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Abstract
In nonhuman primates, anxiety levels are typically assessed by observing social hierarchies or
behavior in an intruder task. As measures of anxiety might influence performance on a particular
cognitive task, it is important to analyze these measures in the same room as used for the cognitive
task. As we use a playroom for the spatial maze test, we classified elderly female rhesus macaques
(Macaca mulatta) monkeys, as bold or reserved monkeys based on the time spent in specific areas
of this room. Based on their exploratory behavior in the playroom, bold monkeys were defined as
animals that spent 20% more time in the unprotected areas of the room than in the protected areas,
whereas reserved monkeys spent a comparable amount of time in both areas. MRI analyses
showed that reserved monkeys had a smaller amygdala compared to bold monkeys but there were
no group differences in hippocampal volumes. In addition, the amount of time spent in the corners
of the room was negatively correlated with the right and total amygdala size. Finally, reserved
monkeys showed a lower phMRI response to the muscarinic receptor antagonist scopolamine
compared to the bold monkeys. Thus, in elderly female nonhuman primates measures of anxiety
are associated with structural amygdala differences and hippocampal muscarinic receptor function.
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1. Introduction
Anxiety is a general term used to describe a variety of physiological and psychological
responses to anxiety-provoking or aversive stimuli. “Anxiety levels” are readily assessed
using various types of tasks. In humans, many different neuropsychological tests have been
developed to assess anxiety levels, including the Beck Anxiety Scale (Janeway, 2009,
Maizels, et al., 2006). These tests usually involve surveys of patients or caregivers, and
assess anxiety levels over a period of time, also referred to as “trait anxiety” (Smith and Lay,
1974). A smaller amygdala size was associated with enhanced anxiety-like behaviors (Irle,
et al., 2009, Weniger, et al., 2008, Weniger, et al., 2009). Particularly with the elderly,
enhanced anxiety has been linked to a decrease in cognitive function as well as increase in
morbidity (Beck, 2005, Castaneda, et al., 2008, Jackson, et al., 2009). The neurobiological
pathways of anxiety are not fully understood; however, the muscarinic receptor system
appears to play a role in regulating measures of anxiety, especially in woman (Furey, et al.,
2010).

In nonhuman primates, measures of anxiety are usually assessed with social hierarchies,
intruder or predator confrontation tasks, or presentation of a stressful stimulus such as a toy
snake (Amaral, 2003, Amaral, et al., 2003, Barros, et al., 2007, Barros, et al., 2008, Cagni, et
al., 2009, Lesch, 2001, Sullivan, et al., 2010, Wrase, et al., 2006). In one version of the
intruder task, measures of anxiety are assessed in response to 5 min social isolation in a test
room followed by a 30 sec exposure to two humans wearing a leather capture glove
(Newman and Farley, 1995). In another version, measures of anxiety are compiled when the
monkey is alone in the room, a human intruder enters the room sitting in a profile position
(not looking at the monkey), and when the human intruder stares at the monkey (Fairbanks,
et al., 2004). In addition to these tests, an initially stressful wire-mesh box attached to the
home cage has also been used to assess anxiety levels in nonhuman primates. Further,
removing of a monkey from the home cage in a familiar multiple animal housing room and
placing the monkey in a novel test cage in an unfamiliar room not containing other
monkeys, has also been used to assess anxiety levels (Parker, et al., 2004). The novel
environment contained polyvinyl chloride perches and a variety of familiar and unfamiliar
objects. Monkeys also had access to biscuits, cantaloupe, marshmallows, and water
throughout testing. Tests lasted 30 minutes, once a day for 5 consecutive days. Object
exploration and food consumption were analyzed. As these tasks are performed in a home
cage, it is conceivable that a freely moving animal might perform differently in an
environment outside of its home cage, with different reference points and protected places.
As measures of anxiety might influence performance on a particular cognitive task, it is
important to analyze these measures in the same room in which they are cognitively tested.
It is conceivable that such measures are distinct from those assessed using anxiety tests like
the intruder test described above.

The anxiety tasks are amygdala- and hippocampus-dependent (Oler, et al., 2010, Parker, et
al., 2004). In young Rhesus macaques, increased brain activity, as assessed by high-
resolution 18F-labelled deoxyglucose positron emission tomography, in the amygdala and
hippocampus could predict anxious temperament assessed as response in a test cage for 30
min in a potentially threatening situation in which a human intruder enter the room and
stood 2.5 m from the cage presenting his profile to the monkey ensuring avoiding of eye
contact with the animal (Oler, et al., 2010). In this particular study, involving 238 young
monkeys from a multigenerational single-family pedigree, anxious temperament-related
metabolic activity in the hippocampus, but not amygdala, showed significant heritability
(Oler, et al., 2010). Consistent with differential roles of the amygdala and hippocampus in
regulation of anxiety, hippocampal and amygdala lesions in rodents and nonhuman primates
caused distinct alterations in measures of anxiety (Machado and Bachevalier, 2008,
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McHugh, et al., 2004). As heritability estimates are influenced by age of the population
(Davis, et al., 2009, Visscher, et al., 2008), anxiety-related activity in the amygdala might
show heritability in aged monkeys.

In experiment 1, behavioral measures of middle-aged female rhesus macaques (Macaca
mulatta) were compared in a temperament test, similar to the intruder task, and the
playroom. In experiment 2, behavioral performance of a second independent cohort of
animals was assessed in the playroom. Based on the time spent in specific areas of a
playroom, we classified elderly female rhesus monkeys as bold or reserved monkeys.
Subsequently, we assessed whether anxiety levels were associated with amygdala or
hippocampal volumes using MRI. Finally, as muscarinic receptors play an important role in
the regulation of anxiety (Degroot and Nomikos, 2006, Furey, et al., 2010, Laplante, et al.,
2005, Smythe, et al., 1998, Wall, et al., 2001), we also assessed whether anxiety levels were
associated with the pharmacological MRI response to the muscarinic receptor antagonist
scopolamine.

2. METHODS
2.1 Animals

Middle-aged female rhesus macaques (Experiment 1; Macaca mulatta; n = 7; age range 18–
19 years; ovarectomized; 7.2 ± 0.5 kg) or old female rhesus macaques (Experiment 2;
Macaca mulatta; n = 16; age range 21–27 years; reproductively inactive; 7.9 ± 0.2 kg) were
cared for by the Division of Animal Resources at the Oregon National Primate Research
Center (ONPRC) in accordance with the National Research Council’s Guide for Care and
Use of Laboratory Animals. They were pair-housed (when possible) indoors under
controlled conditions: 24°C temperature, 12L:12D photoperiod (lights on at 0700 h), regular
meals at 0800 and 1500 h (Purina High Protein Chow Diet, Purina Mills, Inc., St. Louis,
MO) supplemented with fresh fruit, vegetables and candy treats; fresh drinking water was
available ad libitum. All studies were approved by ONPRC IACUC.

2.2 Temperament test in a cage (Experiment 1)
Behavioral responses to anxiety-provoking stimuli were assessed in a modified version of
the Human Intruder test (Coleman, et al., 2003, Kalin and Shelton, 1989, Kalin, et al., 2004,
Kalin, et al., 1991). Briefly, monkeys were placed in a testing room in a standard monkey
cage. Monkeys acclimated to the room and surroundings for 3 minutes (Control 1).
Following acclimation, monkeys remained in the room for an additional 2 minutes (Control
2). An unfamiliar human entered the room and stared at the wall, with his gaze away from
the monkey and remained in the room for 2 minutes (Human 1, side gaze). The human
exited the room and the monkey was alone in the room for another 2 minutes (Control 3).
Subsequently, the human re-entered the room and stared at the monkey, following the
monkey with his/her eyes for 2 minutes (Human 2, stare). The human exited the room after
the stare period, and the monkey remained in the room alone for 2 minutes (Control 4). The
human then re-entered the room for a last time, and after situating himself/herself exactly the
same way as during the Human 2 period, he/she presented the monkey with a treat. The treat
was brought to the cage and held for 5 seconds to determine if the monkey would retrieve
the reward from the stranger.

The temperament task was recorded by videotape and manually analyzed. Fifteen behaviors
were analyzed, comparing “bold” behaviors to “reserved” behaviors. Bold behaviors
included: lip smacking, staring, ear flicking, and gaping. Reserved behaviors included:
bending down, pacing, stereotypy (including eye poking), sitting in the corner of the cage,
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yawning, and shaking. The frequency of each behavior for each monkey was recorded. Data
are presented as a ratio of bold and reserved behaviors.

2.3 Playroom Anxiety Measures (Experiments 1 & 2)
In Experiment 1, monkeys were introduced to a playroom (2.44 × 3.45 m) one at a time for a
total of 2 minutes per trial. There were 6 food boxes equally spaced around the room and
baited with preferred food rewards. Each monkey was repeatedly placed in the room until
they were trained to a criterion level. In order to start the cognitive task, each monkey had to
enter and exit the room and reliably search all the boxes in the room. The average number of
trials for all monkeys was 67 ± 8.0. The average number of trials to criterion for the reserved
monkeys was 79.5 ± 8.4 trials, whereas the average number of trials to criterion for the bold
was 50 ± 7.6 trials.

In experiment 2, monkeys were introduced to a playroom (2.44 × 3.45 m), one at the time,
for a total of 2 minutes per trial. There were a total of 50 trials over 10 days; two days per
battery, with batteries approximately 2 months apart. The room consisted of a human entry
door, one-way observation window, monkey entry door, and a series of 10 ports (Haley, et
al., 2009). Three of the 10 ports were baited with preferred rewards. Movement and location
of the animal within the room were recorded with Ethovision video tracking (Noldus
Information Technologies, Leesburg, VA). For data analysis, the room was divided into 5
areas (Figure 1), the animal door (A), the ports (B), the middle of the room (C), corners of
the room (D), and the perimeter of the room (E). Videos were analyzed using Button Box
(Behavior Research Solutions LLC, Hudson, WI) to measure the duration of time spent in
each area. The time spent in the corner and perimeter was collapsed (protected areas) as
were the time spent in the middle of the room, the jump door, and the ports (unprotected
areas). In the corner of the room, the animals are protected by 2 walls and have their back to
the walls, while examining the rest of the room (Figure 1, areas D and E). In the unprotected
areas of the room, the monkeys are more exposed to the rest of the room (Figure 1, areas A,
B, and C). Specifically at the jump door, the monkeys have their back to the rest of the
room, a posture that would not or hardly be present in the reserved monkeys. If a monkey
did not show preference for one area of the room, the monkey was considered a bold
monkey.

In experiment 1, based on their exploratory behavior in the playroom, 3 of the monkeys
were classified as bold monkeys and 4 of the monkeys were classified as reserved monkeys.
To compare behavior in the playroom to bold and reserved behavior in the temperament
task, the ratio of the unprotected areas of the playroom (boxes and middle)(bold behavior) to
the protected areas of the playroom (perimeter and corner) (reserved behavior) was used.
The larger the ratio represented the more bold behaviors being observed compared to
reserved behaviors. In experiment 2, of the 16 monkeys in the study and based on their
behavioral exploration of the play room, 9 were classified as having reserved behaviors and
7 were classified as having bold behaviors.

2.4 MRI analysis
Within 2 weeks of completing the cognitive battery, of which the final component was the
assessment of measures of anxiety, an MRI was performed on each animal. Using a voxel
based morphology (VBM) method, the size of the amygdala and hippocampus was assessed
for each monkey (Bodnar, et al., 2010, Woodward, et al., 2006). Monkeys were fasted the
night before and the morning of the MRI experiments for the anesthesia. They were sedated
with ketamine (1 mg/kg body weight) and transported from their home cages to a Siemens
whole-body 3-T trio MRI system (Erlinger, Germany) located on the ONPRC campus.
Animals were immediately intubated and respirated, free-breathing, with 0.9–1.1%
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isoflurane. Physiological parameters, including blood oxygen levels, carbon dioxide, blood
pressure, heart rate, temperature, and respiration rate were monitored continuously
throughout the experiment using an MRI-compatible Precess monitor (Invivo, Orlando, FL).

The animal’s head was placed inside a quadrature transmit/8-channel receive human
extremity RF coil (Invivo) and fitted with pads to eliminate head movement. After
acquisition of a series of “localizer images”, 20 contiguous T2*-weighted multi-shot echo
planar images were obtained over the course of 7 minutes. (TR = 1800 ms, TE = 30 ms, 4
segments, 2 mm slices, flip angle 90°, 24 slices, 20 volumes). For BOLD measurements,
these T2*-weighted images were designated “baseline”. Immediately following the baseline
scans, scopolamine (0.05 mg/kg in 1 ml of isotonic saline i.v., n = 12; or 1 ml of isotonic
saline for control animals, n = 5) was infused over 1 minute using an infusion pump
(Harvard Apparatus, Holliston, MA). Following the intravenous infusion, a T2-weighted
(TR = 5280 ms, TE = 57 ms, 1 mm slice thickness, flip angle 120°, 50 slices) and 2 T1-
weighted (TR = 2500 ms, TE = 4.38, 0.6 mm slice thickness, flip angle 12°, 88 slices)
anatomical images were acquired. The total time for acquisition of anatomical scans was 46
minutes, sufficient time for scopolamine to cause effects in the brain (Ali-Melkkila, et al.,
1993). Immediately following the anatomical scans, a second BOLD series of T2*-weighted
images was acquired using the same parameters as the baseline scan (“challenge scan”).

Using the MRI analysis software AFNI [NIH (Gold, et al., 1998)], the change in BOLD
signal from baseline to challenge scan (scopolamine or vehicle) was determined. In addition,
voxel based morphology (VBM) was also assessed for each amygdala, right and left side,
and hippocampus, right and left side, and PFC. Isotonic saline control was used to ensure
that the change observed between the baseline and challenge scan was due to a scopolamine
effect and not an artifact due to signal drift of the magnet. Slice dependent time shifts were
interpolated, odd-even slice intensity differences removed, motion corrected, and T1 and T2
anatomical scans were co-registered. Baseline and challenge phMRI scans were averaged
across the 20 volumes and the single image was normalized to the co-registered anatomical
scan of each individual animal. For each animal, the Regions of Interest (ROI) was drawn
for the hippocampus based on the anatomical scan using key neuroanatomical landmarks
from anatomical scans (Small, et al., 2004). The ROI was the same for the baseline and
scopolamine scans, both of which were co-registered to the anatomical scans (Haley, et al.,
2010).

2.5 Statistical analysis
All data analyses were performed using SPSS 19.0 (SPSS Inc., Somers, NY). Student’s t
tests were used to assess potential age differences. In order to assess the preference for each
area of the room, thus categorizing each monkey, one-way ANOVAs were used. To analyze
group differences in habituation during the first day of the task, a two-way ANOVA was
used with group × trial. To further assess behavioral performance during all 5 sessions, a
repeated measures two-way ANOVA was used with groups as between-subjects variable. To
analyze VBM amygdala size and right and left side hippocampus in the bold and reserved
monkeys, a repeated measures ANOVA was used with the right and left hemisphere as
within subject factors. Percentage change in bold between groups was assessed using the
Mann-Whitney U test. Pearson correlations were used to assess correlations between
amygdala size and time spent in the 5 different areas of the room. P < 0.05 was considered
to be statistically significant.
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3. Results
3.1 Experiment 1

3.1.1 Animals—Bold monkeys spent 20% more time in unprotected areas of the room
(bold behavior) compared to the reserved monkeys. There were group differences in the first
session (P < 0.05) and over the course of all the testing sessions (P < 0.05).

3.1.2 Behavioral responses in intruder test compared to playroom—There was a
statistical trend of a difference between the ratio of time spent exhibiting bold to reserved
behaviors in the playroom between bold monkeys, 2.8 ± 1.5, and reserved monkeys, 1.3 ±
0.3 (P = 0.08). No difference was observed between the ratio of bold to reserved behaviors
in either group of monkeys during the temperament task (data not shown). Interestingly, all
of the bold monkeys took the treat from the stranger, but only one of the reserved monkeys
took the treat.

3.2 Experiment 2
3.2.1. Animals—Bold monkeys were defined as animals that spent 20% more time in the
unprotected areas of the room than in the unprotected areas, whereas reserved monkeys
spent a comparable amount of time in both areas (Figure 2). Compared to bold monkeys,
reserved monkeys spent more time in the protected areas of the room, while bold monkeys
spent significantly more time in the open areas of the room, i.e. the middle, the ports, and
the jump door, compared to the reserved monkeys (Figure 2). There were group differences
on the first day of testing (P < 0.01) and over the course of the study (P < 0.05), and there
was no effect of day or group × day interaction. The ratio of bold to reserved behaviors in
the playroom was significantly different between the groups, where the ratio of the bold
monkeys was 2.9 ± 0.8 whereas the ratio of the reserved monkeys was 0.7 ± 0.1 (P < 0.01).
The ages of these two anxiety groups were not significantly different (reserved: 26.3 ± 0.7
years; bold group: 25.6 ± 0.7 years).

3.2.2 VBM using MRI—The amygdala size was smaller in reserved monkeys compared to
bold animals [F (1, 16) = 50.875, P < 0.0001, Figure 3]. In contrast, no significant
differences were observed between the right and the left amygdala sizes or hippocampal size
(Figure 4). The amount of time spent in the corner of the room was negatively correlated
with the right (r = −0.59, P < 0.05; Figure 5) and total amygdala size (r = −0.54, P < 0.05).
No significant correlation was observed in the left amygdala.

3.2.3 Scopolamine phMRI—Finally, we analyzed the phMRI response in the
hippocampus to the muscarinic receptor antagonist scopolamine. Reserved monkeys showed
a lower scopolamine response than bold monkeys (Figure 6).

3.2.4 Cognitive Performance and Measures of Anxiety—These monkeys also
performed the Spatial Foodport maze (Haley, et al., 2009). Of the 16 monkeys, 6 were good
spatial performers, 6 were poor spatial performers and 4 were unable to complete the task.
While all the good spatial performers were bold monkeys (Haley, et al., 2010), 1 of the poor
spatial performers was also a bold monkeys. The remaining 4 poor spatial performers and
the 4 monkeys who could not complete the task were reserved monkeys.

4. Discussion
In the present study, we present a new way of assessing anxiety-related behaviors in the
rhesus macaque in the same environment as they are cognitively tested and show that
monkeys defined as having reserved have a smaller amygdala size and a reduced
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hippocampal phMRI reponse to scopolamine compared to bold monkeys. Compared to
previously established paradigms (Coleman, et al., 2003, Fairbanks, et al., 2004, Fairbanks,
et al., 2004), our new paradigm demonstrates that conclusions based on animal
temperament, including anxiety-related behaviors, may be situational or contextual.
Particularly, behavior in an animal cage is not necessarily indicative of behavior in the
playroom, suggesting a situational/contextual component to anxiety-like behaviors.
Moreover, reserved monkeys required more trials to reach criterion compared to bold
monkeys suggesting that behavioral performance in the playroom can affect cognitive
performance. Furthermore, not all bold monkeys performed well on cognitive tasks, but
some reserved monkeys were not able to complete a spatial task in the same arena (Haley, et
al., 2009), suggesting that more reserved behaviors in the playroom, suggesting higher levels
of anxiety, might have contributed to their reduced cognitive performance.

Smaller amygdala size was associated with higher anxiety-like measures, or more reserved
behaviors, which was not observed in the hippocampus, supporting some anatomical
specificity of this effect and consistent with the effects of polymorphism in the serotonin
transporter and neuropeptide Y genes on emotion-related amygdala activity (Hariri, et al.,
2002, Zhou, et al., 2008). The group difference in anxiety measures based on the first day
did not significantly change over time in the study, consistent with an anxiety phenotype
(Smith and Lay, 1974). The amount of time spent in the corner of the room was negatively
correlated with amygdala size. Interestingly, amygdala size has been shown to be smaller in
PTSD subjects than in healthy controls (Irle, et al., 2009, Weniger, et al., 2008, Weniger, et
al., 2009). Thus, a smaller amygdala size and higher anxiety levels might increase
susceptibility to develop PTSD.

Some of the reserved monkeys were unable to complete a spatial maze administered in the
same arena (Haley, et al., 2009). These data are consistent with the relatively worse
visiospatial working memory in individuals characterized by high levels of behavioral
inhibition and more intense anxiety (Shackman, et al., 2006). However, measures of anxiety
can also correlate positively with cognitive performance (Siegel, et al., 2010). The data in
the current study confirm that there is no simple relationship between measures of anxiety
and cognitive performance as a bold monkey was a poor spatial performer while others were
good spatial performers.

Rodent and nonhuman primate models demonstrate that the amygdala has an integral role in
the regulation of anxiety (Canteras, et al., 2010, Kalin, et al., 2004, Vinkers, et al., 2010).
Although valuable information has been gained from the rodent model, results are not
always translational to human applications due to inequalities to the rodent system.
Recently, the muscarinic receptor system has been suggested to have an integral role in the
regulation of anxiety, particularly in women (Furey, et al., 2010). This is in contrast to the
rodent system, where the nicotinic receptor system seems to be involved in the regulation of
anxiety (Kenney, et al., 2010, Mineur, et al., 2007, Vicens, et al., 2011). This species
difference might not be limited to the cholinergic system. The serotonin system, which has a
critical role in anxiety and anxiety disorders (Lesch, et al., 1996), might also be distinct in
rodents and humans. Human genetic polymorphisms of the serotonin transporter are
implicated in differential neuronal activity and baseline perfusion rate within the amygdala
(Munafo, et al., 2008, Rao, et al., 2007). These polymorphisms of the serotonin transporter
are observed in the nonhuman primate model (Christian, et al., 2009) but not in the same
way in the rodent system (Menard and Treit, 1999). Therefore, the nonhuman primate model
may be a useful complementary model for studying mechanisms involved in the regulation
of anxiety and for developing potential treatments for humans with anxiety disorders,
particularly those associated with altered serotonin receptor-mediated signaling.
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In summary, observations based on behavior in a cage are not necessarily indicative of
behavior in a playroom. Furthermore, based on classification of anxiety levels in a playroom
in nonhuman primates, reserved monkeys have a smaller amygdala and a lower phMRI
response to scopolamine compared to bold monkeys. These data support the nonhuman
primate as a complementary translational model for studying mechanisms involved in
human anxiety disorders particularly for mechanisms involving signaling pathways that are
distinct in rodents and humans. As these measures might affect performance in cognitive
test, they are valuable to include in the context of cognitive testing of nonhuman primates.
Future efforts are warranted to determine the muscarinic receptor subtype(s) involved in
these effects.
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Highlights

1. Nonhuman primates classified as high or low anxiety based on playroom
behavior

2. Anxiety classification associated with amygdala size.

3. Anxiety clasification associated with hippocampal scopolamine response.
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Figure 1.
Bird’s eye view of the playroom. The playroom was divided into 5 areas, the jump door (A),
the ports (B), the middle of the room (C), the corners (D), and the perimeter of the room (E).
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Figure 2.
Measures of anxiety in the playroom. Average amount of time spent in the unprotected areas
(middle and jump door) compared to protected areas (corner and perimeter of the room)
collapsed across bold and reserved monkeys. Data are presented as mean time in area in sec
± SEM.
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Figure 3.
Amygdala size. Reserved monkeys had a smaller amygdala size compared to bold monkeys
as measured by voxel based morphology (VBM). Data are presented as mean ± SEM. *P <
0.05 compared to reserved monkeys.
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Figure 4.
Hippocampal size. There was no difference in the size of the hippocampus of Reserved and
bold monkeys as measured by voxel based morphology (VBM).
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Figure 5.
The right amygdala size was inversely correlated with the time spent in the corners of the
room. Monkeys with smaller amygdala sizes spent more time in the corners of the room (r =
−0.59, P < 0.05).
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Figure 6.
Reserved monkeys had a lower scopolamine-induced phMRI response than bold monkeys.
Following scopolamine challenge, reserved monkeys had a significantly lower percentage
change in T2*-weighted signal compared to reserved monkeys (n = 5). *P < 0.05
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