol groups of mitochondrial
complex I, thereby inhibiting ATP production (Przedborski et al., 2000; Thomas et al.,
2000). Estrogen may exert neuroprotective effects through direct antioxidant activity (Liu
et al., 1992; Subbiah et al., 1993; Sugioka et al., 1987). However, this effect is only
observed at low physiological concentrations of estrogen (Ramirez et al., 2003),
implicating other mechanisms including gene regulation of estrogen receptors
(Kenchappa et al., 2004) or altered DAT affinity for MPP+ (Ookubo et al., 2009).
The neurotoxin 2'-NH2-MPTP is hypothesized to be oxidized to a toxic pyridium,
2'-NH2-MPP+, which accumulates in serotonergic and noradrenergic cells via uptake by
serotonin and norepinephrine transporters (Andrews et al., 1996; Andrews and Murphy,
1993b; Andrews and Murphy, 1993c; Numis et al., 2004). If the pyridinium metabolite of
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2'-NH2-MPTP inhibits ATP production similar to MPP+, attenuated 5-HT and 5-HIAA
depletions observed in female mice compared to male mice might also be modulated in
part by estrogen. Here, female mice were gonadally intact and estrous was not controlled
for at the time of 2'-NH2-MPTP administration or during behavior testing. Future
experiments would be needed to investigate the role of estrogen in protection from
2'-NH2-MPTP toxicity.
Moderate to severe loss of hippocampal and frontal cortex 5-HT levels in
response to 2ʹ′-NH2-MPTP did not alter Lashley maze acquisition, retention, or stress
effects on retention. In previous studies, the serotonin system has been implicated in
hippocampus- and prefrontal cortex-dependent cognitive tasks in rodents (Bondi et al.,
2007; Brigman et al., 2010; Lapiz-Bluhm et al., 2009; Olivier et al., 2008; Olivier et al.,
2009), non-human primates (Clarke et al., 2007; Jedema et al., 2010), and humans (Park
et al., 1994; Rogers et al., 1999). However, others have observed unaltered performance
on learning and memory tests following adult serotonergic lesioning, particularly in rats
treated with 5,7-DHT (recently reviewed in Adams et al., 2008).
We observed no effect of 2'-NH2-MPTP treatment on novel object recognition
following 10-min or 4-h delay intervals, with discrimination of the novel object observed
for all groups at the 10-min but not the 4-h interval. In addition to an increased delay
interval, differences in behavior test order could influence object recognition. The cohort
exposed to the 4-h delay interval was previously tested in the Lashley maze and
experienced an acute restraint stress before undergoing novel object recognition testing.
Prior experiences, even with a 14-day recovery period between stress exposure and novel
object recognition testing, might influence performance on the latter task. Neurosurgical
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procedures, including microdialysis probe implantation, impact object recognition up to
56 days post-surgery (Frumberg et al., 2007). Additionally, stressors have been shown to
influence hippocampal functioning in the adult and aging brain (Miller and O'Callaghan,
2005). In contrast, the cohort that was tested using the 10-min delay interval had no prior
behavioral testing, yet an effect of serotonin depletion on object recognition still was not
evident.
One explanation for the preservation of learning observed here is that a second
neuromodulatory system might need to be concurrently disrupted to impair hippocampaldependent learning and memory. Administration of muscarinic antagonists following
hippocampal 5-HT lesions consistently impairs spatial learning (Harder et al., 1996;
Nilsson et al., 1988; Normile et al., 1990; Richter-Levin and Segal, 1989). The effects of
2'-NH2-MPTP on the cholinergic system have not been investigated. This neurotoxin
does increase hippocampal BDNF protein levels 3 days after administration, with BDNF
returning to control levels 21 days post-treatment (Luellen et al., 2006; Szapacs et al.,
2004a). Hippocampal-dependent learning and memory is modulated by BDNF (Chen et
al., 2006; Cunha et al., 2009; Gorski et al., 2003; Linnarsson et al., 1997) and BDNF
regulates serotonergic innervation of the forebrain and hippocampus during aging
(Luellen et al., 2007; Lyons et al., 1999) and after injury (Mamounas et al., 2000). As
learning and retention were assessed at least 14 days post-neurotoxin treatment in the
current study, BDNF protein levels would have returned to control levels by this time,
and without long-lasting disruptions of this or another secondary system, hippocampaldependent learning and memory appear to be preserved.
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Behavioral domains, including neophobia and activity, are simultaneously
engaged during rodent cognitive tests, potentially influencing task performance. Many of
these factors are modulated by the 5-HT system. We assessed anxiety-related behaviors
and locomotor activity in 2'-NH2-MPTP-treated mice and found no changes in either. The
serotonin system is among the first to develop in rodents (Lidov and Molliver, 1982;
Wallace and Lauder, 1983; Zhou et al., 2000) and 5-HT system disruption during
embryonic or early postnatal periods produces changes in anxiety-like behaviors in
adulthood. We administered 2'-NH2-MPTP to adult mice, possibly missing a critical early
window for when 5-HT axonal degeneration might alter anxiety-like behavior (Miller and
O'Callaghan, 2008). On the other hand, administration of 2'-NH2-MPTP to aging mice to
model the combined effects of age-related loss of serotonergic innervation plus a second
insult to mimic disease-related processes might have effects on learning and memory not
seen in young animals.
Depression is characterized by feelings of behavioral despair and anhedonia that
can be exacerbated by stress. We observed no changes in immobility times in the forced
swim test due to 5-HT-depletion. Upon re-exposure to the test, immobility times
increased in a similar manner across all treatment groups. Previously, it was reported that
a 5,7-DHT lesion of the dorsal raphe does not affect forced swim immobility (Lieben et
al., 2006). It has been argued that the forced swim test assesses antidepressant response
rather than depression-like behaviors per se (Cryan and Mombereau, 2004). Therefore,
the unaltered forced swim behavior in neurotoxin-treated animals could be due to the
inability of this test to assess depression-like behaviors. Rather, behavioral tests designed
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to assess other aspects of depression might be needed to probe the behavioral sequelae of
adult forebrain 5-HT depletion on depression-related endophenotypes.
As a secondary measure of depression-like behavior, we assessed saccharin
preference. Animal models of anhedonia rely on natural reward associated with the
consumption of a saccharin or sucrose solution; in mice, saccharin is used as a noncaloric sweetener to minimize the effects of differences in appetitive behaviors (Cooper
and Barber, 1994; Pelloux et al., 2005; Scinska et al., 2009). While serotonergic agonists
increase saccharin preference (Cooper and Barber, 1994), we found no change in
preference in mice treated with 2'-NH2-MPTP. The highest concentration of saccharin
solution used in the present study was lower than that used by Cooper and Barber, and it
is therefore possible that the saccharin solutions were not sufficiently rewarding to
facilitate preferential consumption in this study.
Stress has been implicated as a susceptibility factor for developing anxiety and
depression and a factor that can modulate aspects of learning and memory. An acute
stressor administered to control and 5-HT depleted mice elicited a decrease in core body
temperature and increased the number of errors in the Lashley maze; however,
differential effects were not associated with the loss of forebrain 5-HT. Previously, it was
reported that chronic but not acute stress increases anxiety-related behaviors in median
raphe-lesioned rats (Netto et al., 2002). Thus, the absence of a differential effect in
2'-NH2-MPTP-treated mice might be due to the possibility that the 5-HT neurotransmitter
system modulates responses to chronic but not acute stress.
The neurotoxin 2'-NH2-MPTP has been established as a valuable tool for
investigating the neurochemical and histological effects of 5-HT neurotoxicity. By
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contrast, while a number of different behavioral domains altered during aging and in
response to neurodegenerative diseases with serotonin system involvement were
investigated here, no major changes were observed in response to moderate/severe
2'-NH2-MPTP-induced serotonin depletions. The adult 5-HT system could function
primarily to modulate behaviors not measured here, i.e., reversal learning rather than
spatial learning (Clarke et al., 2007; Lapiz-Bluhm et al., 2009). It might also be that
disruptions of the 5-HT neurotransmitter system during aging will be needed to produce
behavioral effects associated with serotonin system disruption.
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Figure

5-1:

Experimental

timelines

for

phenotyping

mice

treated

with

2'-NH2-MPTP. Animals were divided into three cohorts to measure a variety of anxietyrelated, depression-like, and learning behaviors. Experimental procedures (treatment for
cohorts 1 and 3 and testing for cohort 2) began at 12-16 weeks of age. “Stress” refers to a
single 2 h restraint stress, after which mice were tested in the Lashley maze.
Abbreviations: elevated plus maze (EPM), open field test (OFT), novel object recognition
(NOR), novel social investigation (NSI), saccharin preference test (SPT), and forced
swim test (FST).
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Figure 5-2: Changes in body weight after 2'-NH2-MPTP treatment. The effects of
vehicle and neurotoxin administration were determined by measuring changes in body
weight 24 h and 48 h after the final injection in the (a) male and (b) female mice of the
first testing cohort, as well as the (c) second and (d) third testing cohorts (males only).
Group sizes are indicated on each bar. Statistical significances: *p<0.05, **p<0.01, and
***p<0.001 vs uninjected mice; †p<0.05 and †††p<0.001 vs vehicle-treated mice.
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Figure 5-3: Changes in serotonin levels following 2'-NH2-MPTP treatment. At the
conclusion of behavior testing (34-44 days post-neurotoxin treatment), brain tissue
neurotransmitter levels were analyzed by HPLC with electrochemical detection. Results
are presented as percents of non-injected control levels in vehicle- and 2ʹ′-NH2-MPTPtreated mice. Serotonin (5-HT) levels were analyzed in (a) male mice and (b) female
mice for the first testing cohort. The (c) second and (d) third testing cohorts contained
male mice only. Statistical significances: *p<0.05, **p<0.01, and ***p<0.001
2ʹ′-NH2-MPTP-treated vs uninjected mice; †p<0.05, ††p<0.01, and †††p<0.001
2ʹ′-NH2-MPTP-treated vs vehicle-treated mice. Abbreviations: frontal cortex (FC),
hippocampus (HI), and brain stem (BS).
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Figure 5-4: Changes in 5-HIAA levels following 2'-NH2-MPTP treatment. At the
conclusion of behavior testing (34-44 days post-neurotoxin treatment), 5-HIAA levels
were measured by HPLC with electrochemical detection. Results are presented as
percents of non-injected control levels in vehicle- and 2ʹ′-NH2-MPTP-treated mice. Levels
of 5-HIAA were measured in (a) males and (b) females of the first testing cohort and the
(c) second and (d) third testing cohorts. Statistical significances: *p<0.05, **p<0.01, and
***p<0.001 2ʹ′-NH2-MPTP-treated vs uninjected mice; †p<0.05, ††p<0.01, and
†††p<0.001 2ʹ′-NH2-MPTP-treated vs vehicle-treated mice. Abbreviations: frontal cortex
(FC), hippocampus (HI), and brain stem (BS).
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Figure 5-5: Effects of 2'-NH2-MPTP treatment on learning and memory. Learning
was measured as (a) the number of days required for mice to learn the Lashley III maze
and (b) the rate of Lashley III maze acquisition post-neurotoxin treatment. Memory was
assessed by comparing (c) the number of errors made on the seventh trial of maze
acquisition vs a single trial of the Lashley III maze 15 days after maze acquisition
(retention) or following an acute 2 h restraint stress 17 days after maze acquisition.
Statistical significance: *p<0.05 and ***p<0.001 vs training trial; ††p<0.01 vs retention
trial.
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Figure 5-6: Effects of 2'-NH2-MPTP treatment on Lashley maze acquisition in
female mice. Learning was measured as (a) the number of days required for mice to learn
the Lashley III maze and (b) the rate of Lashley III maze acquisition post-neurotoxin
treatment. Statistical significance: *p<0.05 and ***p<0.001 vs trial 1.
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Figure 5-7: Effects of 2'-NH2-MPTP treatment on novel object recognition memory.
Learning was measured as the ability to discriminate a novel object from a familiar object
either 10 min or 4 h after exposure to the familiar object in the one-trial novel object
recognition test. Statistical significance: ***p<0.001
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Figure 5-8: Effects of 2'-NH2-MPTP treatment on depression-like behaviors.
Depression-like behaviors were assessed by measuring (a) the preference for saccharin
solutions over tap water and (b) the amount of time spent immobile (I), swimming (S), or
climbing (C) during two trials of the forced swim test carried out on consecutive nights.
Statistical significances: *p<0.05, **p<0.01, and ***p<0.001 trial 2 vs trial 1.
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Figure 5-9: Effects of 2'-NH2-MPTP treatment on anxiety-related behaviors and
locomotor activity. Anxiety-related behaviors were measured in the elevated plus maze
and open field test. Anxiety parameters were (a) latency to make an initial four-paw entry
into an open arm, (b) time spent in and (c) number of entries into the open arms in the
elevated plus maze, and (d) time spent in the center of the open field. Locomotor activity
was measured as (e) total arm entries in the elevated plus maze and (f) total distance
traveled in the open field. Statistical significances: *p<0.05 2ʹ′-NH2-MPTP-treated vs
non-injected mice, †p<0.05 vehicle-injected vs non-injected mice.

139

140
Figure 5-10: Effects of 2'-NH2-MPTP treatment on anxiety-related behaviors and
locomotor activity in female mice. Anxiety-related behaviors were measured in the
elevated plus maze and open field test. Anxiety parameters were (a) open latency to make
an initial four-paw entry into an open arm, (b) time spent in and (c) number of entries into
the open arms in the elevated plus maze, and (d) time spent in the center of the open field.
Locomotor activity was measured as (e) total arm entries in the elevated plus maze and
(f) total distance traveled in the open field. Statistical significances: *p<0.05 vehicletreated vs non-injected mice, †p<0.05 vehicle-treated vs 2ʹ′-NH2-MPTP-treated mice.
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Figure 5-11: Effects of 2'-NH2-MPTP treatment on social investigation. Mice were
allowed to interact with a confined novel conspecific and an empty cage in the testing
arena. Interaction was measured by (a) latency to approach the conspecific vs the empty
cage and (b) time spent investigating each.
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Chapter 6

Constitutive Reductions in Brain-Derived Neurotrophic Factor are
Associated with Age-Specific Changes in Low-Stress Learning

Introduction
Brain-derived neurotrophic factor (BDNF), the most abundant neurotrophic factor
in the brain, is critically involved in neuronal differentiation, survival, and synaptic
plasticity (Thoenen, 1995; Yamada et al., 2002; Lu, 2003; Yamada and Nabeshima,
2003). Brain-derived neurotrophic factor is most highly expressed in the hippocampus
and frontal cortex in the adult brain (Altar et al., 1997; Conner et al., 1997; Murer et al.,
1999). Additionally, BDNF supports and regulates the function of several neuronal
circuits implicated in learning and memory (Bekinschtein et al., 2008). BDNF
dysfunction has been implicated the pathogenesis of neurodegenerative disorders,
including Alzheimer’s disease and Parkinson’s disease (for recent reviews, see (Zuccato
and Cattaneo, 2009; Aznar and Knudsen, 2011; Nagahara and Tuszynski, 2011)).
Mice with constitutive reductions in Bdnf gene expression (BDNF+/-) (Liebl et
al., 1997) have been generated and used to elucidate the behavioral effects of altered
BDNF system functioning. Reductions in BDNF expression have been associated with
deficits in hippocampal-dependent learning and memory tasks in mice (Linnarsson et al.,
1997; Gorski et al., 2003; Chen et al., 2006). Aging potentiates spatial learning
impairments in BDNF-deficient mice (Linnarsson et al., 1997). However, other studies
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have found no learning impairments in mice with altered BDNF expression (Montkowski
and Holsboer, 1997; Bimonte et al., 2003; Chourbaji et al., 2004; Adachi et al., 2008;
Cunha et al., 2009).
In addition to its potential role in hippocampus-dependent learning, BDNF
modulates the serotonin (5-HT) system in an age-dependent manner (Mattson et al.,
2004). At 3-4 months of age, hippocampal levels of extracellular 5-HT are increased in
BDNF+/- vs BDNF+/+ mice (Guiard et al., 2007), while at 26 months of age, BDNF+/mice have decreased hippocampal 5-HT levels (Luellen et al., 2007). Serotonergic
innervation to the forebrain and hippocampus is also decreased in aging BDNF+/- mice
compared to BDNF+/+ mice (Lyons et al., 1999; Luellen et al., 2007). As differences in
BDNF modulation of the 5-HT system are most prominent in the hippocampus, we
sought to investigate the phenotypic effects of constitutive reductions in BDNF
expression on a low-stress spatial learning task in young (2 months) vs aging (24 months)
mice. We also characterized anxiety-related behaviors thought to be modulated by the
5-HT system at both ages.
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Materials and Methods
Animals
Mice with constitutive reductions in BDNF (BDNF+/+ and BDNF+/- mice) were
generated as described previously (Liebl et al., 1997) and backcrossed for 10–12
generations onto a C57BL/6NCr genetic background (Lyons et al., 1999). Animals for
this study were bred in-house and group housed by sex (1-4 mice per cage) in a
temperature- and humidity-controlled vivarium on an automatic 12 h light/dark cycle
(lights on at 0600 h). Food (Lab Diet 5001, PMI Feeds, St. Louis, MO) and water were
available ad libitum. Behavior testing began when mice were either 6 weeks or
23 months of age. Behavior testing was conducted in the following order: elevated plus
maze, open field test, and Lashley III maze. Mice were weighed between the open field
and Lashley maze. For all behavior testing procedures, mice were moved to the testing
room 1 h before the dark phase transition to habituate, with testing beginning 1 h after
lights off. Experimental protocols were approved by The Pennsylvania State University
Institutional Animal Care and Use Committee and adhered to National Institutes of
Health Animal Care Guidelines.

Elevated Plus Maze
The elevated plus maze was constructed of clear Plexiglas and consisted of two
open arms (30 cm L × 5 cm W) and two closed arms (30 cm L × 5 cm W × 15 cm H)
extending from a common central platform (5 cm × 5 cm) raised 38.5 cm above the floor
(Lister, 1987). A dim white light was used to evenly illuminate the maze. Mice were
placed on the central platform facing a closed arm and allowed to explore the maze for
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5 min. The maze was cleaned with 70% ethanol and allowed to dry between trials. Male
mice were tested on the first night and female mice on the second to minimize
pheromone effects (Aikey et al., 2002). All sessions were recorded by video camera for
subsequent behavior scoring.

Locomotor Activity
Four days after female mice completed the plus maze, all animals underwent
locomotor activity testing. Locomotor activity was measured in Digiscan open field
animal activity monitors (40 cm × 40 cm × 30 cm) equipped with eight photobeams and
receptors housed in Plexiglas boxes (Omnitech Electronics, Columbus, OH). The center
of the open field was defined as a 10 cm × 10 cm square located 15 cm from each wall.
Changes in vertical exploration were assessed via a nose poke board elevated 3.5 cm with
16 equivalently spaced holes 3 cm in diameter in each locomotor chamber (Jones et al.,
1999). Each apparatus was further housed in a wooden box equipped with a fan to
provide a continuous supply of fresh air and to isolate each chamber acoustically from the
surrounding environment. Mice were placed in the center of each apparatus and allowed
to explore the open field for 1 h. Data was collected in 5 min, non-cumulative intervals.
Apparatuses were cleaned with 70% ethanol and allowed to dry between trials.

Lashley III Maze
Nine days after locomotor testing, mice began trials in the Lashley III maze
(Lashley, 1929). The Lashley maze procedure has been described previously (Blizard et
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al., 2003; Blizard et al., 2006; Bressler et al., 2010) (see also Chapter 2). Food and water
were removed for all animals 30 min after the transition to the dark phase; testing began
30 min later. The black Plexiglas maze sat on a red Plexiglas floor and was covered by a
clear Plexiglas roof. A red light illuminated the maze. A clean pseudo-home cage with
fresh bedding was located at the end of the goal box. A clear Plexiglas door confined the
mouse in the pseudo-home cage for 1 min at the end of the trial. After each trial, the maze
floor, roof, and start and goal boxes were cleaned with 70% ethanol and allowed to dry.
Food and water were returned 30 min after the last mouse in each testing group
completed the nightly trial.
An observer monitored each trial and recorded the path traveled and amount of
time required to complete the maze. Each trial was also scored for numbers of errors,
with an error being defined as a four-paw entry into a blind alley or a previously traveled
zone. A mouse was considered as having learned the maze (reached criterion) after
completing two consecutive trials with 0 errors or 1 error. Mice were tested once per
night for 15 consecutive nights. Mice that failed to reach learning criterion were assigned
a value of 16 days for the number of days to learn the maze. The learning index, the ratio
of correct path segments to total path segments travelled in a single trial, was calculated
for the first four trials to evaluate rates of maze acquisition.

Statistics
Data were initially analyzed by two-way ANOVA with genotype and sex as the
independent variables for each age. Repeated measures data were assessed by three-way
ANOVA with genotype, sex, and time as the independent variables at each age.
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Individual comparisons were by Tukey’s post hoc tests. In cases where interaction terms
were not significant, the main effects are reported. Statistical analyses were performed
using the Statistical Analysis System (SAS Institute, Cary, NC). Values are expressed as
means ± SEMs with differences of p<0.05 considered statistically significant.
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Results
Spatial learning is impaired in young mice with constitutively reduced BDNF expression
Spatial learning was investigated by measuring the number of days required to
reach learning criterion in the Lashley III maze. There were significant main effects of
genotype [F1,65=4.4; p<0.05] and sex [F1,65=6.6; p<0.05] in the 2 month-old cohort
(Fig. 6-1a). Young male BDNF+/+ mice learned the maze in 9.2 ± 1 days compared to
the 14 ± 0.9 days young female BDNF+/+ mice required (p<0.05). Male BDNF+/+ mice
reached criterion faster than male BDNF+/- mice (13 ± 1 days) (p<0.01). Seven of the
nine young female BDNF+/- mice failed to reach learning criterion by 15 days. They
were assigned a value of 16 days to learn for the purposes of analysis although no
significant difference on days to learn was detected between female BDNF+/+ and
BDNF+/- mice.
The learning index was calculated for trials 2-4 to evaluate rates of maze
acquisition. Trial 1 was not included in the statistical analysis because upon first exposure
to the maze, mice navigate by chance (learning index = 0.5). When the learning index
was analyzed for trials 2-4 in the young 2 month-old cohort, there was a significant
genotype × sex × trial interaction [F2,130=4.4; p<0.05], indicating that the genotype × sex
interaction varied with respect to trial (Fig. 6-1b). Further analysis revealed a significant
genotype × sex interaction [F1,65=7.4; p<0.01] indicating that the effect of genotype was
different for female vs male mice. On the second and third trials, young male BDNF+/+
mice had a higher learning index than young female BDNF+/+ mice, consistent with
male BDNF+/+ mice reaching criterion faster than female BDNF+/+ mice. On the third
trial, young female BDNF+/- mice had a higher learning index than young female
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BDNF+/+ mice, while young male BDNF+/- mice had a lower learning index compared
to young BDNF+/+ mice.

Spatial learning is enhanced in aging mice with constitutive reductions in BDNF
expression
In the 24 month-old BDNF-deficient cohort, genotype significantly affected days
to acquire the Lashley maze [F1,39=13.3; p<0.001], but the main effect of sex was not
significant [F1,39=1.2; p=0.28] (Fig. 6-2a). Both female and male aging BDNF+/- mice
learned the maze faster than their wildtype counterparts. Aging female BDNF+/- mice
reached criterion twice as fast as aging female BDNF+/+ mice (4.0 ± 0.4 days vs. 8.8 ±
0.7 days, respectively) (p<0.001). Similarly, aging male BDNF+/- learned to navigate the
Lashley maze in approximately one-third the time aging male BDNF+/+ mice required
(4.6 ± 0.4 days vs. 12± 2 days, respectively) (p<0.05).
The learning index was analyzed over trials 2-4 in aging mice to assess the rate of
learning in the Lashley maze. There was a highly significant main effect of time
[F2,78=10.9; p<0.001], reflecting an overall increase in the learning index upon repeated
maze exposure, indicative of maze learning (Fig. 6-2b). The main effect of sex was not
significant [F1,39=0.6; p=0.46] while the main effect of genotype was highly significant
[F1,39=14.0; p<0.001]. Specifically, the learning index was higher for aging male
BDNF+/- vs aging male BDNF+/+ mice on days 3 and 4 (p<0.05) and higher for aging
female BDNF+/- vs aging female BDNF+/+ mice on day 4 (p<0.001). Thus, old
BDNF+/- mice reached criterion faster than old BDNF+/+ mice and they had a higher
rate of maze acquisition.
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Young mice with reduced BDNF expression display modest changes in anxiety-related
behaviors
There were no significant genotype × sex interactions or significant main effects
of sex on any elevated plus maze variable. For the 2 month-old BDNF-deficient mice,
there was no significant main effect of genotype [F1,56=0.1; p=0.72] on open arm latency,
the time required for each mouse to make a first four-paw entry into an open arm
(Fig. 6-3a), or time spent in the open arms [F1,56=2.2; p=0.14] (Fig. 6-3b). There was a
significant genotype effect [F1,56=10.6; p<0.01] observed for numbers of open arm entries
(Fig. 6-3c) wherein young BDNF+/- mice of both sexes entered the open arms more
frequently compared to young BDNF+/+ mice. There was no significant main effect of
genotype on total arm entries [F1,56=1.8; p=0.19] (Fig. 6-3d), indicating no genotypedependent effects on locomotor activity in the elevated plus maze in young mice.

Constitutive reductions in BDNF do not alter anxiety-related behaviors in aging mice
Genotype × sex interactions and main effects of sex were not significant on any
elevated plus maze variable. At 24 months, there was no significant main effect of
genotype [F1,52=0.2; p=0.64] on open arm latency (Fig. 6-4a). There were no significant
differences between aging BDNF+/+ and BDNF+/- mice regarding open arm time
[F1,52=0.8; p=0.37] (Fig. 6-4b) or numbers of open arm entries [F1,52=1.4; p=0.24]
(Fig. 6-4c), suggesting that there are no changes in anxiety-like behavior in aging mice
with lifelong reductions in BDNF expression. Levels of BDNF expression also did not
influence overall locomotor activity in the plus maze in aging mice; the main effect of
genotype was not significant for total arm entries [F1,52=0.1; p=0.80] (Fig. 6-4d).
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Open field activity is reduced in young BDNF+/- mice
There were no significant genotype × sex × time interactions for any open field
variable. Locomotor activity was assessed by measuring the total distance traveled in the
open field. The main effect of time was highly significant for young BDNF-deficient
mice [F11,715=121.1; p<0.001], reflecting higher activity levels early in the testing period
(Fig. 6-5a). The main effects of genotype [F1,65=7.6; p<0.01] and sex [F1,65=4.6, p<0.05]
were also significant in young mice. Specifically, total distance traveled was significantly
higher in young female BDNF+/+ mice compared to young female BDNF+/- mice at the
20, 40, and 60 min intervals. Young female BDNF+/+ mice traveled more than young
male BDNF+/+ mice at the 15, 20, 30, 40, 50, 55, and 60 min intervals.
Time spent in the center of the open field was evaluated as a measure of anxietyrelated behavior. The time × genotype interaction approached significance in the
2 month-old cohort [F11,715=1.9, p=0.053] (Fig. 6-5b). Male BDNF+/- mice spent
significantly more time than male BDNF+/+ mice in the center of the open field at the 5,
10, and 15 min intervals. Nose pokes were quantified as an indication of exploratory
behavior in the open field. In the young cohort, there was a significant main effect of
genotype [F1,63=6.1, p<0.05] but not sex [F1,63=2.3, p=0.14] (Fig. 6-5c). Young male
BDNF+/+ mice made more nose pokes at the 10 and 25 min intervals compared to young
male BDNF+/- mice.

Open field activity is unaltered in aging BDNF-deficient mice
When total distance traveled was assessed in 24 month-old BDNF-deficient mice,
the main effect of time was also highly significant [F11,473=92.7; p<0.001], but the main
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effects of genotype [F1,43=3.6; p=0.065] and sex [F1,43=0.6; p=0.46] were not significant
(Fig. 6-6a). Regardless of sex or genotype, aging mice traveled more at the beginning of
the open field test session than at the end.
The time × genotype interaction was highly significant [F11,473=3.4; p<0.001] for
time spent in the center of the open field, indicating that the behavior of the two
genotypes of mice differed over time (Fig. 6-6b). Center time was significantly higher in
aging female BDNF+/- mice compared to aging female BDNF+/+ mice at the 5, 15, and
30 min intervals. Vertical exploration measured by the number of nose pokes was not
affected by genotype [F1,43=1.5, p=0.23] or sex [F1,43=1.7, p=0.20] in 24 month-old mice
with constitutive reductions in BDNF (Fig. 6-6c).

Constitutive reductions in BDNF increase body weight
Body weight was assessed in both the young and aging cohorts between the open
field test and the first night of Lashley training. Genotype [F1,57=4.9; p<0.05] and sex
[F1,57=65.7; p<0.001] significantly affected body weight in 2 month-old BDNF-deficient
mice (Fig. 6-7a). Male BDNF+/- mice weighed more than male BDNF+/+ mice (p<0.05).
In the aging cohort, there was a significant effect of genotype [F1,52=5.0; p<0.05] but not
sex [F1,52=0.0; p=0.98] on body weight (Fig. 6-7b). Female BDNF+/- mice weighed more
than female BDNF+/+ mice in 24 month-old mice with reduced BDNF expression.
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Discussion
The results of this study illustrate that the phenotypic effects of constitutive
reductions in BDNF on spatial learning and anxiety-related behavior are modulated by
age. That is, young BDNF+/- mice required more trials to learn the Lashley III maze task
than young BDNF+/+ mice, an effect anticipated based on prior hypotheses about the
role of BDNF in hippocampal-dependent learning and memory. However, effects on
learning in the Lashley maze were reversed in aging mice. Reduced BDNF expression
modestly increased anxiety-related behaviors and decreased open field activity in young
mice. In aging animals, anxiety-related behaviors and locomotor activity were unaltered
in BDNF+/- mice vs BDNF+/+ mice.
Disruptions in the BDNF system have been associated with hippocampaldependent learning deficits. Specifically, young and aging BDNF+/- mice display
impaired Morris water maze acquisition (Linnarsson et al., 1997), as well as disrupted
context-dependent fear conditioning (Chen et al., 2006). Additionally, spatial memory
formation is associated with increased BDNF mRNA levels in the hippocampus and
administration of antisense BDNF oligonucleotide inhibits spatial memory formation in
young rats (Mizuno et al., 2000).
However, memory deficits associated with decreased BDNF are not always
observed. Young BDNF+/- mice are not impaired in Morris water maze performance
after normal or reduced training schedules (Montkowski and Holsboer, 1997; Gorski et
al., 2003). When BDNF is selectively deleted in the dentate gyrus or CA1 regions of the
hippocampus, cued and contextual freezing are unaltered (Adachi et al., 2008), which is
also observed in BDNF+/- mice (Gorski et al., 2003; Chourbaji et al., 2004). Notably, the
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Morris water maze and fear conditioning tasks, as well as most other behavioral tests
previously selected to assess learning and memory are stressful, negatively motivated
tasks for the rodents. They also rely on sensory systems (i.e., vision, motor coordination)
that decline significantly in aging BDNF-deficient mice (Ernfors et al., 1991).
Here, we sought to minimize stress as a potentially confounding variable by
utilizing the Lashley III maze. Our procedure relies on return to a familiar environment as
the motivation for task acquisition, rather than swimming or electric shock (Blizard et al.,
2003; Blizard et al., 2006; Bressler et al., 2010). We find that 2 month-old male BDNF+/mice required more trials to learn the Lashley III maze task compared to male BDNF+/+
mice. By contrast, 24 month-old BDNF+/- mice of both sexes acquired the Lashley maze
task considerably faster than BDNF+/+ mice. The BDNF+/- mice used in this study have
constitutive reductions in BDNF, and thus, undergo development with partial deficiencies
in BDNF. It is likely that compensatory mechanisms are engaged in this model, including
those that potentially modulate learning and memory processes assessed by the Lashley
III maze.
The serotonin system is one system that possibly compensates for reduced BDNF
expression. Brain-derived neurotrophic factor reciprocally regulates the 5-HT system in
an age-dependent manner (Mattson et al., 2004). In young adult BDNF+/- mice,
extracellular 5-HT levels are increased in the ventral hippocampus (Guiard et al., 2007),
but cortical and striatal levels are unaltered (Szapacs et al., 2004). By contrast,
hippocampal 5-HT levels are decreased in aging BDNF+/- mice (Luellen et al., 2007).
Serotonin clearance rates, as well as serotonin transporter (SERT) affinity, are decreased
beginning in late adolescence and continuing into adulthood in BDNF+/- mice vs
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BDNF+/+ mice; SERT function increases with age in BDNF+/+ mice up to 10 months
(Daws et al., 2007). Aging mice with constitutive reductions in BDNF have accelerated
loss of serotonergic innervation to the forebrain (Lyons et al., 1999) and hippocampus,
particularly the CA1 region (Luellen et al., 2007). It is possible that, with advancing age,
SERT function eventually decreases in BDNF+/+ mice, while SERT function in
BDNF+/- mice remains relatively constant over the same ages. Thus, with increasing age
(>10 months), BDNF+/- mice potentially have greater SERT function than aging
BDNF+/+ mice, which may partially underlie the improved spatial learning observed in
24 month-old BDNF+/- mice. We have demonstrated that 18 month-old SERT+/+ mice
acquire the same Lashley task faster than SERT+/- mice, further supporting this
hypothesis (Chapter 4). Future experiments in aging BDNF-deficient mice are necessary
to confirm if hippocampal SERT expression and function is altered with respect to
genotype.
Navigation of the Lashley III maze also relies on exploration and the ability to
navigate the testing environment. Young BDNF+/- mice displayed a modest
hypolocomotive phenotype and a reduced tendency to explore a novel environment
compared to BDNF+/+ mice. The majority of previously published findings have
reported no difference in total distance traveled in BDNF+/- mice at approximately the
same age as the mice studied here (MacQueen et al., 2001; Gorski et al., 2003; Chourbaji
et al., 2004). However, obesity is thought to significantly impact activity in BDNF+/mice (Kernie et al., 2000). We observed a significant effect of genotype on body weight
only in the male mice of the young cohort. Decreased exploration was observed in male
mice, but differences in activity observed were most prominent in female mice at this
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age. Therefore, it is unlikely that obesity-related hypoactivity is responsible for
differences in total distance traveled at 2 months of age. While there were no differences
in total elevated plus maze arm entries, a secondary measure of activity, at this age, the
reduced open field activity in BDNF+/- mice indicates that differences in navigation and
exploration may partially account for the Lashley III maze learning impairments in the
young cohort. In the aging cohort, no differences in total distance traveled or nose pokes,
as well as total elevated plus maze arm entries, were measured, similar to a previous
report on aging BDNF+/- mice (Lyons et al., 1999). Together, these findings suggest that
changes in baseline activity levels most likely do not account for the differences in
Lashley III maze performance in aging BDNF-deficient mice.
Lashley testing sessions require mice to navigate the maze to a home cage-like
environment. As opposed to “safe” environments, we assessed anxiety-related behavior
in the novel elevated plus maze to investigate differences in anxiety levels. In both the
young and aging cohorts, there were no changes in the majority of variables associated
with anxiety, in agreement with previous studies (MacQueen et al., 2001; Chourbaji et
al., 2004). Thus, changes in anxiety associated with the pseudo-home cage environment
would not account for differences in Lashley maze performance.
Overall, the most striking finding of this study is that learning deficits in a lowstress navigation task in young BDNF+/- mice are reversed in aging BDNF-deficient
animals. Aging BDNF+/- mice acquire the Lashley maze task faster than aging BDNF+/+
mice. While the role of BDNF in learning and memory mediated by the hippocampus
remains controversial and probably is specific for subsets of memory, i.e., working
memory vs spatial memory, it is generally accepted that cognitive function declines in
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age. Indeed, middle-aged and aged rodents make more working memory errors and have
delayed acquisition of the Morris water maze without impairment of maze retention or
reversal learning (Croll et al., 1998; Bimonte et al., 2003; Francia et al., 2006). However,
learning in the Morris water maze is assessed by measuring the time required to locate a
platform utilizing visual cues and thus is also dependent on swim speed and vision,
parameters that tend to decline with age (Francia et al., 2006). In contrast, learning in the
Lashley III maze is measured by counting the number of errors an animal makes in a task
that is not dependent on a visually cued path through the maze. Age-related cognitive
decline measured in rodents is likely to be paradigm-dependent and modulated by the
associated stress of the task, as well as other behavioral domains. Thus, the improved
learning observed in aging BDNF+/- mice vs BDNF+/+ mice could be associated with
the reduced stress of the Lashley maze compared to other paradigms used to assess
learning and memory.
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Figure 6-1: Lashley III maze performance in 2 month-old BDNF-deficient mice.
Learning was assessed as (a) the number of days required for a mouse to reach criterion
in the Lashley III maze. The rate of Lashley III maze acquisition was assessed as (b) the
learning index, the ratio of correct path segments to total path segments traveled, over the
first 4 trials. Statistical significances: **p<0.01 vs BDNF+/+ mice of same sex, †p<0.05
and ††p<0.01 vs female mice of same genotype.
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Figure 6-2: Lashley III maze performance in 24 month-old BDNF-deficient mice.
Learning was measured as (a) the number of days required for a mouse to reach criterion
in the Lashley III maze. The rate of Lashley III maze acquisition was assessed as (b) the
learning index, the ratio of correct path segments to total path segments traveled, over the
first 4 trials. Statistical significances: **p<0.01 vs BDNF+/+ mice of same sex, †p<0.05
and ††p<0.01 vs female mice of same genotype.
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Figure 6-3: Anxiety-related behaviors measured in the elevated plus maze in 6 weekold BDNF-deficient mice. Anxiety-related parameters investigated were (a) open arm
latency, (b) open arm time, and (c) open arm entries. Activity was measured by counting
(d) total arm entries. Statistical significance: *p<0.05 vs BDNF+/+ mice of same sex.
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Figure 6-4: Anxiety-related behaviors measured in the elevated plus maze in 23
month-old BDNF-deficient mice. Anxiety-related parameters investigated were (a) open
arm latency, (b) open arm time, and (c) open arm entries. Activity was measured by
counting (d) total arm entries.
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Figure 6-5: Locomotor activity and anxiety-related behavior measured in the open
field in 2 month-old BDNF-deficient mice. Locomotor activity was assessed as (a) total
distance traveled. Anxiety-related behavior was analyzed as (b) time spent in the center
of the field. Changes in vertical exploration were measured as (c) nose pokes. Mice per
group: N=20 for female BDNF+/+, N=9 for female BDNF+/-, N=22 for male BDNF+/+,
and N=18 for male BDNF+/-. Statistical significances: *p<0.05 female BDNF+/- vs
female BDNF+/+ mice; †p<0.05 and ††p<0.01 male BDNF+/+ vs female BDNF+/+
mice; #p<0.05 male BDNF+/- vs male BDNF+/+ mice.
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Figure 6-6: Locomotor activity and anxiety-related behavior measured in the open
field in 24 month-old BDNF-deficient mice. In the open field test, locomotor activity
was assessed as (a) total distance traveled. Anxiety-related behaviors were analyzed as
(b) time spent in the center of the field. Changes in vertical exploration were measured as
(c) nose pokes. Mice per group: N=14 for female BDNF+/+, N=9 for female BDNF+/-,
N=16 for male BDNF+/+, and N=8 for male BDNF+/-. Statistical significances: *p<0.05
female BDNF+/- vs female BDNF+/+ mice.
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Figure 6-7: Body weight measured in young and aging BDNF-deficient mice. Weight
was measured in (a) 2 month-old and (b) 24 month-old BDNF-deficient mice. Statistical
significances: *p<0.05 vs BDNF+/+ mice of same sex; †††p<0.001 vs female mice of
same genotype.
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Chapter 7

Segregating Contextual vs Social Neophobia
in Two Strains of BXD Recombinant Inbred Mice: Part I

Introduction
The National Comorbidity Survey-Replication estimates that anxiety-related
disorders are the most commonly occurring group of psychiatric illnesses, with a lifetime
prevalence as high as 30% (Kessler et al., 2005). Of the eight currently recognized
anxiety disorder subtypes, social anxiety, which is characterized by heightened distress
and avoidance of social situations, is the most common subtype and has the earliest age
of onset (Kessler et al., 1994; Kessler et al., 2005). One predictor of social anxiety is
behavioral inhibition (BI), or avoidance of novelty. Behavioral inhibition is a stable trait
that develops early in life, is partly heritable, and has been associated with increased
susceptibility to adult anxiety, particularly social anxiety (Hirshfeld et al., 1992; Rubin
and Hastings, 1997; Insel, 2002; Hirshfeld-Becker et al., 2007). Children characterized as
having higher levels of BI avoid both novel objects and unfamiliar people and display
increases in anxious symptoms when subjected to stressful situations (Brozina and Abela,
2006).
Recombinant inbred (RI) mouse strains have been used to identify genetic factors
associated with behavioral and biochemical variability (Bailey, 1971; Phillips and
Belknap, 2002; Phillips et al., 2002). The C57BL/6J (B) inbred mouse strain, which is
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characterized as having a low anxiety phenotype and high open field exploratory activity,
was crossed with the DBA/2J (D) strain having moderate anxiety and activity levels
(Crawley et al., 1997; Holmes et al., 2002b) to produce the BXD RI panel from the F2
intercross (Taylor, 1978). Quantitative traits have been associated with genetic loci from
which genes of interest can be identified (Belknap, 1998). For example, genetic factors
influencing ethanol intake (Belknap et al., 1993; Hitzemann et al., 2003; Palmer et al.,
2006), as well as those regulating differences in iron metabolism have been elucidated
using this panel of mice (Jones et al., 2008; Jellen et al., 2009).
Anxiety- and fear-related behaviors have been characterized in the BXD panel
(Yang et al., 2008; Brigman et al., 2009; Philip et al., 2009); however, these behaviors
have only been assessed using nonsocial tests (i.e., novel environments). Here, we
explore the idea that specific environments modulate behavior differently in RI mice. We
selected strains 11 and 31 from the original BXD RI panel for this initial study because
these two mouse strains have been characterized as the high (strain 11) and low
(strain 31) extremes for anxiety-like behaviors in the elevated plus maze, light/dark
transition test, and open field test (WebQTL). Anxiety- and fear-like behaviors in four
strains from the original BXD panel, along with strains from the expanded RI panel, have
been reported (Brigman et al., 2009); however, strains 11 and 31 were not included in
that study. Here, we evaluated strain 11 and strain 31 BXD mice in tests previously used
to measure behavioral inhibition in rats, which include responses to novel objects
compared to responses to an unfamiliar conspecific (Cavigelli et al., 2007). We also
carried out a standard battery of nonsocial tests (i.e., elevated plus maze, light/dark
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transition test, and open field test) for comparison on anxiety measures and to assess
locomotor and exploratory behavior.
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Materials and Methods
Animals
Strain 11 and strain 31 BXD/TyJ RI mice were obtained from The Jackson
Laboratory (Bar Harbor, ME) and were bred in-house for 3-5 generations. Male mice
were housed in groups of 2-5 littermates per cage in a temperature- and humiditycontrolled room on an automatic 12 h reverse light/dark cycle (lights off at 0800 h) for
3 weeks before the start of testing. Food (Lab Diet 5001, PMI Feeds, St. Louis, MO) and
water were available ad libitum. Mice were housed in the same room where behavior
testing occurred. Testing began when the animals were 3-5 months of age (strain 11
N=14; strain 31 N=12). During the course of testing, two mice from both strains died
from unknown causes. Specific numbers of mice included in each test are detailed in the
figures. Tests were conducted in the following order, with 3-8 day inter-test intervals:
Novel object investigation, novel social investigation, elevated plus maze, light/dark
transition test, and open field test. All tests were carried out beginning 1 h after the start
of the dark phase. Experimental protocols adhered to National Institutes of Health
Animal Care guidelines and were approved by the Pennsylvania State University
Institutional Animal Care and Use Committee.

Novel Object Test
The novel object investigation test was performed as previously described for rats,
using a smaller arena for mice (Cavigelli and McClintock, 2003; Cavigelli et al., 2007).
Briefly, the testing arena (50 cm W × 50 cm L × 24 cm H) consisted of a white Plexiglas
box with a clear Plexiglas cover. Bedding from each of the home cages of all study
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animals was mixed with fresh bedding and placed on the floor of the arena, which was
indirectly illuminated by a 90 W red light. Novel objects were approximately the same
size as the mice and included a plastic tunnel, an upside down ceramic bowl, and a right
side up plastic bowl. Each object was placed in a different corner of the arena (Fig. 7-1a).
Each mouse was placed in a small metal bowl and lowered into unoccupied corner. The
cover was immediately slid into place. Mice were allowed to explore the arena for 5 min.
The latency to make initial direct contact with a novel object was recorded for each
animal. No distinction was made between specific objects. The metal bowl and objects
were cleaned between trials with 70% ethanol and allowed to dry. Behavior was recorded
by video camera for additional analysis using Noldus Observer version 5.0 (Wageningen,
Netherlands). Locomotor activity was coded in Observer using an 8 × 8 matrix
superimposed on the arena where each square was approximately the length of a mouse.

Novel Social Test
Three days after the novel object (nonsocial) test, mice underwent the novel social
investigation test as described previously (Cavigelli et al., 2007; Cavigelli et al., 2009).
The arena was the same as that used for the novel object test and was illuminated in the
same manner. A novel nonexperimental male mouse approximately the same weight as
the experimental animals was housed in a small clear plastic cage (15 cm W × 8 cm L ×
13 cm H) equipped with a vented top in a corner adjacent to the start location for the
experimental animal (Fig. 7-1b). Test mice from strains 11 and 31 were exposed in
random order to the same strain 38 conspecific mouse. A second identical but empty
plastic cage was placed in the corner opposite the corner with the cage containing the
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conspecific. As before, individual mice were lowered into the empty corner of the arena
via a small metal bowl. The cover was slid into place and mice explored the arena freely
for 5 min. The latency to make direct nose contact with the plastic cage holding the
conspecific mouse was determined for each experimental animal. The metal bowl was
cleaned between trials with 70% ethanol and allowed to dry. Behavior was recorded by
video camera for additional locomotor activity analysis using Noldus Observer.

Elevated Plus Maze
Eight days after the novel social investigation test, mice underwent elevated plus
maze testing. Fans in locomotor activity boxes located in the same room as the plus maze
were turned on 1 h before the dark-phase transition to attenuate extraneous noise. A dim
white light was used to illuminate the room. The elevated plus maze was constructed of
Plexiglas and consisted of two opposing open arms (30 cm L × 5 cm W) and two
opposing closed arms (30 cm L × 5 cm W × 15 cm H) extending from a common central
platform (5 cm × 5 cm) that was raised 38.5 cm above the floor (Lister, 1987). The walls
of the closed arms were constructed of clear Plexiglas to ensure even lighting across all
arms of the maze. At the start of each trial, mice were placed on the central platform
facing a closed arm and allowed to explore the maze for 5 min. The maze was cleaned
between trials with 70% ethanol and allowed to dry. All sessions were recorded by video
camera for behavior scoring by a trained observer.
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Light/Dark Transition Test
The light/dark test was carried out four days after plus maze testing. The
apparatus consisted of a Plexiglas chamber (40 cm W × 40 cm L × 30 cm H) equipped
with eight infrared photobeams and receptors to measure activity (Omnitech Electronics,
Columbus, OH). Each chamber contained an enclosed black (dark) Plexiglas box
(20 cm W × 40 cm L × 20.5 cm H) in one half. The black box had an opening (13 cm L ×
5 cm H) in the center that allowed mice to move freely between the dark and light
compartments. The light compartment, which was the same size as the dark
compartment, was illuminated by a 75 W white light situated 40 cm above the floor of
the chamber. Light was directed to produce a sharp dark-light line at the doorway
between the two compartments (Crawley and Davis, 1982; Crawley and Paylor, 1997).
Each light/dark apparatus was housed in a wooden box equipped with a fan to provide
background noise isolation from the surrounding environment. Animals were initially
placed in a corner of the light compartment and allowed to explore the apparatus for
20 min. Data were collected in 5 min, non-cumulative intervals. Latency to make the first
entry into the dark compartment, numbers of transitions between the two compartments,
and horizontal activity in each compartment were recorded. Apparatuses were cleaned
with 70% ethanol and allowed to dry between trials.

Locomotor Activity
Four days after the light/dark transition test, animals underwent two consecutive
days of locomotor activity testing (Unger et al., 2006). Activity was measured in
Digiscan open field animal activity monitors (40 cm W × 40 cm L × 30 cm H) equipped
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with eight photobeams and receptors surrounding Plexiglas boxes (Omnitech Electronics,
Columbus, OH). The center of the open field was defined as a 10 cm × 10 cm square
located 15 cm from each wall. A nose poke board elevated 3.5 cm with 16 equivalently
spaced holes 3 cm in diameter was inserted into each locomotor chamber to assess
exploratory activity (Jones et al., 1999). Apparatuses were housed in wooden boxes
equipped with fans to provide fresh air and acoustic isolation from the surrounding
environment. Mice were placed in the center of each apparatus and allowed to explore the
arena. Data were collected in 5 min, non-cumulative intervals for 60 min. Apparatuses
were cleaned with 70% ethanol and allowed to dry between trials.

Statistics
Data were initially analyzed by two-way analysis of variance (ANOVA) with
strain as the between-subjects variable and trial (novel object and novel social
investigation tests) or time (LDT, OFT) as within-subjects variables. In cases where
interaction terms were not significant, the main effects of strain and trial/time are
reported. Where significant interactions occurred, data were further analyzed for simple
effects of strain at each time point or trial by Student’s unpaired two-tailed t-tests. The
simple effects of time were analyzed by one-way ANOVA in each strain separately
where necessary. All analyses were performed using the Statistical Analysis System
(SAS Institute, Cary, NC). Behavioral variables were examined to verify normal
distributions using the D'Agostino-Pearson normality test (GraphPad Software, Inc., San
Diego, CA). All values are expressed as means ± SEMs with differences of p<0.05
considered statistically significant.
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Results
Strain 11 is more behaviorally inhibited in a novel nonsocial vs novel social context
Investigation of novel inanimate objects compared to a novel conspecific was
examined in strain 11 and strain 31 BXD mice by assessing initial approach latencies.
The strain × trial interaction for approach latencies was significant [F1,24=9.1; p<0.01],
indicating that the two strains of mice did not respond in the same way to the testing
contexts. Mean approach latencies were significantly different with respect to strain in
the novel object investigation test [t(21)=2.8; p<0.05] (Fig. 7-2a). Here, the time to
approach the first novel object was twice as long in strain 11 mice (71 ± 10 s) as it was in
strain 31 mice (36 ± 5 s). By contrast, initial approach latencies were not significantly
different between the two strains of mice in the novel social investigation test (Fig. 7-2a).
For locomotor activity, the main effect of strain was significant [F1,24=10.4; p<0.01] with
strain 11 mice showing lower activity in both the novel object [t(24)=2.1; p<0.05] and the
novel social [t(14)=2.7; p<0.05] investigation tests (Fig. 7-2b). These data suggest that
approach latency, which is a measure of behavioral inhibition, is differentially increased
in strain 11 mice in a nonsocial environment whereas overall activity is reduced in
strain 11 BXD mice regardless of context.
Strain 11 mice show increased anxiety-related behavior in the elevated plus maze
Open latency, defined as the time to make the first four-paw entry into one of the
open arms of the elevated plus maze, was significantly different with respect to strain
[t(22)=2.7; p<0.05], with strain 11 mice displaying longer open arm latencies compared
to strain 31 mice (Fig. 7-3a). Strain 11 mice spent less time [t(11)=2.6; p<0.05] and made
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fewer entries [t(13)=2.6; p<0.05] in the open arms of the maze (Figs. 7-3b and 7-3c).
Total arm entries were also significantly different [t(22)=5.1; p<0.001], with strain 11
BXD mice making fewer total arm entries compared to strain 31 mice (Fig. 7-3d).
Together, these data indicate that increased anxiety-related behavior in the elevated plus
maze for male strain 11 BXD mice is accompanied by a decrease in locomotion.
Strain 11 mice made fewer exploratory head dips compared to strain 31 mice [t(22)=3.7;
p<0.01] (Fig. 7-3e), and there was a trend for strain 11 mice to rear less than strain 31
mice [t(22)=2.0; p<0.1] (Fig. 7-3f). These findings suggest that strain 11 mice show
lower exploratory behavior compared to strain 31 mice in the plus maze.

Strain 11 mice are more anxious and less active in the light/dark transition test
Latency to the first transition from the light to the dark compartment of the
light/dark transition test was not significantly different in strain 11 mice (70 ± 20 s) vs
strain 31 mice (80 ± 10 s). Regarding time spent in the light compartment, there was a
significant main effect of strain [F1,20=10.3; p<0.01] (Fig. 7-4a). Specifically, strain 11
mice spent less time in the light vs the dark compartments during the first ten minutes of
the test. For numbers of transitions between compartments, there was a significant strain
× time interaction [F3,66=3.4; p<0.05], indicating that the effect of time was different for
strain 11 vs strain 31 mice. Strain 11 mice maintained a consistently low number of
transitions throughout the testing period whereas strain 31 mice made more transitions
during the early part of the test (Fig. 7-4b). Numbers of transitions were significantly
different between strains at all time points.
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Activity was also assessed in the light/dark test. A significant strain × time
interaction for horizontal activity in the light compartment was observed [F3,66=11.0;
p<0.001] (Fig. 7-4c). The strain × time interaction for dark compartment horizontal
activity showed a trend toward significance [F3,66=3.0; p<0.1] (Fig. 7-4d). These
interaction terms suggest different habituation patterns across strains. Significant main
effects of strain [F1,22=30.1; p<0.001] and time [F1,22=5.9; p<0.01] were present for
horizontal activity in the dark compartment. During all time intervals and on both sides of
the arena, strain 11 mice showed less horizontal activity than strain 31 mice. Light/dark
transition test data suggest increased anxiety-related behavior and lower activity in
strain 11 mice compared to strain 31 mice.

Strain 11 BXD mice display lower activity in the open field
There were significant strain × time interactions for total distance traveled on the
first [F11,220=15.6; p<0.001] and second [F11,220=7.4; p<0.001] days of testing, indicating
that the two strains of mice also habituated differently to the open field. The simple
effects of time were significant for strain 31 on day 1 [F11,99=33.1; p<0.001] and day 2
[F11,99=12.2; p<0.001] reflecting higher activity levels early in the testing periods in these
mice (Figs. 7-5a and 7-5b). By contrast, in strain 11 mice the simple effect of time was
only modestly significant on day 2 [F11,121=2.8; p<0.05], with these mice showing low
levels of activity throughout both testing periods. Total distance traveled was
significantly lower in strain 11 mice compared to strain 31 mice during the first 30 min of
testing on both days.
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Time spent in the center of the open field was evaluated as a measure of anxietyrelated behavior. Strain 11 mice spent significantly less time in the center of the open
field compared to strain 31 mice on the first [F1,20=8.5, p<0.01] and second [F1,20=6.3,
p<0.05] exposures to the open field (Figs. 7-5c and 7-5d). Center time was significantly
lower in strain 11 mice compared to strain 31 mice during the 5, 10, and 15 min intervals
on day 1 and during the 5, 10, 15, and 25 min intervals on day 2.
Nose pokes were quantified as an indication of exploratory behavior in the open
field. There was a trend toward a significant main effect of strain on day 1 [F11,220=4.2;
p<0.1], which reached significance on day 2 [F11,220=7.2; p<0.05] (Figs. 7-5e and 7-5f).
During both trials, strain 11 mice showed higher levels of nose pokes compared to
strain 31 mice. Thus, while strain 11 mice show lower ambulatory behavior, particularly
early in the testing periods, accompanied by greater avoidance of the center of the open
field, they preferentially explored the open field via investigational nose pokes.
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Discussion
The results of this initial study illustrate that the comparative phenotypes of
strain 11 and strain 31 BXD recombinant inbred mice are complex (Table 7-1). Strain 11
mice display context-dependent increases in behavioral inhibition compared to strain 31
mice. Relative increases in inhibitory behavior in strain 11 mice were evident across a
number of domains including anxiety-related behavior, exploratory behavior, and
locomotor activity (Table 7-1). However, strain 11 mice were more inhibited than
strain 31 mice when investigating novel objects but not when exposed to an unfamiliar
conspecific.
It is likely that novel object and novel social investigation behaviors access
different inherent, underlying response motives and thus, brain circuitry. Previously, we
reported that only 30% of a population of young male Sprague-Dawley rats were
inhibited in both nonsocial and social contexts, indicating that performance in these two
tests is not always correlated (Cavigelli et al., 2007). In the current study, strain 11 mice
were more inhibited in the nonsocial context compared to the social context. Inhibition in
one context but not the other is observed in the majority of Sprague-Dawley rats
(Cavigelli et al., 2007).
Strain differences in approach latencies in nonsocial vs social contexts in this
study are potentially confounded by the fact that testing order might contribute to the
differential approach latencies. Both strains of mice were exposed to the novel object test
first, followed by the novel social investigation test four days later. These two tests were
performed in the same arena; thus, mice had previously experienced the testing apparatus,
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reducing its overall novelty during the social investigation test. The order of the tests and
prior exposure to the testing arena might selectively attenuate inhibitory responses in
strain 11 mice as opposed to approach latency being modulated solely by social context.
Future work will be needed to investigate whether strain-related contextual differences in
behavioral inhibition are present when mice are tested in the reverse order (see Chapter
8). Notably, strain 11 mice did not display differential behavior upon repeated exposure
to the open field on two consecutive days, arguing against test order effects.
Strain 11 BXD mice displayed increased anxiety-like behavior compared to
strain 31 mice in two common tests, the elevated plus maze and the light/dark transition
test. These findings are in agreement with unpublished data reported from the original
BXD recombinant inbred panel (WebQTL), where male strain 11 BXD mice were
similarly characterized as evincing greater anxiety-like behavior compared to strain 31
mice in these tests. When values for behavioral measures (e.g., percent time in the open
arms of the elevated plus maze, numbers of transitions in the light/dark transition test)
were compared between the current data and the WebQTL data set, mean values were
similar. Thus, differences in anxiety-related behavior between these two strains have
been reproduced in two separate laboratories. This type of reliability is important because
previous analyses of behavior in inbred strains of mice reported behavioral stability in
locomotor activity but poor correlation in anxiety-related behavior when tests were
conducted across laboratories and over time (Crabbe et al., 1999; Wahlsten et al., 2006).
However, the authors neglected to address the fact that some inbred strains (e.g.,
BALB/c) are more environmentally sensitive while others (e.g., C57BL/6) are less so.
The current data suggest that genetics can be correlated with behavior obtained by
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different investigators for RI mice and made available through the WebQTL and
GeneNetwork databases (Chesler et al., 2003). This type of strategy has revealed
correlations between brain morphology (e.g., hippocampal volume, amygdala structure)
and behavior measured in different laboratories for unrelated experiments that yielded
new quantitative trait loci (QTLs) (Jones et al., 1999; Martin et al., 2006; Mozhui et al.,
2007; Yang et al., 2008).
Exploratory behavior across testing environments was less straightforward to
interpret. Specifically, strain 11 mice showed a decrease in head dips in the elevated plus
maze and decreases in the numbers of transitions in the light/dark transition test, but
increases in nose pokes in the open field on two consecutive days compared to strain 31
mice. One explanation for these findings is that head dips in the plus maze occur
primarily in the open arms. As strain 11 mice made significantly fewer entries and spent
significantly less time in the open arms, numbers of head dips are likely to be reduced.
Similarly, strain 11 mice spent less time in the light compartment, possibly influencing
the number of light/dark transitions. In the open field, however, holes are evenly spaced
across the nose poke board. Thus, mice do not need to enter the less preferred center area
of this testing apparatus to engage in exploratory behavior.
In all of the behavior tests conducted in this cohort of animals, strain 11 BXD
mice showed reduced locomotor activity compared to strain 31 mice (Table 7-1).
Additionally, activity levels in strain 11 mice were uncharacteristically low throughout
the testing period, a less commonly observed habituation pattern (Unger et al., 2006).
Decreases in open field total distance traveled were similar during a second exposure to
the apparatus, suggesting that reduced locomotion in strain 11 is not the result of
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response to a novel environment. Decreased activity, particularly in tests designed to
investigate behavioral inhibition and anxiety-related behavior, can complicate the
interpretation of phenotypic differences. However, reduced activity has been observed in
other mouse models of increased anxiety-related behavior. For example, serotonin
transporter-deficient mice, which are also characterized by increased anxiety-related
behavior, display reduced activity levels in several behavioral tests including the elevated
plus maze, open field test, and marble burying test (Holmes et al., 2002a; Kalueff et al.,
2006; Zhao et al., 2006; Kalueff et al., 2007). With the test battery selected for this
particular study, we had limited ability to determine if differences in behavioral inhibition
and anxiety-related behaviors are dependent on inherent differences in motoric responses
to the testing environments.
New QTLs associated with differences in behavioral inhibition and anxietyrelated behavior can be identified by comprehensive analysis of the panel of BXD RI
strains. This type of analysis has the potential to reveal novel genes associated with
behavioral inhibition and anxiety-related behavior. In addition, including measures of
behavioral inhibition in social contexts will possibly allow for the identification of
genetic factors that modulate social anxiety specifically.
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a

b

Figure 7-1: Arenas used to assess behavioral inhibition. Animals were lowered into
the (a) nonsocial or (b) social arena via a metal bowl (lower left corner). They were
allowed to freely explore each context and its contents for 5 min. A conspecific
(unfamiliar mouse) was enclosed in one of the two plastic containers in (b). (Figure
courtesy of Stefanie Altieri.)
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Figure 7-2: Approach latency and locomotor activity in the novel social and novel
object investigation tests. Behavioral inhibition was assessed in the novel object and
novel social interaction tests to differentiate the effects of social stimuli to modulate
inhibition to explore a novel environment. (a) Inhibition was determined by measuring
the time required for each experimental mouse to first approach and to make contact with
either a novel object (novel non-social test) or the plastic container containing a novel
conspecific animal. (b) Locomotor activity was determined by counting the numbers of
lines crossed in an 8×8 grid superimposed on the arena during the five min testing
periods. Statistical significances: *p<0.05 and **p<0.01 vs strain 31 mice.
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Figure 7-3: Anxiety-related behaviors in the elevated plus maze. The elevated plus
maze was used to assess anxiety-related behavior and the parameters measured were (a)
open latency, the amount of time required for mice to make an initial four-paw entry into
an open arm, (b) open arm time and (c) open arm entries. Activity was measured by
counting (d) total arm entries. Exploration was assessed by counting the number of (e)
head dips and (f) rears made during the five min testing period. Statistical significances:
*p<0.05, **p<0.01, and ***p<0.001 vs strain 31 mice.
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Figure 7-4: Anxiety-related behaviors and activity in the light/dark transition test.
Anxiety-related behavior was measured in the light/dark transition test and analyzed as
(a) time spent in the light compartment and (b) numbers of transitions between the light
and dark compartments. Changes in activity were monitored by measuring the number of
horizontal beam breaks in the (c) light and (d) dark compartments of the apparatus. Mice
per group: N=13 for strain 11 and N=11 for strain 31. Statistical significances: **p<0.01
and ***p<0.001 vs strain 31 mice.
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Figure 7-5: Locomotor activity and behavioral inhibition in the open field. In the
open field test, locomotor activity was assessed on two consecutive days and analyzed as
total distance traveled on (a) the first day and (b) the second day. Behavioral inhibition
was assessed as the time spent in the center of the field on (c) the first and (d) second
trials. Changes in exploration patterns in the vertical direction were analyzed as nose
pokes on the (e) first and (f) second days of testing. Mice per group: N=12 for strain 11
and N=10 for strain 31. Statistical significances: *p<0.05, **p<0.01 and ***p<0.001 vs
strain 31 mice.
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Behavioral Measure (Test)
Behavioral Inhibition
Speci Latency to Approach (Novel Object)
Latency to Approach (Novel Social)
Anxiety-Related Behavior
Latency to enter Open Arms (EPM)
Time in Open Arms (EPM)
Entries in Open Arms (EPM)
Time in Light Compartment (LDT)
Time in Center of Field (Day 1) (OFT)
Time in Center of Field (Day 2) (OFT)
Exploratory Behavior
Head Dips (EPM)
Rears (EPM)
Transitions (LDT)
Nose pokes (Day 1) (OFT)
Nose pokes (Day 2) (OFT)
Locomotor Activity
Locomotion (Novel Object)
Locomotion (Novel Social)
Total Arm Entries (EPM)
Horizontal Activity (Light) (LDT)
Horizontal Activity (Dark) (LDT)
Total Distance Traveled (Day 1) (OFT)
Total Distance Traveled (Day 2) (OFT)

Strain 11 vs. Strain 31
>
=
>
<
<
<
<
<
<
=
<
>
>
<
<
<
<
<
<
<

Table 7-1: Summary of behavioral data for strain 11 vs strain 31 BXD mice
Abbreviations: elevated plus maze (EPM), light/dark transition test (LDT), and open field
test (OFT)
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Chapter 8

Segregating Contextual vs Social Neophobia
in Two Strains of BXD Recombinant Inbred Mice: Part II

Introduction
Anxiety-related disorders are the most commonly occurring group of psychiatric
illnesses with a lifetime prevalence estimated to be as high as 30% (Kessler et al., 2005)
and moderate 30-40% heritability (Norrholm and Ressler, 2009). Identification of
specific genes that modulate anxiety-related behavior has primarily relied on candidate
genes or genome-wide association studies; however, these analyses are largely dependent
on the criteria used to differentiate affected vs control populations (Smoller et al., 2008).
As discussed in Chapter 7, recombinant inbred (RI) mouse strains can be used a priori to
identify specific genetic loci of interest, including those that potentially modulate aspects
of anxiety-related behavior in a quantitative manner (Bailey, 1971; Phillips and Belknap,
2002; Phillips et al., 2002). For example, genetic factors influencing ethanol intake
(Belknap et al., 1993; Hitzemann et al., 2003; Palmer et al., 2006), as well as those
regulating differences in iron metabolism have been elucidated using this panel (Jones et
al., 2008; Jellen et al., 2009).
The most-widely used tests designed to assess anxiety-related behavior in rodents
involve characterizing responses to novel environments (Lister, 1990; Kas and Van Ree,
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2004; Ramos, 2008). These tests assess approach/avoidance in unfamiliar open and/or
brightly lit areas and are based on conflict associated with the drive to explore novel
surroundings vs the tendency to avoid environments associated with predation. However,
though the underlying test designs are similar, there is evidence that behaviors measured
in open vs bright environments might assess different facets of anxiety-like behavior
(Lepicard et al., 2000; Lalonde and Strazielle, 2008). To model human anxiety disorders,
it is necessary to construct a behavioral test battery that probes different aspects of
anxiety-related behavior and to identify consistent and correlated responses between
tests.
Here, we continue to explore the idea that specific environments (i.e., nonsocial vs
social) elicit different behavioral responses in two strains of BXD RI mice, a hypothesis
initially raised in Chapter 7. We continue to investigate strains 11 and 31 from the
original BXD RI panel for this follow-up study because these two lines were previously
characterized as the high and low extremes for anxiety-like behaviors in nonsocial tests
(WebQTL), behavioral differences which we also observed in our initial study. We also
uncovered context-dependent changes in anxiety-related behaviors between these two
strains (Chapter 7). Here, we phenotyped two cohorts of mice extensively in a battery of
anxiety-related behavior tests including the elevated plus maze, light/dark transition test,
open field test, and novelty-induced hypophagia. In addition to these tests, which are
based on environmental novelty, we included nonsocial and social investigation tests
designed to mimic behavioral inhibition tests used in humans (Cavigelli et al., 2007). We
sought to determine behavioral patterns in strain 11 vs strain 31 mice across tests
designed to probe different aspects of anxiety-related behavior.
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Materials and Methods
Animals
Strain 11 and strain 31 BXD/TyJ RI mice were obtained from The Jackson
Laboratory (Bar Harbor, ME) and were bred in-house for 3-5 generations. Mice were
weaned at 21 days and housed in groups of 2-4 same-sex littermates per cage in a
temperature- and humidity-controlled room on an automatic 12 h light/dark cycle (lights
on at 0600 h). Food (Lab Diet 5001, PMI Feeds, St. Louis, MO) and water were available
ad libitum. Testing began when the animals were 12-14 weeks of age. Mice were
randomly assigned to one of two behavioral testing cohorts. The testing order is shown in
Figure 8-1. The first cohort underwent the novel social investigation test, novel object
investigation test, elevated plus maze, light/dark transition test, and locomotor activity
testing. The second cohort was tested on novel object investigation and novel social
investigation in reverse order from the first cohort followed by the novelty-induced
hypophagia paradigm. For all behavior testing procedures, mice were moved to the
testing room 1 h before the start of the dark cycle for habituation. For those tests carried
out on a single apparatus (novel object investigation, novel social investigation, and
elevated plus maze), male mice were exposed to the apparatus on the first night of testing
and female mice on the second to minimize the effects of pheromones (Aikey et al.,
2002). Experimental protocols adhered to National Institutes of Health Animal Care
guidelines and were approved by the Pennsylvania State University Institutional Animal
Care and Use Committee.
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Novel Object Test
The novel object investigation test was performed as previously described for rats,
using a smaller arena for mice (Cavigelli and McClintock, 2003; Cavigelli et al., 2007).
The testing arena (50 cm W × 50 cm L × 24 cm H) consisted of a white Plexiglas box
with a clear Plexiglas cover. Bedding samplea from the home cages of all study animals
were mixed with fresh bedding and placed on the floor of the arena to prevent the odors
of previously tested animals from affecting the behavior of subsequent test animals. The
arena was indirectly illuminated by a 90 W red light. Novel objects were approximately
the same size as the mice and included a plastic tunnel, an upside down ceramic bowl,
and a right side up plastic bowl. Each object was placed in a different corner of the arena
(Fig. 7-1a). At the start of the test, each mouse was placed in a small metal bowl and
lowered into the empty corner of the arena. The cover was immediately slid into place.
Mice were allowed to explore the arena for 5 min. The latency to approach and to make
direct contact with the first novel object was recorded for each animal. No distinction was
made between specific objects. The metal bowl and objects were cleaned between trials
with 70% ethanol and allowed to dry. Behavior was recorded by video camera for further
analysis using Noldus Observer version 5.0 (Wageningen, Netherlands). Locomotor
activity was coded in Observer using an 8 × 8 matrix superimposed on the arena where
each square was approximately the length of a mouse.

Novel Social Test
Mice were tested in the novel social investigation test as described previously
(Cavigelli et al., 2007; Cavigelli et al., 2009). The arena was the same as that used for the
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novel object test described above and was illuminated in the same manner. A novel nonexperimental mouse that was the same sex and approximately the same weight as the
experimental animals was housed in a small clear plastic cage (15 cm W × 8 cm L ×
13 cm H) equipped with a vented top. This cage was placed on its side (vent at mouse
level) in a corner adjacent to the start location for the experimental animal (Fig. 7-1b).
All experimental animals were exposed to the same stimulus mouse of the appropriate
sex, and testing order was counterbalanced with regard to the two strains. In several
studies with rats, we have not observed differences in the latency to explore novel social
partners associated with the order that experimental animals are exposed to the same
stimulus animal (Cavigelli et al., 2007, Cavigelli et al., 2009). A second empty plastic
cage of the same size was placed on its side in the corner opposite the cage containing the
stimulus mouse. As before, individual experimental mice were placed in a small metal
bowl and lowered into an empty corner of the arena. The cover was immediately slid into
place and mice explored the arena freely for 5 min. The latency to make direct nose
contact with the plastic cage holding the conspecific mouse was determined for each
experimental animal. The metal bowl was cleaned between trials with 70% ethanol and
allowed to dry. Behavior was recorded by video camera for locomotor activity analysis
using Noldus Observer.

Elevated Plus Maze
Four days after the novel object investigation test, mice in cohort 1 underwent
elevated plus maze testing (Fig. 8-1). The elevated plus maze was constructed of
Plexiglas and consisted of two opposing open arms (30 cm L × 5 cm W) and two
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opposing closed arms (30 cm L × 5 cm W × 15 cm H) extending from a common central
platform (5 cm × 5 cm) that was raised 38.5 cm above the floor (Lister, 1987). The walls
of the closed arms were constructed of clear Plexiglas to ensure even lighting across all
arms of the maze. At the start of each trial, mice were placed on the central platform
facing a closed arm and allowed to explore the maze for 5 min. The maze was cleaned
between trials with 70% ethanol and allowed to dry. All sessions were recorded by video
camera for behavior scoring by a trained observer.

Light/Dark Transition Test
The light/dark test was carried out four days after plus maze testing (Fig. 8-1).
The light/dark apparatus consisted of a Plexiglas chamber (40 cm W × 40 cm L ×
30 cm H) equipped with eight infrared photobeams and receptors to measure activity
(Omnitech Electronics, Columbus, OH). Each chamber contained an enclosed black
(dark) Plexiglas box (20 cm W × 40 cm L × 20.5 cm H). The black box had an opening
(13 cm L × 5 cm H) in the center that allowed mice to move freely between the dark and
light compartments. The light compartment, which was the same size as the dark
compartment, was illuminated by a 75 W white light situated 40 cm above the floor of
the chamber. Light was directed to produce a sharp light-dark line at the doorway
between the two compartments (Crawley and Davis, 1982; Crawley and Paylor, 1997).
Each light/dark apparatus was housed in a wooden box equipped with a fan to provide
fresh air and background noise isolation from the surrounding environment. Animals
were initially placed in a corner of the light compartment and allowed to freely explore
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the apparatus. Data were collected in four 5-min, non-cumulative intervals. Apparatuses
were cleaned with 70% ethanol and allowed to dry between trials.

Locomotor Activity
Four days after the light/dark transition test, animals underwent two consecutive
days of locomotor activity testing (Fig. 8-1) (Unger et al., 2006). Activity was measured
in Digiscan open field animal activity monitors (40 cm W × 40 cm L × 30 cm H)
equipped with eight photobeams and receptors surrounding Plexiglas boxes (Omnitech
Electronics, Columbus, OH). The center of the open field was defined as a 10 cm ×
10 cm square located 15 cm from each wall. A nose poke board elevated 3.5 cm with 16
equivalently spaced holes 3 cm in diameter was inserted into each locomotor chamber to
assess exploratory activity (Jones et al., 1999). Apparatuses were housed in wooden
boxes equipped with fans to provide a continuous supply of fresh air and to isolate each
chamber acoustically from the surrounding environment. Mice were placed in the center
of each apparatus at the start of the test. Data were collected in 5 min, non-cumulative
intervals for 60 min. Apparatuses were cleaned with 70% ethanol and allowed to dry
between trials.

Novelty-Induced Hypophagia
The novelty-induced hypophagia (NIH) test has been described previously
(Dulawa and Hen, 2005). Mice in cohort 2 were individually housed 13 days before
training began (Fig. 8-1). On the day before training, mice were transferred to a fresh
home cage. Mice were trained to drink dilute (3 parts water:1 part milk) sweetened

205
condensed milk (Carnation, Nestle USA, Glendale, CA) for three consecutive days.
Training was conducted immediately following the transition to the dark phase under red
light. Food and water were removed at this time. Milk was then presented in 10 mL
serological pipettes attached to sippers for 30 min. Latency to consume and amount
consumed were recorded every 5 min. Home cage testing occurred on the fourth day,
following the same procedure as the training phase. On the fifth day, mice were placed in
a novel, clean acrylic cage the same dimensions as their home cage with no bedding,
nesting material, food, or water under bright illumination at the dark phase transition.
Mice were given free access to the milk solution for 30 min, with latency to drink and the
amount of milk consumed recorded every 5 min as before. At the conclusion of testing,
mice were returned to their home cages. Fresh condensed milk solution was prepared on
the first day of training for each group tested, stored at 4°C, and brought to room
temperature 1-2 h before training/testing began.

Statistics
Data were initially analyzed by three-way analysis of variance (ANOVA) with
strain and sex as between-subjects variables and trial (novel object and novel social
investigation tests) or time (LDT, OFT) as within-subjects variables. Where three-way
ANOVAs were not significant, subsequent two-way ANOVA with strain and sex as the
independent variables at each time point/trial was also performed. Where significant
interactions occurred, data were further analyzed for the simple effects of strain at each
time point or trial by Student’s unpaired two-tailed t-tests. The simple effects of time
were analyzed by one-way ANOVA in each strain separately where necessary. Two-way
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ANOVA with strain and sex as the independent variables was carried out for elevated
plus maze and NIH data. In cases where interaction terms were not significant, the main
effects are reported. All analyses were performed using the Statistical Analysis System
(SAS Institute, Cary, NC) or GraphPad Prism (GraphPad Software, Inc., San Diego, CA).
All values are expressed as means ± SEMs with differences of p<0.05 considered
statistically significant.
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Results
Strain11 investigates the novel nonsocial and the novel social context in the same manner
as strain 31
Investigation of novel inanimate objects and a novel conspecific mouse was
examined in two cohorts of strain 11 and strain 31 BXD mice. Because these two tests
were conducted in the same behavioral arena, the test order was reversed across cohorts
to investigate whether prior exposure to the test environment influences behavior. In both
testing cohorts, there was no main effect of test order on either variable measured.
Inhibition was measured by assessing initial approach latencies to either a novel object or
the novel conspecific. For the first cohort (Fig. 8-1), the main effects of strain (novel
object [F1,54=3.4; p=0.07], novel social [F1,53=0.0; p=0.98],) and sex (novel object
[F1,54=0.0; p=0.85], novel social [F1,53=1.6; p=0.21],) were not significant (Fig. 8-2a and
8-2b). Similarly, for the second cohort, the main effects of strain (novel object [F1,57=2.3;
p=0.13], novel social [F1,61=0.2; p=0.63]) and sex (novel object [F1,57=4.0; p=0.051],
novel social [F1,61=0.4; p=0.56]) were not significant (Fig. 8-3a and 8-3b).
Locomotor activity was also measured in both testing environments in the two
cohorts. The strain × sex interactions and main effects of sex were not significant. The
main effect of strain was significant for cohort 1 (novel object [F1,50=32.9; p<0.0010],
novel social [F1,50=14.9; p<0.001]) (Fig. 8-2c and 8-2d) and cohort 2 (novel object
[F1,59=23.6; p<0.001[, novel social (F1,60=43.3; p<0.001]) (Fig. 8-3c and 8-3d). In all
conditions, strain 11 mice showed lower activity compared to strain 31 mice. These data
suggest that overall activity is reduced in strain 11 BXD mice regardless of context.
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Strain 11 mice show increased anxiety-related behavior in the elevated plus maze
There were no significant strain × sex interactions on any elevated plus maze
variable. There was no significant main effect of strain [F1,55=3.2; p=0.078] or sex
[F1,55=1.1; p=0.30] on open latency, defined as the time to make the first four-paw entry
into one of the open arms of the elevated plus maze (Fig.8-4a). Regardless of sex,
strain 11 mice spent less time [F1,54=13.5; p<0.001] and made fewer entries [F1,54=13.8;
p<0.001] in the open arms of the maze (Figs. 8-4b and 8-4c). There was also a significant
main effect of strain [F1,55=30.4; p<0.001] on total arm entries. Specifically, strain 11
BXD mice made fewer total arm entries compared to strain 31 mice. For total arm
entries, the main effect of sex was also significant [F1,55=4.3; p<0.05]; however, no
individual group differences between strain 11 and strain 31 mice were found (Fig. 8-4d).
These data indicate that increased anxiety-related behavior in the elevated plus maze for
strain 11 BXD mice is accompanied by a decrease in locomotion. Strain 11 mice made
fewer exploratory head dips [F1,55=13.1; p<0.001]] (Fig. 8-4e) and rears [F1,55=45.0;
p<0.001] (Fig. 8-4f) compared to strain 31 mice, while the effects of sex were not
significant. These findings suggest that strain 11 mice show lower exploratory behavior
compared to strain 31 mice in the elevated plus maze.

Strain 11 mice are more anxious and less active in the light/dark transition test
Anxiety-related behaviors in the light/dark transition test were assessed by
analyzing the number of transitions between the light and dark compartments and the
amount of time spent in the aversive lit compartment. For numbers of transitions between
compartments, the main effects of time [F3,156=0.9; p=0.42] and sex [F1,52=0.4; p=0.54]
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were not significant, but the effect of strain was significant [F1,52=8.4; p<0.01]
(Fig. 8-5a). Female strain 11 mice made significantly fewer transitions throughout the
testing period compared to female strain 31 mice. Regarding time spent in the light
compartment, the time × strain × sex interaction was significant [F3,159=4.7; p<0.01]
(Fig. 8-5b). Further analysis revealed a nonsignificant time × strain interaction in female
mice [F3,81=2.2; p=0.11] but not male mice [F3,78=3.5; p<0.05]. However, individual
group comparisons were not significant at any time point in male mice.
Activity was also assessed in the light/dark test. For the light compartment, there
were no significant main effects of strain [F1,51=0.6; p=0.45] or sex [F1,51=0.6; p=0.45].
However, the main effect of time was significant [F3,153=25.7; p<0.001] (Fig. 8-5c).
Regardless of strain or sex, activity in the light compartment decreased as the test session
progressed, indicative of habituation to the apparatus. The main effects of strain
[F1,53=50.3; p<0.001], sex [F1,53=4.4; p<0.05], and time [F3,159=22.4; p<0.001] were
significant for dark compartment horizontal activity (Fig. 8-5d). At all time intervals and
for both sexes, strain 11 mice were significantly less active than strain 31 mice in the
preferred dark compartment. Light/dark transition test data suggest increased anxietyrelated behavior in strain 11 mice as evidenced by reduced number of side transitions and
decreased time spent in the light compartment. Differences in activity levels were also
evident in this test with strain 11 mice displaying lower activity compared to strain 31
mice in the preferred dark compartment.
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BXD mice display variable activity in the open field
Locomotor activity was measured by total distance traveled in the open field.
There was a significant time × strain × sex interaction [F11,605=2.2; p<0.05] for total
distance traveled on the first day of testing with the time × strain interaction varying with
respect to sex (Fig. 8-6a). When male mice were analyzed, there was no significant time
× strain interaction [F11,286=1,4; p=0.25] or main effect of strain [F1,26=2.0; p=0.17],
however, the main effect of time was significant [F11,286=22.6; p<0.001]. In female mice,
the time × strain interaction was significant [F11,319=8.0; p<0.001], with strain 11 mice
traveling less than strain 31 at the 5 and 10 min intervals (p<0.01) and strain 31 traveling
less than strain 11 at the 40, 45, and 60 min intervals (p<0.05). On the second day of
testing, the time × strain × sex interaction was no longer significant [F11,605=0.8; p=0.54].
The time × strain [F11,605=6.1; p<0.001] interaction was significant on day 2 (Fig. 8-6b),
indicating differential habituation with respect to strain. For male mice, there was no
significant time × strain interaction [F11,286=2.0; p=0.11] or main effect of strain
[F1,26=1.3; p=0.27], but the main effect of time was significant [F11,286=16.8; p<0.001]. In
female mice, the time × strain interaction was significant [F11,319=5.1; p<0.01], with
strain 11 mice traveling significantly less distance than strain 31 at the 5 min (p<0.001)
and 10 min intervals (p<0.01).
Time spent in the center of the open field was evaluated as a measure of anxietyrelated behavior. The time × strain interaction was significant for female [F11,319=4.2;
p<0.01] but not male mice [F11,286=1.1; p=0.35] on the first trial (Fig. 8-6c). Specifically,
female strain 11 mice spent significantly less time in the center of the open field at the
5 min (p<0.001) and 10 min (p<0.05) intervals, while female strain 31 mice spent less
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time there at the 40 and 60 min points (p<0.05). On the second exposure, the time × strain
interaction was no longer significant for female mice [F11,319=0.5; p=0.74] (Fig. 8-6d).
While the time × strain interaction was also not significant for male mice [F11,286=1.5;
p=0.19], the main effect of strain was significant [F1,26=4.3; p<0.05]. Male strain 11 mice
spent more time in the center of the open field at the 35 min (p<0.01), 40 min (p<0.05),
and 50 min (p<0.001) intervals on day 2.
Nose pokes were quantified as an indication of exploratory behavior in the open
field. The main effect of strain was significant for the first [F1,55=31.9; p<0.001] and
second [F1,52=11.1; p<0.01] days (Figs. 8-6e and 8-6f). During both trials, strain 11 mice
showed higher levels of nose pokes compared to strain 31 mice. Thus, while strain 11
mice show lower ambulatory behavior, accompanied by greater avoidance of the center
of the open field early in the testing periods, they preferentially explored the open field
via investigational nose pokes.

Strain 11 mice show decreased inhibition in the novel environment of the novelty-induced
hypophagia test
Novelty-induced hypophagia was used as a test of anxiety-related behavior having
a minimal locomotor activity component. Latency to approach the condensed milk
solution in the familiar vs novel environment was compared for each sex. There was a
strain × environment interaction [F1,48=11.6; p<0.01] for female mice. Strain 11 mice
displayed a significantly longer latency in the home environment (172 ± 35 s) than in the
novel environment (83 ± 15 s). Strain 11 mice also had a significantly longer latency than
strain 31 mice in the home environment. Strain 31 mice approached the milk in 12 ± 3 s
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in the home cage and 70 ± 24 s in the novel cage. For male mice, there was a significant
effect of environment [F1,63=8.7; p<0.01] but not strain [F1,63=1.4; p=0.23] on approach
latency. Male strain 31 mice approached the milk significantly faster in the home
(25 ± 7 s) vs novel (90 ± 24 s) environments. There was no significant environment effect
for strain 11 mice (home: 60 ± 10 s, novel: 97 ± 19 s). Differences in behaviors between
the novel and home cage testing environments were analyzed. There was a significant
strain × sex interaction for change in approach latency [F1,56=5.7; p<0.05] (Fig. 8-7a).
Specifically, strain 11 female mice approached the milk faster in the novel vs familiar
environment than strain 31 female mice (p<0.001). Strain 11 female mice were also less
inhibited in the novel environment compared to strain 11 male mice (p<0.01).
The amount of milk consumed during the first 5 min of testing was also compared
across environments for each sex. In the female mice, the effect of strain [F1,47=10.4;
p<0.01] but not environment [F1,47=0.6; p=0.45] was significant. Strain 31 female mice
consumed more than strain 11 mice in the home environment. There was no effect of
strain in the novel cage. For male mice, the effects of strain [F1,64=2.9; p=0.09] and
environment [F1,64=0.4; p=0.54] were not significant. There was a significant main effect
of strain on change in consumption during the first 5 min [F1,56=4.7; p<0.05] (Fig. 8-7b).
Specifically, the change in consumption between the novel and home environments was
significantly different between male strain 11 and strain 31 mice.
Total volume consumed during the 30 min testing period in the home vs novel
environments was also compared for both sexes. There was a significant effect of strain
[F1,45=7.6; p<0.01] but not environment [F1,45=0.4; p=0.55] for total consumption in
female mice. Strain 31 mice consumed more than strain 11 mice in the home
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environment. There was no effect of strain in the novel environment. In male mice, the
effect of strain [F1,64=13.0; p<0.001] but not environment [F1,64=0.0; p=0.83] was
significant. Specifically, strain 31 mice consumed significantly more than strain 11 mice
in the home cage; consumption in the novel cage was not significantly different. There
was also a significant main effect of strain [F1,56=4.6; p<0.05] on change in total volume
consumed (Fig. 8-7c). Individual comparisons were not significant. Together, these data
indicate that strain 11 mice are less inhibited in the novel environment, as they
approached the milk solution faster and consumed more than in the home cage
environment. Conversely, strain 31 mice approached faster and consumed more in the
home cage than the novel cage.
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Discussion
Strain 11 mice display relatively higher anxiety-related behaviors compared to
strain 31 in the elevated plus maze, light/dark transition test, and open field test
(Table 8-1). Differences in anxiety measured in these tests are modulated, in part, by
changes in activity and exploration. Inclusion of the novelty-induced hypophagia
paradigm in the current battery, as well as the investigation tests that assess avoidance of
unfamiliar environments, demonstrates that differences in activity were primarily
responsible for the enhanced anxiety-like phenotype in strain 11 mice. Behavioral
inhibition in response to a novel nonsocial or social environment did not vary between
the two strains, regardless of the order mice were exposed to these environments.
In all of the behavior tests conducted in this cohort of animals, strain 11 BXD
mice showed reduced locomotor activity compared to strain 31 mice (Table 8-1).
Distance traveled in the open field was similar during a second exposure to the apparatus,
suggesting that reduced locomotion in strain 11 does not result from inhibition in
response to a novel environment. While mice exposed to a behavior battery express
significantly lower levels of activity in the open field than mice naïve to testing
(McIlwain et al., 2001), the fact that strain 11 mice displayed decreased activity in all
tests performed in this battery suggest that this is a stable and relevant component of the
phenotype. Decreased activity, particularly in tests designed to investigate anxiety-related
behavior, can complicate the interpretation of phenotypic differences. In fact, all widelyused rodent tests of anxiety-related behaviors rely on activity to characterize response to
the test stimulus (Ramos, 2008). Additionally, reduced activity has been observed in
other mouse models of increased anxiety-related behavior. For example, serotonin
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transporter-deficient mice, which are also characterized by increased anxiety-related
behavior, display reduced activity levels in several behavioral tests including the elevated
plus maze, open field, and marble burying test (Holmes et al., 2002; Kalueff et al., 2006;
Zhao et al., 2006; Kalueff et al., 2007).
With the test battery selected for this study, we determined whether differences
in anxiety-related behaviors were dependent on differences in motoric responses to the
testing environments using the novelty-induced hypophagia paradigm. Rodent feeding is
generally inhibited in a novel environment. Presentation of a rewarding food in a novel,
aversive environment presents a conflict wherein the animal must overcome
environmental neophobia to approach and consume the treat. The small size of the novel
environment, especially when compared to other testing arenas designed to assess
anxiety-related behaviors, reduces activity and navigation components that can confound
other measures of anxiety-related behavior (Dulawa and Hen, 2005). With these
considerations, we found that strain 11 mice consumed more of a sweetened solution in a
novel environment than in a familiar environment, indicating reduced inhibition in
response to novelty. By comparison, strain 31 mice consumed less of the treat in the
novel environment vs the familiar environment. Strain 11 mice thus display decreased
anxiety in a novel environment when the need to continuously navigate the testing arena
is minimal, suggesting that the decreased locomotor activity observed across multiple
behavior tests contributes to the increased anxiety-like phenotype observed in strain 11
mice rather than a simple increase in baseline anxiety levels.
Exploration in different testing environments was less straightforward to interpret.
Specifically, strain 11 mice showed a decrease in head dips in the elevated plus maze and
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decreases in the numbers of transitions in the light/dark transition test but increases in
nose pokes in the open field on two consecutive days compared to strain 31 mice. One
explanation for these findings is that head dips in the plus maze occur primarily in the
open arms. As strain 11 mice made significantly fewer entries and spent significantly less
time in the open arms, numbers of investigational head dips are likely to be reduced.
Similarly, strain 11 mice also spent less time in the light compartment, likely influencing
the number of light/dark transitions. In the open field, however, nose poke holes are
evenly spaced across the arena. Thus, mice do not need to enter the less preferred center
area of this testing apparatus to engage in exploratory behavior.
It is likely that novel object and novel social investigation behaviors access
different inherent, underlying response motives and thus, brain circuitry. The ‘novelty
tests’ used here were selected for several reasons: (1) Previously, we reported that only
30% of a population of young male Sprague-Dawley rats were inhibited in both nonsocial
and social contexts, indicating that performance in these two tests is not always correlated
(Cavigelli et al. 2007); (2) In the novel social arena, the stimulus animal is enclosed in a
cage to limit the impact of its specific behaviors on the test animal and to measure
predominantly the response of the test animal to a novel social partner; by comparison,
behaviors by one animal in the social interaction test directly influence the behaviors of
the second, requiring the pair to be treated as a unit (File and Seth, 2003)); (3) The novel
social test measures the general tendency of an individual to explore a novel social
partner as opposed to measuring specific social behaviors (i.e., novelty-induced territorial
aggression in the resident-intruder test (Miczek, 1979)). In the current study, behavioral
inhibition in response to an environment containing novel objects or a novel conspecific
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did not vary between strains 11 and 31. The order in which mice were exposed to these
two paradigms did not affect latency to approach and investigate in either context. In the
previous chapter, we found that male strain 11 mice were more inhibited in the nonsocial
context compared to the social context when exposed to the nonsocial environment first,
comparable to observations in the majority of Sprague-Dawley rats (Cavigelli et al.,
2007). As these two tests were performed in the same arena in both studies,
environmental novelty was reduced during the second test. This could have influenced
social investigation behavior measured in Chapter 7. However, the counterbalanced
experimental design employed here demonstrates that environmental familiarity did not
influence behavior in the second test performed in the arena.
Before quantitative trait loci associated with behavioral inhibition and anxiety can
be identified in the BXD RI panel, it will be necessary to create a comprehensive test
battery to characterize a number of different important aspects of anxiety. Previous test
batteries designed to assess anxiety-related behaviors have predominantly included tests
with a non-dissociable locomotor component. Changes in anxiety-related behaviors
measured in this study were modulated, in part, by differences in activity and exploration.
Behavioral responses measured in the novelty-induced hypophagia test, as well as the
novel object and novel social investigation tests, indicated that differences in activity
were primarily responsible for the enhanced anxiety-like phenotype in strain 11 mice. It
will be interesting to investigate whether acute or chronic administration of anxiolytic
compounds alters anxiety-related behaviors in strain 11 and strain 31 mice. Experiments
utilizing other tests of social behavior (i.e., social interaction, resident-intruder) could
also be performed to determine if behavior observed in the novel social investigation test
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translates across paradigms in mice. Additionally, measures of behavioral inhibition in
social contexts would allow the identification of genetic factors that modulate social
anxiety specifically.
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Figure 8-1: Experimental timelines used to assess behavioral inhibition and anxietyrelated behaviors in two strains of BXD recombinant inbred mice. Animals were
divided into two cohorts. Testing began at 12-14 weeks of age. Abbreviations: novel
social investigation (NS), novel object investigation (NO), elevated plus maze (EPM),
light/dark transition test (LDT), open field test (OFT), and novelty-induced hypophagia
(NIH).
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Figure 8-2: Approach latencies and locomotor activity in the novel social and novel
object investigation tests for cohort 1. The novel object and novel social interaction
tests were used to differentiate the effects of social stimuli in modulating inhibition to
explore a novel environment. Exploration was determined by measuring the time required
for each experimental mouse to approach make first contact with either (a) a novel object
(novel non-social test) or (b) the plastic container containing a novel conspecific animal.
(c & d) Locomotor activity was determined by counting the numbers of lines crossed in
an 8 × 8 grid superimposed on the arena during the 5-min testing periods. Statistical
significances: *p<0.05, **p<0.01 and ***p<0.001 vs strain 31 mice of same sex.
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Figure 8-3: Approach latency and locomotor activity in the novel social and novel
object investigation tests for cohort 2. The novel object and novel social interaction
tests were used in reverse order to differentiate the effects of social stimuli in modulating
inhibition to explore a novel environment. Exploration was determined by measuring the
time required for each experimental mouse to approach make first contact with either (a)
a novel object (novel non-social test) or (b) the plastic container containing a novel
conspecific animal. (c & d) Locomotor activity was determined by counting the numbers
of lines crossed in an 8 × 8 grid superimposed on the arena during the 5-min testing
periods. Statistical significances: *p<0.05, **p<0.01 and ***p<0.001 vs strain 31 mice of
same sex.

225

226
Figure 8-4: Anxiety-related behavior in the elevated plus maze. The parameters
measured were (a) open latency, the time required for mice to make an initial four-paw
entry into an open arm, (b) open arm time and (c) open arm entries. Activity was
measured by counting (d) total arm entries. Exploration was assessed by counting the
numbers of (e) head dips and (f) rears made during the testing period. Statistical
significances: *p<0.05, **p<0.01, and ***p<0.001 vs strain 31 mice of same sex.

227

Figure 8-5: Behavior in the light/dark transition test. Anxiety-related behavior was
measured in the light/dark transition test and analyzed as (a) numbers of transitions
between the light and dark compartments and (b) time spent in the light compartment.
Activity was monitored by counting horizontal beam breaks in the (c) light and (d) dark
compartments of the apparatus. Mice per group: N=14 strain 11 female, N=13 strain 11
male, N=15 strain 31 female, and N=15 strain 31 male. Statistical significances: *p<0.05,
**p<0.01 and ***p<0.001 female strain 11 vs strain 31 mice; ††p<0.01 and †††p<0.001
male strain 11 vs strain 31 mice.
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Figure 8-6: Locomotor activity and anxiety-related behaviors in the open field. In
the open field test, locomotor activity was assessed on two consecutive days and analyzed
as total distance traveled on (a) the first day and (b) the second day. Anxiety-related
behavior was assessed as the time spent in the center of the field on (c) the first and (d)
second trials. Changes in vertical exploration patterns were analyzed as nose pokes on the
(e) first and (f) second days of testing. Mice per group: N=16 strain 11 female, N=13
strain 11 male, N=15 strain 31 female, and N=15 strain 31 male. Statistical significances:
*p<0.05, **p<0.01 and ***p<0.001 female strain 11 vs strain 31 mice; †p<0.05,
††p<0.01 and †††p<0.001 male strain 11 vs strain 31 mice.
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Figure 8-7: Anxiety-related behaviors measured by novelty-induced hypophagia.
Mice were trained to drink a dilute (3 parts water:1 part milk) sweetened condensed milk
solution over three consecutive days. Testing in the home environment was recorded on
the fourth day and in a novel environment on the fifth day. Anxiety-related behaviors
were analyzed as difference scores (novel – home) for (a) approach latency, (b) volume
consumed in the first 5 min of testing, and (c) total volume consumption. Statistical
significances: ***p<0.001 strain 11 vs strain 31 mice.
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Behavioral Measure (Test)
Anxiety-Related Behavior
Speci
Latency to Approach (Novel Object)
Latency to Approach (Novel Social)
Latency to Enter Open Arms (EPM)
Time into Open Arms (EPM)
Entries in Open Arms (EPM)
Time in Light Compartment (LDT)
Time in Center of Field (Day 1) (OFT)
Time in Center of Field (Day 2) (OFT)
Change in Latency to Approach (NIH)
Change in Volume Consumed (5 min, NIH)
Change in Volume Consumed (NIH)
Exploratory Behavior
Head Dips (EPM)
Rears (EPM)
Transitions (LDT)
Nose Pokes (Day 1) (OFT)
Nose Pokes (Day 2) (OFT)
Locomotor Activity
Locomotion (Novel Object)
Locomotion (Novel Social)
Total Arm Entries (EPM)
Horizontal Activity (Light) (LDT)
Horizontal Activity (Dark) (LDT)
Total Distance Traveled (Day 1) (OFT)
Total Distance Traveled (Day 2) (OFT)

Strain 11 vs. Strain 31
=
=
>
<
<
<
<
<
>
>
>
<
=
<
>
>
<
<
<
<
<
<
<

Table 8-1: Summary of behavioral data for strain 11 vs. strain 31 BXD mice
Abbreviations: elevated plus maze (EPM), light/dark transition test (LDT), open field test
(OFT), and novelty-induced hypophagia (NIH).
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Chapter 9

Overall Conclusions and Future Directions

My thesis research was designed to investigate the behavioral consequences of genes,
environment, and gene × environment interactions in animal models of anxiety-related
behavior. Mice with constitutive reductions in serotonin transporter (SERT) or brainderived neurotrophic factor (BDNF) expression modeled two different, yet related
genetic factors believed to modulate human anxiety and depression. The environmental
factors I investigated included aging and chronic mild stressors. As the serotonin (5-HT)
and BDNF systems also modulate cognitive processes, I expanded this research to
include a number of behavioral tests designed to assess learning and memory, as well as
anxiety-related behaviors.
Before I began my research, the elevated plus maze and open field test were the only
behavioral tests routinely utilized by the Andrews laboratory to evaluate behavioral
phenotypes. I first incorporated the Lashley III maze into the behavioral repertoire as a
method to evaluate spatial learning appropriate for aging animals that were possibly more
sensitive to the effects of stress or have impaired sensory function (Chapters 2, 4 & 6).
Genotype-dependent differences in this task led me to investigate and eventually adopt
the novel object recognition test as a second measure to assess hippocampus-dependent
learning and memory (Chapters 4 & 5). As changes in anxiety-related behaviors can
modulate performance in learning paradigms, I next began to incorporate several methods
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to evaluate more extensively anxiety-related behaviors, including the novelty-induced
hypophagia test (Chapters 4 & 8) and the novel social investigation test (Chapters 5, 7, &
8).
The results derived from these behavioral tests, as well as the other tests utilized in
this thesis, have advanced our understanding of genetic and environmental modulation of
learning and anxiety-related behaviors. Below, I will outline the major findings of my
thesis research, describe data not included in the preceding chapters, and suggest future
directions for continuing these lines of investigation.

Lashley III maze
Of the new behavioral tests I piloted and then utilized in my thesis research, the
Lashley maze was the test I used the most (Chapters 2, 4-6). Initially, I was searching for
a learning and memory paradigm that would be suitable for use in aging mice,
particularly a test that does not incorporate the visual cues and swim stress utilized in the
Morris water maze, the food and/or water deprivation of the 8-arm radial maze, or the
inescapable footshocks of fear conditioning tests to motivate task acquisition. The
Lashley maze was suggested to me as it had been demonstrated that learning in this
paradigm could be motivated by a simple return to a home cage-like environment
(Blizard et al., 2006). Additionally, the construction of the maze eliminated the visual
cues that guide orientation in the Morris water maze, an important consideration given
that the visual system typically declines rapidly in aging mice (Blizard et al., 2003).
I first investigated the behavioral effects of constitutive reductions in BDNF in
aging mice utilizing the Lashley maze (Chapter 6). At 24 months of age, I unexpectedly
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found that BDNF+/- mice acquired the Lashley task faster than BDNF+/+ mice. To
determine if the improvement in learning was an age-related phenomenon given the fact
that young BDNF-deficient mice had never been tested in the Lashley maze by others or
us, I applied the same experimental paradigm to a cohort of young (2 month-old) mice. I
found that Lashley acquisition was slower in BDNF+/- mice relative to BDNF+/+ mice at
2 months of age. In fact, that majority of young female BDNF+/- mice tested in the
Lashley maze never reach learning criterion. Importantly, I was able to demonstrate that
the spatial learning-related phenotype of BDNF+/- mice is altered with age.
In addition to the findings reported in Chapter 6 on mice with constitutive
reductions in BDNF expression, I carried out a pilot study using 12 month-old female
mice with an inducible BDNF knockout. Constitutive knockout of BDNF (BDNF-/mice) is postnatal lethal, necessarily limiting experiments in this model to BDNF+/+ and
BDNF+/- mice. To overcome this limitation, inducible knockout mice were developed;
mice undergo development with normal Bdnf expression levels, and then the gene is
‘turned off’ at 21 days of age (Monteggia et al., 2004). In this pilot study, control mice
acquired the Lashley maze in 7 ± 1 days, and inducible BDNF knockout mice learned the
task in 8 ± 1 days (Fig. 9-1a). Furthermore, the rate of Lashley acquisition between the
second and fourth trials did not vary with respect to genotype in this cohort (Fig. 9-1b).
Anxiety-related behaviors and locomotor activity were also assessed in this cohort of
animals using the elevated plus maze and open field test; no differences between control
and knockout mice were observed (Fig. 9-2). Thus, the age-dependent changes in Lashley
acquisition observed in mice with constitutive reductions in BDNF (Chapter 6) were not
observed in mice with inducible BDNF depletions.
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I also used the Lashley maze to investigate changes in hippocampus-dependent
learning in aging (18 month-old) SERT+/+ and SERT+/- mice (Chapter 4). Previous
work by our lab to measure spatial learning in aging SERT-deficient mice utilized the
Barnes maze (Unger, 2004). However, the 18 month-old mice evaluated in the Barnes
maze had been handled in the same manner as the mice in Chapter 3; thus, the findings of
no change in spatial learning between SERT+/+ and SERT-/- mice could be the result of
the handling procedure. I decided to use the Lashley maze in an unhandled cohort of
aging SERT-deficient mice because of the interesting results I found in aging BDNFdeficient mice. I discovered that Lashley maze acquisition was reduced in 18 month-old
SERT+/- mice vs SERT+/+ mice. Future experiments will need to be conducted that
incorporate aging SERT-/- mice. Additionally, a cohort of young SERT-deficient mice
should be tested in the Lashley maze to determine if aging alters performance similar to
what I discovered in BDNF-deficient mice.
The fourth experimental group exposed to the Lashley maze encompassed young
CD-1 mice treated with the serotonergic and noradrenergic neurotoxin 2ʹ′-NH2-MPTP.
Previous work with this compound established that it degenerates 5-HT and
norepinephrine (NE) axons in the frontal cortex and hippocampus to 20-40% of control
levels in mice (Andrews and Murphy, 1993a, b; Andrews and Murphy, 1993c). Serotonin
and norepinephrine axons can be selectively targeted by pretreatment with
norepinephrine reuptake inhibitors (i.e., desipramine) or serotonin reuptake inhibitors
(i.e., fluoxetine, paroxetine) to prevent noradrenergic or serotonergic degeneration,
respectively, to a large extent (Andrews and Murphy, 1993c). I utilized the Lashley maze
in two cohorts of mice pretreated with desipramine followed by 2ʹ′-NH2-MPTP (Fig. 5-1)
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to produce a serotonin-selective lesion. In the first cohort, depletion of 5-HT levels in the
frontal cortex and hippocampus to 20% of control levels were not associated with
impairments in Lashley maze acquisition. The second cohort of 2’-NH2-MPTP-treated
mice was first trained on the Lashley maze for seven trials (learning criterion was
reached). Then they underwent neurotoxin treatment on the following day. Fourteen days
post-treatment, retention of learning in the Lashley maze was found to be unimpaired in
mice with hippocampal and frontal cortex 5-HT levels that were 60-70% of controls. I
also found that an acute restraint stress session increased the number of errors made on a
Lashley trial two days following the retention trial, but modest forebrain 5-HT depletion
did not affect performance.
When I was conducting the experiments for cohorts 2 and 3 of the 2ʹ′-NH2-MPTP
study, I included a group of NE-depleted animals. Here, mice were pretreated with
10 mg/kg paroxetine. They then received 2ʹ′-NH2-MPTP on the same schedule as the
5-HT depleted mice. Norepinephrine levels in cohort 2 mice were 35% (frontal cortex),
105% (hippocampus), and 55% (brain stem) of control levels (Fig. 9-3). Lashley maze
retention was then assessed 15 days after neurotoxin treatment. I found that forebrain NE
depletion did not impair retention of prior Lashley maze learning. As with 5-HT depleted
mice, acute restraint stress increased the number of errors made on a subsequent trial, but
NE-depleted animals did not show significant differences in disruption of learning
compared to uninjected or vehicle-treated mice (Fig. 9-4). The behavioral effects of
forebrain NE depletion are similar to those observed in 5-HT depleted mice (Chapter 5).
While differences in Lashley acquisition and retention were not observed in
young adult mice treated with 2ʹ′-NH2-MPTP, the changes I observed in BDNF-deficient

238
and SERT-deficient mice indicate that this behavioral test has great applicability for
future experiments. I demonstrated that return to a pseudo-home cage environment was
sufficiently motivating for young and aging genetically modified mice to learn to
navigate the Lashley maze. Furthermore, the design of the testing apparatus allows for
easy modification to probe other aspects of spatial learning. For instance, the maze can be
rotated 180° so that mice trained to navigate by turning one direction out of the start box
have to learn to reverse their course for successful maze learning/retention. These types
of experiments, along with the future directions suggested in Chapters 4 and 5, indicate
that the Lashley maze will be particularly useful for investigating spatial learning in our
mouse models.

One-trial novel object recognition
As another measure of hippocampus-dependent learning, I used the one-trial
novel object recognition test for experiments in aging SERT-deficient and young
2ʹ′-NH2-MPTP-treated mice. The novel object recognition test has been proposed to
model episodic-like memory in rodents, which may depend on different substructures of
the hippocampus compared to spatial learning (Dere et al., 2006; Dere et al., 2007).
Additionally, the ability to measure differences in short-, intermediate-, and long-term
memory in the same paradigm by varying the length of the delay interval made this an
attractive test for my thesis research.
My initial experiments using the novel object recognition test were in male mice
treated with 2ʹ′-NH2-MPTP (Chapter 5). I found that depletion of hippocampal 5-HT to
65% of control levels did not affect object recognition following either a 10 min or 4 h
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delay (Fig. 5-7). Discrimination was evident after a 10 min delay interval in all groups of
mice indicated by positive discrimination indices. However, the ability to discriminate
between a novel and familiar object was not present after a 4 h delay interval in male
CD-1 mice from all treatment groups.
I next used the novel object recognition test in a cohort of 18 month-old SERT+/+
and SERT+/- mice (Chapter 4). I discovered that SERT genotype did not affect
performance in the novel object recognition task following 10 min, 4 h, or 24 h delay
intervals. As the individual group size I used for this experiment was small (N=4 per sex
per genotype per delay interval) to avoid testing at different delay intervals in the same
mice, caution in interpreting these data should be exercised. Increasing the number of
aging SERT-deficient mice tested will be necessary to confirm that episodic-like memory
is not impaired in a SERT gene-dose-dependent manner. Additionally, aging SERT-/mice should be included in future experiments, especially in light of the impaired object
recognition reported in young SERT-/- rats (Olivier et al., 2009).
The novel object recognition test is another highly adaptable learning and
memory paradigm. The version of the test I utilized involved presenting a novel object in
the same location that a familiar object had previously been presented in. Other variations
of this test include presenting the novel object in a new location in the testing arena and
increasing the number of objects to investigate and discriminate between (Dere et al.,
2007). Additionally, unlike other learning tests, including the Lashley maze, there is no
extensive training period for the rodents. These factors make this test an attractive
method for assessing a different form of hippocampus-dependent memory.
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Novelty-induced hypophagia
In addition to investigating learning behaviors in mouse models of anxiety
disorders, I was also interested in probing anxiety-like phenotypes in greater depth. The
elevated plus maze, one of the most widely used methods to measure anxiety-related
behaviors in mice, is not without limitations. The conflict nature of the test requires
choosing between exploring a novel environment and avoiding areas of increased risk of
predation (the open arms). If mice do not enter the open arms, they are characterized as
highly anxious. However, this introduces the potential for a “floor” effect, wherein low
(<3) or no entries into the open arms are not statistically distinguishable. Additionally,
the administration of anxiogenic compounds and/or stressors cannot be investigated using
the plus maze in mice initially phenotyped as highly anxious.
Due to these considerations and the finding that unhandled aging female SERT-/mice did not enter the open arms of the plus maze (Fig. 3-3c), I incorporated the noveltyinduced hypophagia paradigm into two different experiments (Chapters 4 and 8). The
assessment of latency to approach a dilute sweetened condensed milk solution and the
amount of solution consumed in home vs novel cage environments has the potential to
overcome the floor effects in the elevated plus maze (Dulawa and Hen, 2005).
In an aging cohort of SERT+/+ and SERT+/- mice, I found no significant
genotype effects on the change in approach latency and consumption behaviors between
the novel and familiar environments (Fig. 4-2). Furthermore, application of an acute
restraint stress immediately prior to novel cage exposure did not significantly alter the
phenotype. Future experiments using the novelty-induced hypophagia test in aging
SERT-deficient mice will need to include SERT-/- mice. This will be especially
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important because it will allow us to determine if behaviors assessed in the elevated plus
maze and novelty-induced hypophagia test are comparable. Additionally, a young adult
cohort of SERT-deficient mice should be examined to determine if parameters assessed
in the novelty-induced hypophagia paradigm, particularly consumption, are affected by
age.
In a second set of experiments, I utilized the novelty induced hypophagia test as
part of a comprehensive test battery designed to measure anxiety-related behaviors in
BXD recombinant inbred mice (Chapter 8). The elevated plus maze anxiety-like
phenotype of strain 11 mice compared to strain 31 mice, which I observed in an initial
study on BXD mice, was confounded by a pervasive decrease in locomotor activity
(Chapter 7). Thus, when designing the follow-up study, I added the novelty-induced
hypophagia test as another measure of anxiety-related behavior. Mice must approach and
consume the solution, but the test does not require them to continuously explore the
environment, reducing the activity component of the test. I discovered that strain 11 mice,
particularly the females, displayed uncharacteristic behaviors in the novelty-induced
hypophagia paradigm, including a faster approach latency and greater consumption in
the novel environment compared to the home environment. The unexpected result in this
test indicates that additional work is necessary to better understand this test. In particular,
differences in appetitive behaviors between strains/genotypes could modulate
consumption in either or both testing environments. It is therefore necessary to establish
that differences in appetite do not confound performance in the novelty-induced
hypophagia test.
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Novel object and novel social investigation
Behavioral inhibition is typically first observed in childhood and is associated
with an increased susceptibility to an adult diagnosis of anxiety (Hirshfeld et al., 1992;
Rubin and Hastings, 1997; Hirshfeld-Becker et al., 2007). Behaviorally inhibited children
avoid both unfamiliar people and objects (Brozina and Abela, 2006). Consequently,
rodent models of behavioral inhibition benefit from assessing responses to novel objects
and novel conspecifics (Cavigelli et al., 2007; Cavigelli et al., 2009).
During efforts to create an extensive and thorough battery of tests designed to
assess anxiety-related behaviors in BXD recombinant inbred mice, I decided to include
tests designed and used by the Cavigelli laboratory at Penn State to measure behavioral
inhibition in rats. First, we worked to appropriately adapt these procedures for mice. Then
we incorporated these tests into the initial BXD study. When mice were tested in an arena
containing novel objects first and a novel conspecific second, we found a context-specific
increase in behavioral inhibition. That is, strain 11 mice took longer to initially approach
a novel object compared to strain 31 mice. However, strain 11 mice and strain 31 mice
approached a novel conspecific in similar amounts of time (Chapter 7). While these
initial results were interesting and suggested that we had a mouse model wherein
different subtypes of anxiety, i.e. generalized vs social, could be distinguished, it was
necessary to investigate further whether our results were due to a testing order effect
and/or prior exposure to the behavioral arena.
In a second study involving the same strains of BXD mice (Chapter 8), we
divided mice into two cohorts that underwent the novel object and novel social
investigation tests in reverse order from each other (Fig. 8-1). Here, we found that test
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order did not influence performance in either test. However, we were unable to replicate
the context-dependent changes in behavior observed in the first study. Many
experimental factors changed between the two studies, including the housing conditions
of the BXD mice and the light cycle on which mice were maintained. Mice used in the
initial experiment (Chapter 7) were bred in another lab and transferred to our lab two
weeks before behavioral testing; I bred and maintained all BXD mice used in the followup study (Chapter 8). It is possible that these and/or other uncontrolled or unknowable
factors influenced performance in the novel object and novel social investigation tests
(Crabbe et al., 1999; Wahlsten et al., 2006). However, the near-complete replication of
elevated plus maze, light/dark transition test, and open field test data between the two
studies suggests that the lack of replication in the investigation tests is more likely due to
the nature of the behavioral inhibition tests themselves.
I also used the novel social investigation test in my investigation of the behavioral
effects of 2ʹ′-NH2-MPTP (Chapter 5). Here, I was unable to detect differences in the
latency to approach a cage containing a conspecific vs an empty cage in serotonindepleted mice compared to vehicle-treated mice. Time spent investigating each cage was
also not significantly different. Thus, the inability of the novel social investigation test to
detect strain- or neurotoxin-treatment-dependent differences in the approach and
investigation of a conspecific indicates that further experiments are needed to establish
the validity of this particular test in mice. The resident-intruder (Miczek, 1979) and novel
social interaction (File and Seth, 2003) tests are two commonly used models of social
investigation behavior. Experiments comparing performance in one or both of these
paradigms to the novel social investigation test used in my thesis work should be
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conducted. It is possible that one of these other tests might be more appropriate to assess
changes in social anxiety-related behaviors in mice, which our laboratory is interested in
investigating.

Saccharin preference test
Anhedonia, or loss of pleasure, is one of the diagnostic features of major or
clinical depression in humans (APA, 2000). Animal models of anhedonia rely on the
naturally rewarding consumption of a sweet solution. Decreased consumption is
associated with increased anhedonia-like behaviors (Crawley, 2007).
I used the saccharin preference test to investigate one aspect of depression-related
behavior in 2ʹ′-NH2-MPTP-treated mice (Chapter 5). Depletion of forebrain 5-HT did not
affect saccharin consumption across increasing saccharin concentrations. However, I also
found that preference for the saccharin solution over water did not change with
progressively increasing saccharin concentrations in uninjected mice (Fig. 5-8a). The
absence of an increasing preference for more concentrated saccharin solutions indicates
that execution of this behavioral test was likely flawed. It is possible that the difference in
saccharin concentrations was not large enough to be detected by the mice. However, a
small group of human subjects was able to detect taste differences between the lowest
and highest concentrations of saccharin used in this experiment. Without extensive
validation of the saccharin preference test using acute and chronic administration of
various antidepressants, the utility of this test for future experiments is not recommended.
Rather, it might be better to investigate anhedonia utilizing the sucrose consumption or
sucrose preference tests (Shen et al., 2010).
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Forced swim test
In addition to investigating depression-like behaviors using a model of anhedonia,
I also used the forced swim test in young adult mice treated with 2ʹ′-NH2-MPTP
(Chapter 5). Increasing time spent immobile vs time spent swimming in this test is
indicative of an elevated depression-like phenotype (Lucki, 1997; Lucki et al., 2001). I
found no differences between control and 5-HT-depleted mice across two consecutive
swim sessions. Immobility times increased and swim times decreased from the first to
second trials. The actions of serotonin-selective reuptake inhibitors and norepinephrine
reuptake inhibitors can be differentiated in this test by their effects on swimming and
climbing behaviors, respectively (Lucki et al., 2001). However, it has been argued that
the forced swim test is more appropriate for modeling antidepressant action rather than
uncovering a depression-like phenotype (Cryan and Mombereau, 2004). Therefore, I
hypothesize that the lack of phenotypic difference between 5-HT-depleted and uninjected
mice in the forced swim test is due to the fact that I was not testing for antidepressant
action. Future experiments that include the forced swim test should be conducted in acute
and chronically stressed mice to validate the test in our hands. Additionally, other
methods of assessing the helplessness aspect of depression-like behavior should be
investigated for future use.

Overall Conclusions
The underlying mechanisms responsible for modulating complex human
behaviors influenced by anxiety-related traits and mood, in addition to the pathologic
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mechanism underlying psychiatric disorders, are far from understood. Nonetheless,
rodent models have found great utility in elucidating factors that might modulate aspects
of the various human endophenotypes. The monoamine and neurotrophic theories of
depression implicate the serotonin and brain-derived neurotrophic factor systems in the
etiology and treatment of depression and anxiety (Singh et al., 2012). Additionally,
genetic and environmental factors interact to predispose individuals to developing
anxiety-related disorders. My thesis research began with the purpose of uncovering the
behavioral consequences of gene × environment interactions in mouse models of
serotonin transporter and brain-derived neurotrophic factor deficiency. I was partially
able to accomplish my goals by investigating the effects of a chronic mild stress
paradigm on anxiety-related behaviors in serotonin transporter-deficient mice. I also did
extensive work on the consequences of aging on the stability of behavioral phenotypes in
brain-derived neurotrophic factor-deficient mice and on the effects of aging in serotonin
transporter-deficient mice. I incorporated six new behavioral tests into the established
repertoire of the laboratory with varying degrees of success. While I was only able to
measure changes in behavior without probing the underlying mechanisms responsible for
these differences, I hope that the tests I implemented and described here will be used in
the future to characterize and understand mouse models of complex human psychiatric
disorders.
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Figure 9-1: Spatial learning in 12 month-old female inducible BDNF knockout mice.
Learning was measured as (a) the number of days required for mice to reach criterion in
the Lashley III maze. (b) The rate of Lashley III maze acquisition, assessed as the
learning index (the ratio of correct path segments to total path segments traveled), was
also measured. No significant differences were detected in either measure.
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Figure 9-2: Anxiety-related behaviors and locomotor activity in 12 month-old
female inducible BDNF knockout mice. Anxiety-related behaviors were measured in
the elevated plus maze and open field test. Anxiety parameters were (a) latency to make
an initial four-paw entry into an open arm, (b) time spent in and (c) number of entries into
the open arms in the elevated plus maze, and (d) time spent in the center of the open field.
Locomotor activity was measured as (e) total arm entries in the elevated plus maze and
(f) total distance traveled in the open field. No significant differences were found
between the two genotypes of mice.
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Figure 9-3: Changes in 5-HT, 5-HIAA, and NE levels following paroxetine pretreatment and 2'-NH2-MPTP-induced NE-selective neurotoxicity in male CD-1
mice. At the conclusion of behavior testing (34 days post-neurotoxin treatment), mice
were sacrificed and brain regions were preserved for analysis of tissue neurotransmitter
levels by HPLC. Results are percentages of non-injected control levels. Neurotransmitters
analyzed were (a) serotonin (5-HT), (b) 5-hydroxyindoleacetic acid (5-HIAA), and
(c) norepinephrine (NE).
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Figure 9-4: Effects of norepinephrine depletion by 2'-NH2-MPTP on learning and
memory. Memory was assessed via the number of errors made on a single trial of the
Lashley III maze 15 days after maze acquisition (Retention) and following acute 2 h
restraint stress (Stress). Neurotoxin administration occurred after the maze was learned
and 14 days prior to the retention trial. Stress-associated retention was assessed two days
later. No injection and vehicle group data are the same as those present in Figure 5-5.
Statistical significance: ***p<0.001 stress vs retention trial; †††p<0.001 vs retention trial.
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