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Abstract

Stressful events have been shown to increase noradrenergic signaling in key limbic
areas, such as the hypothalamus, the amygdala, and the locus coeruleus. The basolateral
amygdaloid nucleus (BL) is known to play a central role in the mediation of fear and anxiety
responses to potentially harmful stimuli. In order to study the effects of altered noradrenergic
signaling in the BL on downstream projection targets, we preferentially overexpressed or
knocked-down transcription of microRNA-19b (miR-19b) in order to selectively alter the
expression of the 1-adrenergic receptor (Adrb1) in the BL of mice. Lentiviral constructs were
injected directly into the BL of experimental subjects using stereotaxic surgery, after which mice
underwent behavioral testing to assess for anxiety- and fear-like behavior. Mice were sacrificed
52 days following infection with lentiviral vectors. Key brain areas downstream of the BL were
microdissected and analyzed using high performance liquid chromatography with
electrochemical detection for norepinephrine and 3-methoxy-4-hydroxyphenylglycol
concentrations. We observed altered noradrenergic metabolism in brain structures intimately
involved in the regulation of anxiety and fear responses, such as the hippocampus and the
hypothalamus. Briefly, we saw decreases in noradrenergic metabolism in the paraventricular
nucleus of the hypothalamus and the dorsal hippocampus for miR-19b OE, and conversely,
increases in noradrenergic metabolism in these same brain regions for miR-19b KD. These data
suggest that miR-19b, acting within the BL to modulate Adrb1 expression, can alter
noradrenergic metabolism in downstream limbic structures, likely by affecting presynaptic
modulation of glutamatergic outputs from the BL to target structures. Our data will hopefully
guide further study into noradrenergic limbic circuitry, and thus may provide a deeper

understanding of anxiety and affective disorders that plague today’s society.
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Contributions

Of the work conducted at Dr. Christopher Lowry’s Behavioral Neuroendocrinology
Laboratory at the University of Colorado Boulder, Boulder, Colorado (see Materials and
Methods, sections 2.6-2.7), | assisted in the brain sectioning, the preparation and analysis of
microdissected samples via high performance liquid chromatography with electrochemical
detection (HPLC-ED) analysis for norepinephrine (NE) and a metabolite of NE degradation, 3-
methoxy-4-hydroxyphenylglycol (MHPG), statistical analyses, and generation of figures for both
microRNA-19b overexpression (miR-19b OE) and microRNA-19b knockdown (miR-19b KD)
experiments. In short, the only portions of the experiments that were conducted in Boulder,

Colorado, that | did not assist with were the microdissections of individual brain nuclei.

1. Introduction

The basolateral amygdaloid nucleus (BL) is a key nucleus of the central noradrenergic
system that is intimately involved in limbic system mediation of fear and anxiety responses to
potentially harmful stimuli (Damasio, 1998; LeDoux, 1998). Stressful events are known to cause
a marked increase in NE release in the amygdala as well as the locus coeruleus (LC; Tanaka et
al., 2000), which provides the primary noradrenergic input to the BL (Asan, 1998). It has been
theorized that these structures, along with the hypothalamus and other intermediary structures,
play a key role in the provocation and attenuation of anxiety and/or fear responses, such as the
provocation of negative emotions, which are mediated by the central noradrenergic system of
the brain (Tanaka et al., 2000). Dysfunction of anxiety and fear circuitry occurs when the
response elicited exceeds that which is warranted by the given situation, and/or begins to occur
in inappropriate situations (LeDoux 1998), manifesting in the form of a fear or anxiety disorder
(e.g. Marks 1987, Ohman 1992). The mechanisms underlying animal models of fear and
anxiety, such as classical (Pavlovian) fear conditioning, are thought to have much in common
with human anxiety disorders, and are thus extremely valuable in the study of the etiology of
human anxiety and affective disorders (Bouton et al., 2001; Pitman et al., 1999; Sullivan et al.,
2003).

The LC, in accordance with the classification proposed by Dahlstrdém and Fuxe (1964),
has been given the designation of noradrenergic cell group A6, and is the largest noradrenergic
nucleus of the central noradrenergic system. The LC has been shown to have prominent roles
in numerous regulatory systems in the brain, such as those that promote wakefulness and
arousal (Szabadi et al., 2013); as previously noted, of particular interest to this thesis are the

dense noradrenergic projections that the LC sends to the BL (Fallon et al., 1978; Jones and
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Moore, 1977), by which the LC is thought to play a key role in the regulation of anxiety-like
behavior and in the consolidation of fear memory through the activation of -adrenoreceptors in
the BL (Silberman et al., 2012; Qu et al., 2008), which respond in an excitatory fashion to
noradrenergic stimulation from the LC (Buffalari and Grace, 2007). Furthermore, noradrenergic
innervations of the BL by the LC have also been implicated in the formation and retrieval of
emotional memories (Chen and Sara, 2007; Sterpenich et al., 2006).

In order to study the role of noradrenergic input to the BL on noradrenergic transmission
in downstream limbic circuitry, we chose to preferentially modulate the expression of the (34
adrenergic receptor (Adrb1) in the BL by altering the transcription of miR-19b specifically in this
brain region only. The Adrb1 is a G protein-coupled receptor that, upon stimulation, acts to
directly activate adenylyl cyclase in order to stimulate an increase in intracellular cyclic
adenosine monophosphate levels (Johnson, 1998; Rosebloom and Klein, 1995), and has been
shown to play a central role in the mediation of anxiety-like behavioral responses following fear
conditioning (Fu et al., 2008). MicroRNA’s are endogenous, single-stranded RNA molecules
around 22 nucleotides in length that act to regulate gene expression by binding to messenger
RNA'’s of protein coding genes, resulting in either inhibition of translation, degradation via
deadenylation, or both (Henshall 2013). Unpublished data from the laboratory of Dr. Alon Chen
indicate that miR-19b in particular targets the Adrb1 to reduce its expression following activation
by association with the argonaute RNA-induced silencing complex catalytic component 2
(Ago2). In two following experiments, we either overexpressed or knocked-down miR-19b
transcription via the introduction of transgenic lentiviral constructs into the BL of mice. It has
been shown that glutamatergic projection neurons from the BL to downstream limbic targets act
presynaptically to modulate NE release in target regions (Russell and Wiggins, 2000; Howells
and Russell, 2008; Dazzi et al., 2011), and that these glutamatergic projection neurons respond
in an excitatory fashion to Adrb1 stimulation (Buffalari and Grace, 2007; Gean et al., 1992;
Huang et al., 1996; Ferry et al., 1997). Thus, we expected to see altered NE metabolism, as
quantified both by MHPG concentrations and MHPG:NE ratios, in downstream BL projection

targets.

2. Materials and Methods

The overall experimental design is illustrated in Figure 1. Timeline events were identical
for both miR-19b OE and miR-19b KD experiments.

Sections 2.1-2.5 pertain to work conducted at Dr. Alon Chen’s Neurobiology of Stress

Laboratory in Rehovot, Israel. Following brain extractions, brain tissue was transported to Dr.
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Fig. 1. Timeline of experimental procedures conducted in the laboratory of Dr. Alon Chen at the
Weizmann Institute of Science in Rehovot, Israel, for both miR-19b OE and miR-19b KD experiments.

Christopher Lowry’s Behavioral Neuroendocrinology Laboratory at the University of Colorado
Boulder, Boulder, Colorado, where all following laboratory work and analyses were conducted
(sections 2.6-2.7).

2.1. Subjects

C57BL/6J mice (Harlan) were maintained in a pathogen-free temperature-controlled (22
1+ 1 °C) mouse facility on a reversed 12-hour light-dark cycle at the Weizmann Institute of
Science according to institutional guidelines, with lights on at 20:00 hours. Food (Harlan) and
water were given ad libitum. The total number of animals used for the lentivirus-injected mice in
Experiment 1 (miR-19b OE experiment) was 20 (10 control and 10 miR-19b OE). The total
number of animals used for the lentivirus-injected mice in Experiment 2 (miR-19b KD
experiment) was 24 (12 control and 12 miR-19b KD).

2.2. Lentiviral vectors, infection and expression

The miR-19b overexpression vector was cloned as follows: the enhanced form of human
synapsin 1 promoter (Hioki et al., 2007) was PCR amplified (forward primer:
ttttttatcgatctcgagtagttattaatagtaatc, reverse primer: ttttttaccggtggcgcgcccgecgcagegcagatggt)
from pENTR1A-E/SYN-GFP-WRPE1 (kindly provided by Dr. Takeshi Kaneko, Department of

Morphological Brain Science, Graduate School of Medicine, Kyoto University, Kyoto, Japan)
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and inserted between Clal and Agel restriction sites to replace the CMV promoter in pCSC-SP-
PW-IRES/GFP (kindly provided by Dr. Inder Verma, The Salk Institute for Biological Studies, La
Jolla, CA). The purpose of replacing the CMV promoter with the synapsin 1 promoter was to
ensure a targeted transgenic response, as the human synapsin 1 promoter tends to confer more
neuron-specific transgenic expression than the CMV promoter; the CMV promoter tends to
mediate transgene expression in glial cells rather than neuronal cells, as evidenced by research
conducted with adenoviral vectors (Klgler et al., 2003). The miR19b-EGFP sequence was cut
from a pEGFP-N1-miR-19b plasmid and ligated to pCSC-Esyn-IRES/GFP using BamHI and
BsrGl replacing the original IRES/GFP sequence (as a control EGFP was cut from pEGFP-N1
using BamH/! and BsrGl to replace IRES/GFP sequence). Green fluorescent protein (GFP) viral
constructs were kindly provided by Dr. Inder Verma, The Salk Institute for Biological Studies, La
Jolla, CA.

High titer lentiviruses were produced as described previously (Tiscornia et al., 2006).
Briefly, recombinant lentiviruses were produced by transient transfection in HEK293T cells.
Infectious particles were harvested at 48 and 72 hours post-transfection, filtered through 0.45
pm-pore cellulose acetate filters, concentrated by ultracentrifugation, re-dissolved in sterile
Hank's Balanced Salt Solution (HBSS), aliquoted and stored at —80 °C.

The miR-19b KD construct is proprietary to the Chen lab and therefore is not described
here.

The control virus used for the miR-19b OE experiment was pcsc-ESYN-GFP. This viral
construct utilized an identical vector as the miR-19b OE construct, though it only expressed
GFP. The control virus used for the miR-19b KD experiment was p156-pRRL-H1-scramblemiR-
CMV-GFP. This viral construct utilized an identical vector as the miR-19b KD virus, though it

expressed a scramble instead of the miR-19b KD virus; note that this virus also expressed GFP.

2.3. Stereotactic intracranial injections

A computer-guided stereotaxic instrument and a motorized nanoinjector (Angle Two™
Stereotaxic Instrument, myNeurolab) were used. Mice were anesthetized using 1.5% isoflurane
and 1 pl of the lentiviral preparation was delivered to each BL using a Hamilton syringe
connected to a motorized nanoinjector system at a rate of 0.2 ul per minute (coordinates relative
to bregma: AP = —-1.58 mm, L = £3.3 mm, H = —4.6 mm). Mice were subjected to behavioral

studies following a two-week recovery period.

2.4. Behavioral assessments
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All behavioral assessments were performed during the dark phase following habituation
to the test room for 2 hours before each test. Behavioral tests were conducted in the following
order, from the least stressful paradigm to the most, and ending with locomotor testing: open-
field, light/dark transition test, elevated plus-maze, startle response, fear conditioning, and home
cage locomotion. All following time points refer to days following stereotactic intracranial
injections: open-field testing was conducted first on day 21, and again on day 28 following
restraint stress that was administered one day prior. Light/dark transition testing was conducted
first on day 25 and again on day 32 following restraint stress that was administered one day
prior. Elevated plus-maze testing was conducted on day 25. Baseline startle response was
assessed on day 35. The fear conditioning study occurred from days 42-45, with habituation
beginning on day 42. Home cage locomotion was assessed on days 49-51, and animals were

sacrificed 24 hours following the completion of behavioral testing on day 52 (Fig. 1).

2.4.1. Open-field test
The open-field test was performed in a 50 cm x 50 cm x 22 cm white box, lit to 120 lux.
The mice were placed in the box for 10 minutes. Locomotion in the box was quantified using a

video tracking system (VideoMot2; TSE Systems, Bad Hamburg, Germany).

2.4.2. Light/dark transition test

The light/dark transition test apparatus consisted of a polyvinyl chloride box divided into
a black dark compartment (14 cm x 27 cm x 26 cm) and a connected white 1200 lux illuminated
light compartment (30 cm x 27 cm x 26 cm). During the 5-minute test, time spent in the light
compartment, distance traveled in light, and number of light-dark transitions were quantified with

a video tracking system (VideoMot2; TSE Systems, Bad Hamburg, Germany).

2.4.3. Elevated plus-maze

The apparatus in this test was designed as a plus sign and contained 2 barrier walls and
2 open arms. During the 5-minute test, which was performed in relative darkness (6 lux), the
number of entries, distance traveled, and the time spent in the open arms were automatically

scored using a video tracking system (VideoMot2, TSE Systems).

2.4.4. Fear Conditioning
A computer-controlled fear conditioning system (TSE Systems) monitored the procedure

while measuring freezing behavior (defined as lack of movement except for respiration). On the
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first day, mice were habituated for 5 minutes to the fear conditioning chamber, a clear
Plexiglas® cage (21 cm x 20 cm x 36 cm) with a stainless steel floor grid within a constantly
illuminated (250 lux) fear conditioning housing. Conditioning took place on day 2 in one 5-
minute training session. Mice initially explored the context for 2 minutes. Thereafter, two
pairings of a co-terminating tone [conditioned stimulus (CS) (Takacs et al., 2010): 30 s, 3,000
Hz, pulsed 10 Hz, 80 dB] and shock [unconditioned stimulus (US): 0.7 mA, 2 s, constant
current] with a fixed intertrial interval (ITI) of 60 s were presented. The US was delivered
through the metal grid floor. Mice were removed from this chamber 1 minute after the last CS—
US pairing. The chamber was cleaned thoroughly with 10% ethanol before each session. The
ventilating fan of the conditioning box housing provided a constant auditory background noise
[white noise, 62 dB]. Context dependent memory was tested 24 hours after the conditioning by
re-exposure to the conditioning box for 5 minutes without any stimuli. The tone-dependent cued-
memory test was performed 1 day after the contextual memory test in a novel context: the walls
and floor of the box were opaque black Plexiglas® (dimensions were similar to the conditioning
box), and the apparatus house-lights and ventilating fan were turned off. Behavior was
monitored for 2 minutes without any stimulus before the CS (tone) presentations; thereafter two
CS’s were presented, separated by a fixed 1-minute ITIl. Mice were removed from this box 1

minute after the last CS.

2.4.5. Startle

Startle response (TSE Systems) protocol was adapted from Neufeld-Cohen et al. (2010).
Briefly, mice were placed in a small Plexiglas® and wire mesh cage on top of a vibration-
sensitive platform in a sound-attenuated, ventilated chamber. A high-precision sensor,
integrated into the measuring platform, detected movement. Two high-frequency loudspeakers
inside the chamber produced all the audio stimuli. Startle amplitude and latency to peak startle

amplitude were measured in response to startle stimuli.

2.4.6. Home cage locomotion

Home cage locomotion was assessed using the InfraMot system (TSE Systems). Mice
were housed individually for 72 hours, in which the first 24 hours were considered habituation to
the individual housing conditions. Measurements of general locomotion consisted of two light

and two dark cycles in the last 48 hours collected at 10-minute intervals.

2.5. Brain Extractions
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Mice were sacrificed via rapid decapitation on Day 52, and brains were collected for

neurochemical analysis.

2.6. Microdissections, sample preparation and HPLC-ED analysis of NE and MHPG
concentrations

Microdissections were performed as previously described (Palkovits and Brownstein,
1988; Evans et al., 2008). Briefly, coronal brain sections (300 um) were taken using a precision
cryostat (Leica CM1900, North Central Instruments, Plymouth, MN, USA), mounted onto glass
slides and microdissected on a cold plate at =10 °C under a stereomicroscope using
microdissection needles with varying inner diameters (Fig. 2). Each microdissected brain
structure for each subject was put into separate individual tubes each containing 100 pL of
acetate buffer (3.0 g/L sodium acetate, 4.3 mL/L glacial acetic acid; pH adjusted to 5.0), which
were rapidly frozen on dry ice and stored at —80 °C. Next, samples were thawed and then
centrifuged at 4 °C and 13,000 rpm for 3 minutes. The supernatant was aspirated and 50 uL of
the supernatant was used for detection of NE and MHPG using high performance liquid
chromatography with electrochemical detection; high performance liquid chromatography with
electrochemical detection was performed as described previously (Heal et al., 1989; Evans et
al., 2008), but with slight modifications. The pellet was reconstituted with 175 yL of 0.2 M NaOH
for later assay of protein content (Pierce Protein Microassay Protocol, Perbio Science UK Ltd.,
Cramlington, UK). Samples were placed in an ESA model 542 autosampler (ESA, Chelmsford,
MA, USA) to automatically inject the samples into the HPLC system. The HPLC system also
consisted of an ESA Model 582 Solvent Delivery Module to pump the mobile phase (0.1 M
sodium acetate/citric acid buffer dissolved in HPLC grade H,O, pH = 4.40 adjusted with
semiconductor grade NaOH, containing 8% HPLC grade methanol (v/v), and 4.6 mM
octanesulphonic acid) through the chromatographic system. The stationary phase, where
chromatographic separation occurred, consisted of an integrated pre-column/column system
(Ultrasphere 5 ODS (C18) pre-column (45 x 4.6 mm)/Ultrasphere 5 ODS (C18) column (250 x
4.6 mm); MAC-MOD Analytical, USA) maintained at room temperature. Electrochemical
detection was accomplished using an ESA Model 5200A Coulochem Il detector with dual
potentiostats connected to an ESA 5021 Conditioning Cell with the electrode potential set at 0
mV and an ESA 5014B Microdialysis Cell with the channel 1 and channel 2 electrode potentials
set at —200 mV and 400 mV, respectively. For each run, the average peak heights of known
concentrations of NE and MHPG were determined manually using chromatography analysis

software (EZChrom Elite for Windows, Version 2.8; Agilent Technologies, USA) and used to
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Fig. 2. Map of the microdissections in selected brain regions for both miR-19b OE and miR-19b KD
experiments (abbreviations not indicated in plate titles: CPu = caudate putamen (striatum); LSD = lateral
septal nucleus, dorsal part; LSV = lateral septal nucleus, ventral part; BSTMA = bed nucleus of the stria
terminalis, medial division, anterior part; BSTMV = bed nucleus of the stria terminalis, medial division,
ventral part; BSTLD = bed nucleus of the stria terminalis, lateral division, dorsal part; BSTLJ = bed
nucleus of the stria terminalis, lateral division, juxtacapsular part; BSTLP = bed nucleus of the stria
terminalis, lateral division, posterior part; BSTLV = bed nucleus of the stria terminalis, lateral division,
ventral part; PaLM = paraventricular hypothalamic nucleus, lateral magnocellular part; PaDC =
paraventricular hypothalamic nucleus, dorsal cap; PaMP = paraventricular hypothalamic nucleus, medial
parvicellular part; PaMM = paraventricular hypothalamic nucleus, medial magnocellular part; PaV =
paraventricular hypothalamic nucleus, ventral part; CA1 = field CA1 of the hippocampus) (Paxinos &
Franklin, 2001).



Fields 19/35

calculate the concentration of the unknown samples. Tissue concentrations of NE and MHPG

were standardized to the amount of protein in each microdissected structure.

2.7. Statistics

Student’s t-test was used to assess significance in the absence of repeated measures. If
neurochemical endpoints were compared across brain regions in the same subject, two-way
analysis of variance (ANOVA) with repeated measures was used, with either miR-19b OE or KD
as a between-subjects factor, and brain region as a within-subjects factor; post-hoc
comparisons were made using Fisher’s protected least significant difference (LSD) tests.
Statistical analyses were performed using PASW (version 22.0, SPSS Inc., Chicago, IL) after
elimination of statistical outliers (Grubbs, 1969). In order to run the repeated measures ANOVA,
missing values were replaced using the Petersen method; these values were neither included in

post hoc analyses, nor in any graphical representations of the data (Petersen, 1985).

3. Results

Reported results reflect data generated and analyzed at Dr. Christopher Lowry’s
Behavioral Neuroendocrinology Laboratory at the University of Colorado Boulder, Boulder,
Colorado, from brain tissue harvested from animals that underwent the aforementioned
experimental procedures; data generated from procedures conducted at Dr. Alon Chen’s
Neurobiology of Stress Laboratory in Rehovot, Israel, (i.e. behavioral testing) are considered to

be beyond the scope of this thesis, and have thus been excluded from all following discussion.

3.1. miR-19b OE animals

Statistical analysis using two-factor repeated measures ANOVA revealed that there was
a treatment x region interaction for the ratio of MHPG:NE (F 456 82.0) = 3.38; p = 0.010; € =
0.285). Region-specific post hoc testing for MHPG:NE ratios revealed BL miR-19b OE-induced
decreases in the paraventricular nucleus of the hypothalamus (PVN; p = 0.016) and the dorsal
hippocampus (CA1d; p = 0.028), as well as BL miR-19b OE-induced increases in the central
nucleus of the amygdala (CeA; p = 0.033), the lateral septal nucleus, intermediate part (LSI; p =
0.015), and the dorsal raphe nucleus, ventral part (DRV; p = 0.021; Table 1; Fig. 3). A decrease
in the ratio of MHPG:NE in the dorsal raphe nucleus, dorsal part (DRD) approached significance
(p =0.052).
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Table 1. Average MHPG and NE concentrations, as well as MHPG:NE ratios in selected brain regions
following either control conditions or miR-19b overexpression (miR-19b OE) 24 hours following
completion of behavioral testing.

Brai_n MHPG concgntrations NE concentr.ations MHPG:NE
Region (pg/ug protein) (pg/ug protein)

Control miR-19b OE Control miR-19b OE Control miR-19b OE
PrL 256+0.10 2.73+0.11 9.70+£0.39 9.31%0.15 0.27 £0.015 0.29£0.011
IL 534+0.53 4411024 11.8+047 10.9+0.28 0.45+0.039 0.40+0.019
BnST 291+0.10 2.86+0.11 129+090 13.5+0.89 0.24 £0.020 0.20 £0.011
CeA 3.90+0.16 4.17+£0.39 8.17+0.63 6.24+0.33 0.50£0.037 0.68 £+ 0.068*
BL 1.96+0.12 2.39+0.11* 8.57+£0.37 9.11%0.43 0.23+0.016 0.25+0.011
PVN 3.80+£0.37 3.09+0.17 46.6+6.52 5791513 0.093 £ 0.011 0.058 + 0.007*
LSl 1.00+£0.086 1.53+0.14** 8.44+0.36 9.21+0.36 0.12+0.008 0.17 £0.016*
MS 261+0.18 2.65+0.23 9.75+0.58 8.39%0.57 0.29 £0.027 0.29 £ 0.007
CA1d 2.85%0.11 2.63 £ 0.054 8.73+£0.46 9.11%0.39 0.33+0.021 0.28 £0.011*
CA1v 147 £0.048 1.57 £0.063 8.68+0.20 9.65%0.33 0.17 £0.008 0.16 £ 0.004
DRD 7.65+043 7.29+0.25 79.1+7.10 78.5%1.76 0.082 £ 0.003 0.093 + 0.004
DRV 9.57+0.84 9.45+1.03 33.2+541 21.4+2.05 0.35+0.024 0.45+0.035*
DRI 9.47 £0.55 8.59+0.49 16.1+0.79 14.6+1.05 0.59+0.019 0.64 £0.037
DRVL 6.97+0.29 6.12+0.24* 26.2+3.55 24.3+227 0.27 £0.033 0.27 £ 0.027
DRC 11.5+1.31 11.5+1.64 20.5+2.10 25.2+3.57 0.53+0.058 0.47 £0.039
MnR 264+0.12 2.62+0.082 8.32+0.40 8.30%0.11 0.32+0.023 0.33+£0.008
LC 6.25+0.58 7.82+0.68 405+7.81 489+6.64 0.15+0.016 0.16 £ 0.011

(abbreviations: PrL = prelimbic cortex; IL = infralimbic cortex; BnST = bed nucleus of the stria terminalis;
CeA = central nucleus of the amygdala; BL = basolateral amygdaloid nucleus; PVN = paraventricular
nucleus of the hypothalamus; LSI = lateral septal nucleus, intermediate part; MS = medial septal nucleus;
CA1d = field cornu ammonis 1 of the hippocampus, dorsal region; CA1v = field cornu ammonis 1 of the
hippocampus, ventral region; DRD = dorsal raphe nucleus, dorsal part; DRV = dorsal raphe nucleus,
ventral part; DRI = dorsal raphe nucleus, interfascicular part; DRVL = dorsal raphe nucleus, ventrolateral
part; DRC = dorsal raphe nucleus, caudal part; MnR = median raphe nucleus; LC = locus coeruleus)
(Paxinos & Franklin, 2001). Values are presented as mean + S.E.M. * p<0.05, ** p<0.01 *** p<0.001,
compared with mice injected with control lentivirus (Fisher’'s protected least significant difference tests).

Statistical analyses using two-factor repeated measures ANOVA for MHPG
concentrations revealed no significant main effect of treatment (F 1.0, 18.0) = 0.13; p = 0.728; € =
0.174) or treatment x region (F 2.7, 50.1) = 0.76; p = 0.514; £ = 0.174) interaction.

Region-specific post hoc testing was conducted for MHPG concentrations and the ratios
of MHPG:NE regardless of whether observed main or interaction effects were present on the
justification that a priori reasoning presents a theoretical basis in which we would expect to see
changes in NE metabolism in specific brain regions as a result of alterations in NE transmission

in the BL. We believe these changes may remain undetected by ANOVA testing due to the large
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Fig. 3. Graphs illustrating the effects of injections of either control or miR-19b OE viral vectors on
noradrenergic metabolism. Graphs illustrate the ratio of MHPG:NE concentrations in selected brain
regions. * p<0.05 compared with mice injected with control lentivirus (Fisher’s protected least significant
difference tests). Bar graphs represent the means + S.E.M. (CeA: n = 10 for control, n = 10 for miR-19
OE; PVN: n = 10 for control, n = 8 for miR-19 OE; LSI: n = 10 for control, n = 8 for miR-19 OE; CA1d: n =
10 for control, n = 8 for miR-19 OE). For abbreviations, see Figure 2.

number of brain regions examined. As many of these regions may not have expressed
significant changes in NE metabolism due to experimental manipulation, these null results have
the potential of masking the presence of relatively small effect sizes to ANOVA detection.
Furthermore, as MHPG concentrations and MHPG:NE ratios are both viable measures of NE
metabolism, the most thorough investigation into changes in NE metabolism as a result of
experimental manipulation must include a comparison of similarities and differences across both
measures; thus, we justify that specific comparisons by brain-region may be made for MHPG
concentrations and MHPG:NE ratios regardless of the outcome of the corresponding overall F
test (Winer et al., 1991).

Region-specific post hoc testing for MHPG concentrations revealed a BL miR-19b OE-
induced decrease in the dorsal raphe nucleus, ventrolateral part (DRVL; p = 0.037), as well as
BL miR-19b OE-induced increases in the BL (p = 0.018) and the LSl (p = 0.006). A decrease in
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MHPG concentrations in the CA1d approached significance (p = 0.100), as did an increase in
MHPG concentrations in the LC (p = 0.097).

Statistical analyses using two-factor repeated measures ANOVA for NE concentrations
revealed no significant main effect of treatment (F1.00,18.0) = 0.05; p = 0.822; € = 0.224) or

treatment x region (Fzss 645 = 1.42; p = 0.241; € = 0.224) interaction.

3.2. miR-19b KD animals

Statistical analysis using two-factor repeated measures ANOVA revealed no significant
treatment x region (F 332, 73.0) = 1.60; p = 0.194; € = 0.207) interaction for the ratio of MHPG:NE;
however, a main effect of treatment approached significance (F1.00, 22.0)= 3.29; p = 0.083; € =
0.207).

For justification of post hoc testing in the absence of observed treatment or treatment x
region interactions, see section 3.1.

Region-specific post hoc testing for MHPG:NE ratios revealed a BL miR-19b KD-induced
decrease in the LSI (p = 0.023), as well as BL miR-19b KD-induced increases in the PVN (p =
0.003), the CA1d (p = 0.020), the BnST (p = 0.001), and the CA1v (p < 0.001) (Table 2; Fig. 4).
The decrease in the ratio of MHPG:NE in the dorsal raphe nucleus, interfascicular part (DRI)

approached significance (p = 0.053).
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Table 2 . Average MHPG and NE concentrations, as well as MHPG:NE ratios in selected brain regions
following either control conditions or miR-19b knockdown (miR-19b KD) 24 hours following completion of
behavioral testing.

Brai_n MHPG concgntrations NE concentr.ations MHPG:NE
Region (pg/ug protein) (pg/ug protein)

Control miR-19b KD Control miR-19b KD Control miR-19b KD
PrL 1.20+0.060 1.16+0.10 445+0.31 4.37+£0.23 0.26 £0.012 0.27 £0.023
IL 1.33+0.14 1.80 £ 0.26 6.81£0.33 6.70+0.39 0.21£0.036 0.21+£0.012
BnST 1.22+0.085 1.57 +0.10* 9.14+0.28 6.73+0.65 0.13+0.010 0.26 £ 0.025*
CeA 1.10+£0.16 1.01 £ 0.087 3.21+£0.18 2.94 £0.17 0.32+0.043 0.35+0.031
BL 1.07 £ 0.046 1.17 £0.059 3.95+0.30 4.36+0.15 0.25+0.016 0.27 £0.013
PVN 210+0.12 2.89+0.14** 220+221 18.4+2.12 0.096 £ 0.009 0.16 £ 0.016*
LSI 0.86 £ 0.058 0.81 +0.083 3.80+0.31 3.87+0.34 0.23+0.015 0.18+£0.012*
MS 421+030 559+0.38* 8.15+0.67 8.32+0.28 0.56 £+ 0.074 0.68 £ 0.078
CA1d 1.13+0.071 1.38+0.11 6.28 £0.20 6.66 £0.20 0.17 £0.006 0.21 £0.014*
CA1lv 124 +0.054 1.40+0.074 5.64+£0.28 4.36+0.15 0.23+0.015 0.33+£0.017***
DRD 213+0.080 2.19+0.16 34.6+1.53 40.0+1.64 0.063 £ 0.003 0.056 + 0.004
DRV 2.06 £0.065 2.39+0.18 11.7 £ 0.68 13.6 £ 0.81 0.18 £0.011 0.18 £0.016
DRI 1.70 £ 0.086 1.60 £ 0.089 5.55+0.18 6.27 £ 0.081 0.31£0.021 0.26 £0.015
DRVL 220+0.10 2.39%0.12 14.0+£1.77 15.2+2.35 0.18 £0.027 0.20 £0.030
DRC 200+0.15 297+0.43* 7.21+£0.82 10.2+1.36 0.29£0.021 0.27 £0.015
MnR 3.51+£0.10 3.93+0.21 5.24+0.16 6.28 £0.33 0.67 £0.015 0.63 £0.031
LC 7.44 £ 0.91 9.09+£1.25 23.4+569 28.7+6.73 0.41+0.072 0.53 +£0.095

(abbreviations: PrL = prelimbic cortex; IL = infralimbic cortex; BnST = bed nucleus of the stria terminalis;
CeA = central nucleus of the amygdala; BL = basolateral amygdaloid nucleus; PVN = paraventricular
nucleus of the hypothalamus; LSI = lateral septal nucleus, intermediate part; MS = medial septal nucleus;
CA1d = field cornu ammonis 1 of the hippocampus, dorsal region; CA1v = field cornu ammonis 1 of the
hippocampus, ventral region; DRD = dorsal raphe nucleus, dorsal part; DRV = dorsal raphe nucleus,
ventral part; DRI = dorsal raphe nucleus, interfascicular part; DRVL = dorsal raphe nucleus, ventrolateral
part; DRC = dorsal raphe nucleus, caudal part; MnR = median raphe nucleus; LC = locus coeruleus)
(Paxinos & Franklin, 2001). Values are presented as mean + S.E.M. * p<0.05, ** p<0.01, *** p<0.001,
compared with mice injected with control lentivirus (Fisher’'s protected least significant difference tests).

Statistical analysis using two-factor repeated measures ANOVA revealed no significant

treatment x region (F 163, 35.9) = 1.42; p = 0.253; € = 0.102) interaction for MHPG concentrations;

however, a main effect of treatment was observed (F(1.00, 22.0) = 8.00; p = 0.010; € = 0.102).

Region-specific post hoc testing for MHPG concentrations revealed BL miR-19b KD-induced
increases in the bed nucleus of the stria terminalis (BnST; p = 0.017), the PVN (p < 0.001), the
medial septal nucleus (MS; p = 0.010), and the dorsal raphe nucleus, caudal part (DRC; p =
0.049). The increases in MHPG concentrations in the CA1d (p = 0.077), the ventral
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Fig. 4. Graphs illustrating the effects injections of either control or miR-19b KD viral vectors on
noradrenergic metabolism. Graphs illustrate the ratio of MHPG:NE concentrations in selected brain
regions. * p<0.05; ** p<0.01; *** p<0.001 compared with mice injected with control lentivirus (Fisher's
protected least significant difference tests). Bar graphs represent the means + S.E.M. (BnST: n = 10 for
control, n = 10 for miR-19 KD; PVN: n = 11 for control, n = 9 for miR-19 KD; LSI: n = 11 for control, n = 10
for miR-19 KD; CA1d: n = 10 for control, n = 12 for miR-19 KD; CA1v: n = 12 for control, n = 11 for miR-
19 KD). For abbreviations, see Figure 2.

hippocampus (CA1v; p = 0.092), and the median raphe nucleus (MnR; p = 0.083) approached
significance.

Statistical analyses using two-factor repeated measures ANOVA for NE concentrations
revealed no significant main effect of treatment (F(1.00, 220y = 0.52; p = 0.477; € = 0.104) or

treatment x region (F 167,367y = 0.94; p = 0.385; € = 0.104) interaction.

4. Discussion

Our data support an effect of miR-19b, acting within the BL, on noradrenergic signaling
in brain areas downstream of the BL. As unpublished data from the Chen laboratory conclude
that miR-19b targets the Adrb1 to downregulate its expression, we can conclude that
modulation of miR-19b transcription in the BL also ultimately affects noradrenergic transmission

in downstream targets. Furthermore, more unpublished data from the Chen laboratory indicate
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that modulation of miR-19b in the BL affects stress-associated behavioral outputs, suggesting
that miR-19b associated with the Ago2 complex plays a key role in the mediation of the stress
response, likely through the aforementioned altered noradrenergic transmission seen in
downstream targets. Reciprocal changes in NE metabolism, as quantified by both MHPG
concentrations and the ratio of MHPG:NE, were observed in the PVN, the CA1d, and the LSI.
While experimental manipulations yielded strong effects in the BnST for miR-19b KD, no
changes were observed for miR-19b OE in this brain region. Finally, changes in NE metabolism
in the DRVL, the BL, the CeA, and the DRV for miR-19b OE, and the MS and DRC for miR-19b
KD were observed that were isolated to only one measurement of NE metabolism per given
experiment, and complementary changes were not observed in the other respective experiment.

An effect of altered noradrenergic transmission in the BL was observed in the
hippocampus for both miR-19b KD and miR-19b OE. An increase in the ratio of MHPG:NE in
the CA1d for miR-19b KD was accompanied by a reciprocal decrease for miR-19b OE.
Glutamatergic projection neurons within the BL, which project directly to a number of limbic
forebrain structures, including the prefrontal cortex (McDonald, 1991) and the hippocampus
(Pikkarainen et al., 1999), are known to respond in an excitatory fashion to the stimulation of 3-
adrenergic receptors (Buffalari and Grace, 2007), and these neurons are thought to release
glutamate presynaptically to enhance NE release in these projection targets (Russell and
Wiggins, 2000; Howells and Russell, 2008; Dazzi et al., 2011). Therefore, we predicted that the
OE and KD experiments respectively would yield reciprocal changes in NE metabolism in
specific downstream BL projection targets. As selective upregulation (OE) or knockdown (KD) of
miR-19b transcription induces reciprocal changes in Adrb1 levels, we predicted a negative
correlation between miR-19b levels and the activation of the glutamatergic networks that act to
induce presynaptic modulation of NE transmission in downstream BL projection targets.
Consequently, these findings are consistent with our predictions. Furthermore, as noradrenergic
innervation of the BL mainly originates from the LC (Asan, 1998), a hypothetical neural circuit
can be proposed in which changes in Adrb1 density in the BL alter noradrenergic input primarily
from the LC onto efferent glutamatergic neurons projecting to downstream BL target structures
(Fig. 5).

While significant effects of both miR-19b OE and KD on MHPG:NE ratios in the CA1d
were observed, complementary effects in MHPG concentrations were not observed in either of
the experiments; however, the decrease in the ratio of MHPG:NE in the CA1d observed for miR-
19b OE was accompanied by a decrease in MHPG concentrations in the CA1d that approached

significance, and the increases in the ratio of MHPG:NE in the CA1d and the CA1v observed
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Fig. 5. Hypothetical neural circuit model demonstrating the effects of modulating noradrenergic
transmission in the basolateral amygdala (BL) on activity of BL glutamatergic projection neurons. For
abbreviations, see Figure 2. (abbreviations not previously listed: LV = lateral ventricle; 3V = third ventricle;
D3V = dorsal third ventricle; 4V = fourth ventricle) (Paxinos & Franklin, 2001).

for miR-19b KD were accompanied by increases in both the CA1d and CA1v that also
approached significance. Given that the BL is known to project to the hippocampus to mediate
the consolidation of explicit/associative memories through the activation of -adrenoreceptors,
purportedly by a glucocorticoid-sensitive mechanism (Pikkarainen et al., 1999; Roozendaal
2000), we expected to see changes in NE metabolism in hippocampal nuclei as a result of
altered Adrb1 density in the BL. Thus, there is compelling evidence to support the notion that
the aforementioned changes in MHPG concentrations in hippocampal nuclei that merely
approached significance were indeed real effects that failed to reach significance as a result of

type Il statistical error, or the study was insufficiently powered to detect the effects.
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Reciprocal changes between both miR-19b OE and KD protocols were also observed in
the PVN for MHPG:NE ratios, in addition to complementary changes in both MHPG
concentrations and the ratio of MHPG:NE for miR-19b KD. A decrease in MHPG concentrations
was observed for miR-19b OE, while increases in MHPG concentrations and the ratio of
MHPG:NE were observed for miR-19b KD; however, though noradrenergic signaling is thought
to play an important regulatory role in the neurosecretory secretions of the PVN of both
parvocellular and magnocellular neurons (Daftary et al., 2000; Daftary et al., 1998), the changes
in NE metabolism observed in this brain region as a result of alterations in Adrb1 density are
likely not direct, as the BL is thought to only project indirectly to this brain region (Ulrich-Lai and
Herman, 2009). Nonetheless, NE has been shown to stimulate corticotropin-releasing hormone
(CRH) gene expression in the parvocellular division of the PVN and consequent CRH release
into the portal circulation of the median eminence (lItoi et al., 1994), thereby suggesting a role for
miR-19b acting in the BL to affect the hypothalamic-pituitary-adrenal (HPA) axis response to
stress by influencing CRH and adrenocorticotropic hormone (ACTH) secretion as a result of
altered NE signaling in the PVN.

A somewhat perplexing decrease in the LSl in the ratio of MHPG:NE for miR-19b KD
was accompanied by reciprocal increases for miR-19b OE in both the ratio of MHPG:NE and
MHPG concentration data. These changes are in opposition to the changes observed in
previously mentioned forebrain structures (i.e. the PVN and the CA1d), as all other previously
mentioned changes in NE metabolism for miR-19 OE were decreases, while all other previously
mentioned changes in NE metabolism for miR-19b KD were increases. Changes in the LS| were
expected, as the BL is known to send projections to the lateral septum (Kita and Kitai, 1990);
however, the opposing effects of glutamatergic efferent projections leaving the BL are likely to
be mediated indirectly (multisynaptically) through intrinsic GABAergic networks that act to exert
local control on noradrenergic transmission (Paré & Duvarci, 2012). Based on this information, a
hypothetical neural circuit can be proposed in which glutamatergic neurons projecting from the
BL to downstream targets act both directly and indirectly via intrinsic GABAergic networks to
presynaptically modulate noradrenergic transmission in projection targets (Fig. 6). The LSI has
long been known to share extensive efferent connections with the hypothalamus (Swanson &
Cowan 1979; Garris 1979), and has been implicated as a relay station for communication
between the somatic and autonomic nervous systems in the coordination of the limbic response
(Staiger & Nurnberger, 1991). These pathways may provide further downstream circuitry by

which miR-19b acting in in the BL might modulate the HPA response to stress.
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Fig. 6. Hypothetical neural circuit model depicting the methods by which glutamatergic outputs from the
basolateral amygdala (BL) may modulate noradrenergic transmission in noradrenergic terminals without
altering noradrenergic activity in the locus coeruleus (LC).

The BnST yielded strong effects for miR-19b KD, showing increases in both MHPG
concentrations and the ratio of MHPG:NE. Though they are somewhat more limited in number
than other amygdalar projections to the same region, the BL is known to send projections
directly to the BnST (Dong et al., 2001b); thus, changes in NE metabolism in the BnST as a
result of experimental manipulation were expected. That changes were observed in both ratio
and MHPG data for miR-19b KD reinforces the validity of these respective observations. That
no changes in NE metabolism — as determined by either measure — were observed for miR-19b
OE is likely due to type Il statistical error in which we failed to detect the presence of an effect

due to Adrb1 downregulation in the BL. As discussed later, decreases in NE transmission are
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likely to be much harder to detect than increases in NE transmission, and this fact, coupled with
the presence of strong effects in both measures as observed in the KD experiment provide
strong evidence in support of the presence of type Il error in the post hoc analysis of BhST
effects in the OE experiment. The BnST is known to project to the PVN in order to regulate HPA
axis responses to stress, with the anteroventral subregions of the BnST implicated in acute
activation of PVN neurons, and the posteromedial subregions of the BnST implicated in the
inhibition of HPA activity in response to stress, likely by acting on GABAergic neurons in the
PVN (Choi et al., 2007; Gray et al., 1993; Cullinan et al., 2004). Furthermore, the anterolateral
BnST is known to project to the PVN via CRH neurons (Dong et al., 2001a; Champagne et al.,
1998), which suggests a mechanism for central control of the HPA axis via excitatory actions of
CRH produced in the BnST (Ulrich-Lai and Herman, 2009). These data further support the
conclusion that miR-19b acting in the BL can affect key structures responsible for mediating the
HPA axis response to stress.

Changes in MHPG concentrations were observed in the DRVL and the BL for miR-19b
OE. Additionally, changes in MHPG:NE ratios were observed in the CeA and the DRV for miR-
19b OE. No changes in NE metabolism were observed for miR-19 KD for any of these brain
structures by either measure of NE metabolism (MHPG concentrations and the ratio of
MHPG:NE respectively). Of these structures, there was evidence to support the prediction of a
change in NE metabolism in the CeA as a direct result of alteration in signaling from the BL
given that it has been demonstrated that the CeA is an intra-amygdaloid target of projections
arising from the basolateral nuclei, which serve as a relay between the lateral nucleus and the
CeA in the communication of auditory fear conditioning of the Pavlovian type (Paré et al., 1995).
The increase that was observed in the MHPG:NE ratio as measured in the CeA supports the
model proposed by Paré and Duvarci (2012), in which local GABAergic circuitry is thought to
play a role in the relay of intra-amygdaloid signals. A prediction of the change in MHPG
concentration in the BL that was observed was not theoretically supported by existing literature,
though this observation could have been precipitated by intra-BL projections that acted to
modulate NE release within the BL. Any changes observed in dorsal raphe nucleus (DRN)
structures were theorized to be mediated by indirect downstream pathways prior to
experimentation (Ulrich-Lai and Herman, 2009), and thus were not to be considered direct
(monosynaptic) results of experimental manipulation. Due to the polysynaptic nature of changes
observed in DRN structures as a result of altered NE signaling in the BL, it is difficult to theorize
on the exact nature of these connections and their physiological implications without further

study.
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Changes in MHPG concentrations were observed in the MS and the DRC for miR-19b
KD. No changes in NE metabolism were observed in the OE experiment for either of these brain
structures by either measure of NE metabolism (MHPG concentrations and the ratio of
MHPG:NE respectively). The MS is thought to act in a similar fashion to the LSI by serving as a
relay for coordination of autonomic and somatic responses between prominent limbic areas
(Staiger and Nurnberger, 1991). Though the MS is known to have extensive projections to
hypophysiotropic nuclei (Garris 1979), the physiological significance of this change is unclear,
as projections from the BL to the MS have not previously been reported (Krettek and Price,
1978). Further studies would need to be conducted in order to more accurately postulate on
circuitry mediating BL influences on noradrenergic metabolism in the DRC.

As we are considering both MHPG concentrations and the ratio of MHPG:NE to be
viable measures of NE metabolism, we can infer that the data set is more reliable when we
observe a greater correlation in specific brain structures between changes observed in NE
metabolism as measured by MHPG concentrations and changes observed in NE metabolism as
measured by the ratio of MHPG:NE within the same experiment. Greater correlations between
the two measures were observed for miR-19b KD, where complementary changes in both
MHPG concentrations and the ratio of MHPG:NE were observed in the PVN, CA1d, CA1v, and
BnST, as opposed to miR-19b OE, in which complementary changes were observed only in the
CA1d and the LSI across both measures (note that MHPG concentrations in the hippocampal
regions only approached significance). This is likely because it is easier to detect changes in NE
metabolism resulting from a increases in noradrenergic signaling in the BL, as was the
experimental manipulation performed via miR-19b KD, rather than changes in NE metabolism
resulting from decreases in noradrenergic signaling in the BL, as was the experimental
manipulation performed via miR-19b OE.

In conclusion, our data have shown that modulation of BL-specific miR-19b expression
can effectively influence distributed systems in the brain responsible for the regulation of key
components of anxiety and fear paradigms in animal models, such as emotional stress (Tanaka
et al., 2000) and memory consolidation (Roozendaal, 2000), both of which are believed to share
inherently similar neural circuitry with human anxiety disorders (Bouton et al., 2001; Pitman et
al., 1999; Sullivan et al., 2003). However, it is important to note that miR-19b is known to target
mMmRNA’s other than those associated with the Adrb1 (e.g. Zhang et al., 2011; Lakner et al.,
2012), and thus there exists the possibility that some of the observed effects of miR-19b acting
in the BL were not Adrb1 dependent, but rather the result of altered expression of other

proteins. Despite these limitations, our data still support the hypothesis that manipulation of BL-
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specific Adrb1 expression may provide a deeper understanding of anxiety and affective
disorders, which may one day lead to more effective therapeutics that will serve to improve the

overall human condition and positively affect quality of life factors for afflicted individuals.

4.1. Future directions

The current study can serve to guide future studies on NE signaling in brain regions of
interest downstream of altered NE transmission in the BL. It would be of particular interest to
examine NE release via microdialysis in target brain regions to observe changes over time as a
result of experimental manipulation. Furthermore, as we hypothesize that the BL exerts its
influence on NE signaling in downstream structures via glutamatergic outputs, it would be
interesting to see if we could effectively block the effects of miR-19b OE or KD treatment by
administering a glutamate antagonist in select brain regions to verify our current understanding

of this particular neural circuitry.
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