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Abstract

The noradrenergic locus coeruleus (LC) regulates arousal, memory, sympathetic nervous system

activity and pain. Forebrain projections to LC have been characterized in rat, cat and primates, but

not systematically in mouse. We surveyed mouse forebrain LC projecting neurons by examining

retrogradely labeled cells following LC iontophoresis of fluorogold and anterograde LC labeling

after forebrain injection of biotinylated dextran-amine or viral tracer. Similar to other species, the

central amygdalar nucleus (CAmy), anterior hypothalamus, paraventricular nucleus, and posterior

lateral hypothalamic area (PLH) provide major LC inputs. Using mice expressing green

fluorescent protein in GABAergic neurons we found that more than one.third of LC projecting

CAmy and PLH neurons are GABAergic. LC colocalization of biotinylated dextran-amine,

following CAmy or PLH injection, with either green fluorescent protein or GAD65/67-ir

confirmed these GABAergic projections. CAmy injection of adeno.associated virus encoding

channelrhodopsin-2-Venus showed similar fiber labeling and association with GAD65/67-ir and

tyrosine hydroxylase-ir (TH-ir) neurons. CAmy and PLH projections were densest in a peri-

coerulear zone, but many fibers entered the LC proper. Close apposition between CAmy

GABAergic projections and TH-ir processes suggests CAmy GABAergic neurons may directly

inhibit noradrenergic principal neurons. Direct LC neuron targeting was confirmed by anterograde

transneuronal labeling of LC TH-ir neurons following CAmy or PLH injection of a herpes virus

that expresses red fluorescent protein following activation by Cre recombinase in mice that

express Cre recombinase in GABergic neurons. This description of GABAergic projections from

CAmy and PLH to the LC clarifies important forebrain sources of inhibitory control of CNS

noradrenergic activity.
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Introduction

Neurons of the locus coeruleus (LC) project throughout much of the central nervous system

(Dahlstroem et al., 1964; Fallon et al., 1978). The function of these noradrenergic

projections can be viewed globally as optimizing behavioral performance (Berridge and

Waterhouse, 2003; Aston-Jones and Cohen, 2005) or more specifically as modulating

processes such as attention (Gompf et al., 2010), sleep-waking cycle (Aston-Jones and

Bloom, 1981), autonomic functions (Sved and Felsten, 1987; Miyawaki et al., 1991), or

nociception (Wei et al., 1999), depending upon the projections considered. LC function is

regulated by major afferents from several brainstem nuclei and limbic regions (Cedarbaum

and Aghajanian, 1978; Luppi et al., 1995; Lee et al., 2005; Verret et al., 2006; Sirieix et al.,

2012). It is important to characterize these projections in mice because of the increased use

of mice to investigate circuit function and create disease models.

In several species, particularly rat and nonhuman primate, it has been demonstrated that

major forebrain inputs to the LC and pericoerulear area (Peri-LC) are provided by the

central amygdala (CAmy) (Hopkins and Holstege, 1978; Price and Amaral, 1981; Price,

1986; Wallace et al., 1989), and hypothalamic areas that include the paraventricular nucleus

(PVN) (Geerling et al., 2010), lateral hypothalamus (Saper et al., 1979), especially the

posterior lateral hypothalamus (PLH) (Peyron et al., 1998; Puskas et al., 2010), ventromedial

hypothalamus (Saper et al., 1976) and particularly by preoptic regions (Luppi et al., 1995;

Steininger et al., 2001; Lee et al., 2005) including the ventrolateral preoptic region

(Steininger et al., 2001) as well as the anterior cingulate cortex (Gompf et al., 2010).

However, several studies report little or no CAmy input to the core LC and suggest the

CAmy projections to the Peri-LC may target either distal dendrites of LC neurons or other

cells, such as those of the Barrington nucleus (Luppi et al., 1995). The neurotransmitter

content of LC afferents has been partially described in several species, however relatively

little information is available for mouse. Major excitatory forebrain inputs are thought to

include hypocretin/orexin neurons widely distributed in the lateral hypothalamus (Peyron et

al., 1998; Horvath et al., 1999; Gompf and Aston.Jones, 2008; Henny et al., 2010) and

potentially a glutamatergic/dynorphin containing projection from the CAmy (Reyes et al.,

2011). Inhibitory forebrain inputs include enkephalin containing projections from the CAmy

(Van Bockstaele et al., 2001). GABAergic projection neurons from the CAmy are thought to

provide an input to brainstem regions that include the LC (Swanson and Petrovich, 1998;

Tasan et al., 2010). However, this is largely inferred from the high density of GABA

neurons in the CAmy (Poulin et al., 2008), the projection of CAmy neurons to the LC

(Cedarbaum and Aghajanian, 1978; Wallace et al., 1989), and the existence of synapses that

CAmy efferents, or afferents from other unknown sources, make with tyrosine hydroxylase

(TH) containing dendrites that appear asymmetric by electron microscopy (Van Bockstaele

et al., 1996; Van Bockstaele, 1998). PLH GABAergic projections to the LC have been

suggested to be part of the circuitry controlling sleep-wake function (Verret et al., 2006).

Modulation of LC activity may be mediated through projections to a pool of GABAergic

neurons in the Peri-LC (Aston.Jones et al., 2004) or by direct connections to LC

noradrenergic principal neurons. Early anatomical studies in rat suggested that some

brainstem afferents terminate within the LC proper, while most other projections target the
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Peri-LC (Aston-Jones et al., 1986; Van Bockstaele et al., 2001). In addition it has been

demonstrated that some projections from the preoptic and lateral hypothalamic areas,

periaqueductal gray, and CAmy target the LC core (Luppi et al., 1995; Lee et al., 2005;

Reyes et al., 2011), although some of the lateral hypothalamic hypocretin neurons may

target non-noradrenergic LC projection neurons (Del Cid-Pellitero and Garzon, 2011).

However, for many afferents it is still not clear whether they target interneurons or dendrites

of noradrenergic neurons within the Peri-LC zone.

The goals of this study were to survey the forebrain projections to the mouse LC with

particular emphasis on the major forebrain GABAergic innervation of the nucleus. We

iontophoretically injected the retrograde tracer fluorogold (FG) into the LC of a mouse line

in which green fluorescent protein (GFP) is genetically targeted to GABAergic neurons

(Tamamaki et al., 2003) and identified retrogradely labeled neurons. We identifed a large

number of forebrain GABAergic projection neurons, based on colocalization with GFP. We

then used biotinylated dextran amine (BDA) and an adeno-associated virus encoding a

channelrhodopsin-2-Venus fusion (ChR2-Venus) in combination with labeling by antibodies

to GAD65/67 or GFP to confirm the major GABAergic forebrain projections. Finally,

support for direct connection between forebrain GABAergic projection neurons and LC

noradrenergic cells was provided by transneuronal anterograde labeling of LC principal

neurons following CAmy and PLH injection of a herpes simplex 1 virus (HSV1) H129

strain with Cre recombinase dependent marker expression (Lo and Anderson, 2011) in mice

that express Cre recombinase (Vong et al., 2011) and GFP in GABAergic neurons.

Materials and Methods

Animals

All procedures were approved by the National Institute of Mental Health Animal Care and

Use Committee and were in accordance with the Institute for Laboratory Animal Research

Guide for the Care and Use of Laboratory Animals. Mice were housed under a 12/12 hour

light/dark cycle (lights on at 6:00 am) with free access to food and water. Female mice

between 80 and 140 days of age and weighing from 21 to 25 grams were used for all

experiments. The animals were singly housed following stereotaxic surgery. C57Bl/6J

(Jackson Laboratories, Bar Harbor, ME), GAD67-GFP (Δneo) knock-in mice (Tamamaki et

al., 2003) (referred to as GAD67-GFP), and mice with Cre recombinase knocked into the

vesicular GABA transporter locus (Vgatires-Cre/+;) (Vong et al., 2011) and a Cre recombinase

dependent GFP in the ROSA26 locus (RCE:LoxP) (Sousa et al., 2009) referred to as VGAT-

iCre/LSGFP were used.

Antibody Characterization

Fluorogold—Antibody specificity was verified by the absence of labeling in animals not

injected with fluoro-gold.

GAD65/67—According to the manufacturer the antibody recognizes bands of ~65kDa and

~67kDa on Western blots that correspond to GAD65 and GAD67.
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GFP—Antibody specificity was verified by the absence of labeling in animals that do not

genetically express GFP.

TH—According to the manufacturer the antibody exclusively recognizes a 60 kDa band

corresponding to TH on Western blots of a PC12 lysate and produces strong labeling of

mouse substantia nigra by immunohistochemistry. We observed strong labeling of cells in

the LC and in other brainstem nuclei that correspond to established catecholamine cell

groups.

NeuN—. According to the manufacturer the antibody labels a neuronal specific DNA

binding nuclear protein called NeuN (Neuronal Nuclei). The antibody exclusively labels

neuronal nuclei and perikarya of the mouse CNS and PNS.

Secondary antibodies—Fluorophore and biotin coupled secondary antibodies raised in

donkey and absorbed to remove cross reactivity with immunglobulins from unintended

species were obtained from Jackson ImmunoResearch (West Grove, PA).

Tracer Injection

Animals were anesthetized with isoflurane and placed in a stereotaxic apparatus. A

longitudinal skin incision and removing pericranial connective tissue exposed the bregma

and lambda sutures of the skull. A 10 to 15 μm diameter glass micropipette was inserted into

the desired brain structure via drilled holes and the tracer was delivered ionophoretically

using 5 μA positive pulsed current for 10 minutes (BAB-500 iontophoresis pump, Kation

Scientific, Minneapolis, MN). The micropipette was left in position for 5 minutes after the

infusion. The same method was used for delivery of both 1% FG (Invitrogen, Carlsbad, CA)

and 10% BDA (InVitrogen) in sterile saline. The coordinates were (relative to bregma)

anteroposterior −5.4 mm, lateral + 0.8 mm and dorsoventral – 4.0 mm for the LC, − 1.5 mm,

+ 2.4mm – 5.0 mm for the CAmy and − 1.6 mm, + 1.2 mm and – 5.0 mm for the PLH.

Adeno-associated virus encoding ChR2-Venus (AAV2/1.CAG.ChR2-Venus.W.SV40,

10e12 particles/ml, Penn Vector Core, Philadelphia, PA) and Herpes simplex 1, strain H129

encoding Cre recombinase dependent red (tandem dimer Tomato) fluorescent protein

(H129DTK-TT(tdT HTK) (Lo and Anderson, 2011), referred to as HSV1-H129-LStdT,

were injected into the CAmy or into the PLH by pressure (Microsyringe pump, World

Precision Instruments, Inc, Saratoga, FL) in a volume of 0.1 μl over 5 minutes. All animals

were given analgesic and fluids for three days after the surgery.

Ten days after the stereotaxic injection for FG, 10 days to four weeks for BDA, 28 days for

ChR2-Venus, and 24-72 hours for HSV1-H129-LStdT, the animals were deeply

anesthetized, perfused with fixative, and the brains were removed and processed for

immunohistochemistry.

Immunohistochemistry

FG detection—The animals were perfused with 4% paraformaldehyde and 30 μm sections

were cut using a vibrating microtome and collected as three consecutive sets, each set

containing nonconsecutive sections separated by 60 μm. The free floating sections were
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incubated with a 3% hydrogen peroxide followed by incubation in blocking solution

containing 0.5% triton X-100 and 3% normal donkey serum for two hours. After the

blocking step the sections were incubated in anti-FG rabbit antibody overnight, and

incubated in DyLight 568 anti–rabbit (1:400) for 5 hours on the next day. This FG

immunolabeling was followed by visualization of GFP-ir by incubation in chicken anti-GFP

primary antibody overnight followed by incubation in CY5 anti-chicken (1:400 dilution). A

double immunostaining with anti-NeuN (mouse, 1:500 dilution, Millipore, Temecula, CA),

followed by DyLight 594 anti-mouse (1:400) and anti.GFP chicken antibody as described

above was applied to assess the distribution and approximate number of GFP/GAD67

neuronal population in the CAmy. Brainstem sections used for confirmation of the injection

sites were immunolabeled for FG as described above and the fluorescence of GFP in the

GAD67-GFP transgenic mice was used for orientation.

BDA labeling—The brainstem was cut on a vibrating microtome into 30 μm sections. The

BDA signal was visualized by incubation in streptavidin derivatized horseradish peroxidase

(Jackson Immunoresearch) diluted 1:2 000 for 1 hour followed by incubation with DyLight

568 (Pierce, Rockford, Il) or Pacific blue (InVitrogen) conjugated-tyramine. Once BDA was

visualized, sections were incubated overnight with a mouse antibody against GAD65/67,

which was visualized with an Alexa 647 labeled anti-mouse antibody followed by overnight

incubation with chicken anti-GFP antibody detected with a DyLight 488 labeled anti-

chicken IgG. Alternatively, following labeling of BDA with peroxidase and visualization

with Pacific blue conjugated-tyramine, tissue from wild-type mice was serially incubated

with anti-GAD65/67 and anti-TH, which were detected with Alexa 647 and Alexa 594

conjugated antibodies. The anatomical levels of sections and specific regions were identified

using the Franklin and Paxinos (Franklin and Paxinos, 2008) atlas. Tyramine derivatives for

use as peroxidase substrates were synthesized as described by Hopman et al (Hopman et al.,

1998).

AAV-ChR2-Venus detection—The brain sections were obtained as described above.

First TH-ir was visualized, using the anti-TH primary antibody at 1:5000 followed by

incubation with biotin-labeled anti-sheep antibody and then avidin-biotin-peroxidase

complex (ABC Elite reagents, Vector Labs, Burlingame CA) and Pacific blue

conjugated.tyramine. Next, the material was labeled with the anti-GAD65/67 mouse

antibody, which was detected with an Alexa 647 secondary antibody. ChR2-Venus was

directly visualized as yellow, TH-ir as blue, and GAD65/67-ir as far red.

HSV1-H129-LStdT detection in VGAT-iCre/GFP mice—Sections were labeled with

the anti-TH antibody as above. GFP and tdTomato were directly visualized as green and red

fluorescence.

Image acquisition and processing

Widefield microscopy—Images were obtained on an Olympus IX70 microscope

equipped with an X-Cite illuminator (Lumen Dynamics Group Inc. Mississauga, Ontario,

Canada) and a Photometrics Cool-Snap FX camera (Photometrics, Inc. Tucson, AZ) using

IPLab software (Scanalytics, Rockville MD).
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Confocal Microscopy—Fluorescent labeling was detected in representative sections

using a Zeiss LSM510 confocal microscope (Zeiss USA, Thornwood NY) in the NINDS

Intramural Light Imaging Facility. High magnification images were obtained with a 63X oil

objective at 1024 X 1024 pixels (0.14 μm/pixel). Selection of image planes was performed

using Volocity (Improvision, Waltham MA). To illustrate cell labeling Z-stacks were

projected as overlays. Single optical sections are shown for illustration of fiber and puncta

labeling. To quantitatively evaluate colocalization between BDA and GAD65/67-ir, we used

the “Quantification” algorithm in Volocity and single optical sections in which BDA was

visualized with pacific blue (excitation wavelength 405 nm) and GAD65/67-ir with Alexa

647 (excitation wavelength 650 nm). The maximum and minimum thresholds were set once

manually for each channel and the automatic threshold created by the algorithm was used

for subsequent images. The “Generate colocalization” command applies Pearson's

correlation to calculate colocalization coefficients (My and Mx) that describe the number of

pixels over threshold in one channel that colocalize with pixels over threshold in the other

channel (Barlow et al., 2010). The results are presented as percent colocalization.

Non-adjacent sections from four animals were used to estimate the number of amygdalar

GAD67 projection neurons. The two sections identified at each level had at least 60 μm

between them. At the magnification used the full thickness of the section was visualized.

Only cells with a clearly visible cell body outline around cell's nucleus were counted. The

Lindersrom-Lang/Abercombie equation for estimation of true number of objects in 3-D

segments was applied (Abercrombie, 1946; Hendreen, 1998). The cell counts are presented

as average per animal plus/minus standard deviation.

Image presentation—Images were transferred from the acquisition software directly or

following image plane selection in Volocity to Adobe Photoshop (Adobe Systems Inc, San

Jose CA). Contrast and intensity were adjusted and colors changed by moving entire images

to different channels. No manipulation of individual image elements was performed.

Results

We identified GABAergic neurons by GFP expression in heterozygous animals from a

mouse line in which GFP replaces the sequence of the first coding exon of the mouse

GAD67 gene, referred to as GAD67-GFP mice. Expression of GFP by GABA neurons in

this line has been well documented (Tamamaki et al., 2003; Brown et al., 2008; Suzuki and

Bekkers, 2010; Wang and Bradley, 2010). The mice we worked with are several generations

removed from the characterized animals. To confirm the appropriate pattern of GFP

expression we first looked at the overall pattern of GFP expressing cells (data not shown).

This was similar to that observed previously for GAD67 mRNA by in situ hybridization

histochemistry in rat (Esclapez et al., 1993), to that shown for mouse in the Allen Mouse

Brain Atlas (Allen, 2009), and for GFP expression in this mouse line in previous studies

(Tamamaki et al., 2003). We also performed double labeling using antibodies to GFP and to

calbindin and neuropeptide Y. Almost all of the calbindin.ir and neuropeptide Y-ir cells in

the amygdala contained GFP-ir (data not shown).
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We examined the distribution of GFP expressing cells in the amygdala in more detail

(Figure 1). Large numbers of GFP-ir cells were present throughout the amygdala. The

centromedial, centrocentral, and centrolateral subnuclei of the CAmy had a much greater

density of GFP-ir cells than the neighboring basolateral and lateral nuclei. The greatest

density of GFP-ir cells was in densely packed clusters wedged between the CAmy and

basolateral nucleus and lateral to the basolateral nucleus that correspond to recently

described paracapsular cell groups (Marowsky et al., 2005). We estimated the proportion of

neurons in the CAmy that were GABAergic by double labeling with the neuronal nuclear

marker NeuN and counting the numbers of labeled cells at one representative level, – 1.34

mm from bregma. The average number of NeuN immunopositive (NeuN-ir) neurons in the

CAmy in one hemisection at this level was 623 ± 26.1 and the average number of GFP-ir

expressing neurons was 240 ± 16.6, with counts performed on 8 sections from four animals.

Thus, at this representative level, 38.6% ± 3.1 of the CAmy neurons defined by NeuN-ir

were GABAergic as defined by GFP expression in this GAD67-GFP knock-in mouse.

To label neurons that project to the LC we performed unilateral iontophoretic injections of

the retrograde tracer FG into the nucleus in GAD67-GFP mice. In each of the cases used for

analysis FG covered the LC proper (defined as the region of dense TH-ir neurons adjacent to

the floor of the 4th ventricle) and the Peri-LC dendritic zone (defined as the areas

immediately adjacent to the LC proper that contain TH-ir dendrites). FG also spread, with a

small amount of variability between cases, into closely adjacent areas that included parts of

the Barrington nucleus medially and parts of the mesencephalic trigeminal nucleus and

medial parabrachial nucleus laterally (Figure 2). Retrogradely transported FG filled cell

bodies of neurons in many forebrain areas that have been documented in rat, cat, and

monkey to project to the LC proper or Peri-LC dendritic zone, including the CAmy, PLH,

anterior hypothalamic area, PVN, arcuate nucleus, bed nucleus of the stria terminalis, and

sensory cortex (see Discussion).

The CAmy contained a large population of retrogradely filled neurons. All subdivisions,

centromedial, centrocentral, and centrolateral, contained FG-ir labeled neurons. The number

of FG-ir neurons varied with the rostral-caudal level (Figure 3). At each level many of the

retrogradely labeled cells contained GFP. Cell counts from the entire CAmy were made at

three levels (– 1.06 mm, −1.34 and – 1.58 mm from bregma, two non-consecutive

hemisections per level) for a total of six sections per animal from four animals. There was an

average of 71 ± 20 FG-ir and 215 ± 15.4 GFP-ir neurons on the side ipsilateral to the

injection. An average of 13.7% (28 ± 9.8) of the GFP-ir neurons contained FG while 39.4%

± 7.3 of the FG-ir neurons contained GAD67-GFP-ir. Thus about 40% of the neurons

projecting from the CAmy to the LC appear to be GABAergic. Cells containing FG-ir and

not GFP-ir and many containing only GFP-ir were intermixed with the double.labeled cells

(Figure 3J to L). The side contralateral to the injection contained only a few FG-ir neurons,

and these cells did not contain GFP (Figure 4).

The PLH also contained a considerable population of retrogradely labeled cells following

FG injection into the LC (Figure 5). The average number of FG labeled neurons in the PLH

evaluated in two non-consecutive sections −1.58 mm from bregma was 87 ± 15.8, the

average number of GFP-ir neurons was 225 ± 19 and the number of FG/GFP-ir colocalized
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neurons was 26 ± 4.4. Thus, in the PLH, about 11.9% ±7.5 of the GABAergic neurons on

the ipsilateral side appear to project to the LC and 30.5% ± 4.5 of the LC projecting cells are

GABAergic. The PLH contralateral to the injection site also contained FG labeled neurons

but their population was much smaller than the ipsilateral group and was confined to the

dorsomedial part of the nucleus (Figure 5).

In the hypothalamic area, the ventromedial and ventrolateral preoptic nuclei, medial preoptic

area, anterior hypothalamic area, lateral preoptic area, lateral hypothalamic area and bed

nucleus of the stria terminalis contained retrogradely labeled cells after iontophoresis of FG

into the LC (Figure 6). The number of FG-ir labeled cells in these areas did not reach the

number of FG-ir labeled cells in the CAmy and PLH. They were strictly ipsilateral to the

injection site. High power images showed a number of GAD67-GFP/FG-ir coexpresing cells

in each of these areas (Figure 7). The PVN (Figure 8), arcuate nucleus and somatosensory

cortex also showed FG-ir positive cells but without any colocalization with GFP-ir.

Numerous FG labeled cells were also present in medullary nuclei including the nucleus

prepositus, lateral paragigantocellular nucleus and neighboring ventral gigantocellularis

nucleus (not shown). This observation is consistent with previous studies in other species

(Aston-Jones et al., 1991; Luppi et al., 1995).

To confirm the projection of CAmy and PLH GABAergic neurons to the LC we injected the

anterograde tracer BDA into the CAmy and PLH (Figure 9) in GAD67-GFP knock-in and in

wild-type mice. Representative brain sections were double labeled for BDA and GAD65/67-

ir, or BDA and GFP-ir, or triple labeled for BDA and GAD65/67-ir and TH-ir. The LC

received BDA containing fibers from both the CAmy and the PLH injections. Following

BDA injections into the CAmy, BDA containing fibers followed an ipsilateral descending

pathway that occupied somewhat lateral parts of pontine tegmentum in the area of the

parabrachial nucleus and LC, and after that reached the nucleus gigantocellularis ventrally

and the nucleus of the solitary tract most distally. This general pattern of brainstem labeling

by anterograde tracers injected into the CAmy has been well described in rat, cat, and

monkey (Hopkins and Holstege, 1978; Price, 1986; Luppi et al., 1995; Van Bockstaele et al.,

1996). The most intensely labeled BDA fibers projecting from the CAmy appeared in the

region of the medial parabrachial nucleus closely adjacent to the laterodorsal edge of the LC.

Sparser, in comparison to the fibers in medial parabrachial nucleus but still numerous, BDA

labeled fibers were also present in the area of the TH-ir cell bodies of the LC proper and

dispersed among the TH-ir dendrites medial and medioventral to the nucleus, in the Peri-LC

dendritic zone (Figure 9 B and C). The mouse LC area has not been described precisely but

the areas that receive the bulk of the CAmy efferents may correspond to lateral and

rostromedial Peri-LC dendritic zones described in rat (Shipley et al., 1996). BDA injection

into the PLH also labeled a number of efferent fibers in the LC area. Overall, the highest

fiber concentration was in the ventrocaudal region of the brainstem around the nucleus

gigantocellularis. BDA fibers projecting from the PLH were concentrated at the lateral

border of LC and throughout the medial parabrachial nucleus with somewhat fewer fibers

traversing the nucleus and reaching the Peri-LC rostroventral to the nucleus (Figure 9 E and

F).
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Next, we focused our attention on the efferent BDA fibers that reached the LC and the Peri-

LC dendritic zone, and their possible interaction with TH-ir neurons and dendrites (Figure

10A, B and C). The Peri-LC zone is subdivided into rostromedial paracoerulear,

juxtaepidymal and lateral regions in rat (Shipley et al., 1996). High magnification confocal

images from the LC proper showed BDA containing fibers closely adjacent to TH-ir neurons

(Figure 10D, E and F). Some of the BDA containing fibers had points of apparent contact

with TH-ir dendrites in an area that may correspond to the rat rostromedial paracoerulear

region (Figure 10G, H and I), demonstrated by colocalized pixels in single optical sections,

consistent with the possibility of synaptic contacts between amygdalar efferents and TH-ir

dendrites (Figure 10J, K and L). Double labeling also showed that some of the BDA positive

fibers in the LC contained GAD65/67-ir in wild-type (Figure 11A to F) and GFP-ir in

GAD67-GFP knock-in (Figure 11G to L) mice. An average of 26.9% ± 3.8 of the BDA

pixels colocalized with GAD65/67-ir (see Methods for the colocalization procedure). A few

puncta in which labeling for BDA, GAD65/67-ir, and TH-ir overlapped were scattered

through the Peri-LC zone (Figure 12). These may represent anterogradely labeled

GABAergic fibers in close approximation to noradrenergic dendrites. Because fine axonal

processes and terminals might be better visualized using a membrane protein as a marker

than BDA we also injected an adeno.associated virus that encodes a fusion of

channelrhodopsin-2 with the fluorescent protein Venus into the CAmy. ChR2-Venus

containing fibers were present in the LC and Peri-LC zone with a pattern similar to that from

BDA labeling (Figure 13). Many of the ChR2-Venus containing fibers were colocalized

with GAD65/67-ir (Figure 13 C to F) and number of points of triple localization, Venus +

GAD65/67-ir + TH-ir, could be identified (Figure 13 G to K). Because the results were

qualitatively similar to those from BDA labeling we did not inject enough animals for

quantitation of colocalizations.

To examine the possible direct connection of amygdalar and hypothalamic GABAergic

axonal terminals with LC noradrenergic neurons we performed transneuronal anterograde

tracing experiments. The H129 strain of HSV1 travels between neurons in an exclusively

anterograde direction (Sun et al., 1996; Garner and LaVail, 1999; Szpara et al., 2010). David

Anderson's group recently modified this virus so that it expresses the red fluorescent protein

tdTomato following activation by Cre recombinase (Lo and Anderson, 2011). We injected

this modified virus, HSV1-H129-LStdT, into the CAmy and PLH of VGAT-iCre/LSGFP

mice in which GABAergic neurons express Cre recombinase and contain GFP (Figure 14).

The spread of virus derived tdTomato was determined after 24, 48 and 72 hours for CAmy

injections and 48 and 72 hours for PLH injections. A few tdTomato labeled cells were

visible at the amygdalar injection site at 24 hours. Only one other very small group of

labeled neurons, in the ipsilateral suprachiasmatic nucleus, was detected at this time

anywhere in the brain. The number and the distribution of labeled neurons increased by 48

hours post injection, where in addition to the suprachiasmatic nucleus, tdTomato expressing

neurons were found in the median preoptic nucleus, medial preoptic area, bed nucleus of the

stria terminalis, lateral hypothalamus, arcuate nucleus, subparafascicular thalamic nucleus

and periaqueductal gray. The labeling was almost exclusively on the injected side of the

brain. There was no tdTomato in the LC area 24 and 48 hours post injection. tdTomato

appeared in the LC 72 hours after HSV1-H129-LStdT injection into the CAmy (Figure 14 C
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and D). LC neurons throughout the nucleus contained the viral marker in their soma and

fibers. Many TH-ir neurons were labeled with tdTomato. Viral labeling was also observed in

the contralateral LC as well as in non.adrenergic cells of the ipsilateral medial parabrachial

nucleus (Figure 14E and F). The tracer did not label GABAergic neurons, identified by GFP

expression in these VGAT-iCre/LSGFP mice, in the Peri-LC dendritic zone (Figure 14 E

and F; G to J) or in the area closely adjacent to the LC (Figure 15). The very caudal part of

the LC contralateral to the injection was also unlabeled at the 72 hour time point and no

labeling was observed in regions caudal to the LC at this last time point.

Injection of HSV1-H129-LStdT into the PLH of VGAT-iCre/LSGFP mice labeled neurons

at the injection site and in the zona incerta, dorsomedial hypothalamic, ventromedial

hypothalamic and a few in the arcuate nucleus at 48 hours, but did not label the LC at this

time point. A few labeled neurons were found in the median preoptic nucleus, medial

preoptic area, around the PVN, and in the bed nucleus of the stria terminalis, periaqueductal

gray and dorsal raphe nucleus at 72 hours. The LC nuclei bilaterally and the ipsilateral

CAmy contained the greatest amount of tracer labeling 72 hours post injection. The pattern

of LC labeling after PLH injection (Figure 16) was different from the CAmy injection.

tdTomato was present both in LC TH-ir neurons (Figure 16 C to F) and also in GABAergic

neurons in distal parts of the medial Peri-LC dendritic zone (Figure 16 G to J). The medial

parabrachial nucleus did not contain label after this injection. Similar to CAmy injection,

GABAergic neurons that closely surround the LC were also unlabeled (Figure 16 C to F)

and the LC was the most caudal labeled nucleus after 72 hours.

A control injection of HSV1-H129-LStdT into the lateral part of the ventral posteromedial

thalamic nucleus of a VGAT-iCre/LSGFP mouse labeled multiple cells that were

exclusively in thalamic nuclei ipsilateral to the injection site. Not a single labeled neuron

was found outside the thalamus 72 hours after the injection.

Discussion

Using mice that express GFP in GABAergic neurons we identified major GABAergic

projections from the CAmy and PLH to the LC and the adjacent Peri-LC dendritic zone. The

large number of GABAergic projection neurons from these regions is in striking contrast

with lack of GABAergic innervation from the other forebrain areas that provide input to the

LC such as the hypothalamic PVN and cerebral cortex. Using the conventional tracer BDA

and adeno-associated virus expressing ChR2-Venus we observed that GABAergic fibers

originating in the CAmy reached the LC and possibly made contact with TH dendrites in the

surrounding dendritic zone throughout rostrocaudal extent of the LC, as well as within the

Peri-LC dendritic zone. Direct connection of GABAergic projection neurons with

noradrenergic LC neurons was strongly supported by results from infection of these cells

following injection of the anterograde transneuronal tracer HSV1-H129-LStdT into the

CAmy and PLH. This tracer labeled LC noradrenergic neurons but not GABAergic

interneurons or non-GABAergic neurons in the Peri-LC zone.
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Technical considerations

Proper injection placement is critical in anatomical tracing studies. More then one-third of

the LC injected animals were excluded because the injection sites were outside the

anatomical borders of the target nucleus. Even among the cases with properly positioned

injections, with the end of the pipette track within the LC proper, a halo of FG extended

medially into parts of the Barrington nucleus and laterally into the mesencephalic nucleus of

the trigeminal nerve. The Peri-LC dendritic zone, which receives the majority of LC

efferents merges into or overlaps with parts of the Barrington, medial parabrachial, and the

mesencephalic trigeminal nucleus (Shipley et al., 1996) so we cannot completely exclude

the possibility that some of the retrogradely labeled neurons actually innervate cells in these

adjacent regions. However, the only part of the Barrington nucleus that contained labeled

fibers following anterograde tracer injection into the CAmy was the region of potential

overlap with the Peri-LC dendritic zone, suggesting that the majority of cells identified by

retrograde tracer injection target LC neurons. Consistent with our observations, anterograde

tracer injections into the CAmy and lateral hypothalamus performed by the Allen Brain

Project produced patterns of LC area labeling identical to ours (available online http://

www.brain.map.org/, section “Mouse Connectivity”, experiment 120281646 and experiment

11732771).

A second technical consideration is the validity of GFP expression by GAD67 synthesizing

GABAergic neurons. Several previous studies have documented the GABAergic features of

the GFP expressing neurons in the mouse line used (Brown et al., 2008; Suzuki and

Bekkers, 2010; Wang and Bradley, 2010). GFP colocalized with several markers of GABA

neurons including GAD67, calretinin, parvalbumin and somatostatin (Tamamaki et al.,

2003). We confirmed some of these findings for the mice we used by double

immunolabeling for GFP and calbindin and neuropeptide Y. Almost all calbindin.ir and

neuropeptide Y-ir neurons in the amygdala coexpressed GFP-ir (data not shown). Also,

puncta with GAD65/67-ir matched well with GFP-ir fibers after immunolabeling of

hypothalamic and pontine sections (data not shown).

Our estimate that 30-40% of CAmy and PLH neurons that project to the LC are GABAergic

is subject to several caveats. First, it is possible that not all GABAergic neurons express

GAD67. Definitive studies evaluating the extent to which GABAergic neurons express both

GAD65 and GAD67 have not been reported, and the identification of retrogradely labeled

GABAergic neurons in this study relies on a marker driven by the GAD67 promoter, so it is

possible that some GABA neurons were not visualized. However to our knowledge the only

significant neuronal populations demonstrated to contain GAD65 and not GAD67 are the

juxtaglomerlular cells in the olfactory bulb (Kiyokage et al., 2010), and in some areas

complete overlap is documented (Esclapez et al., 1993). Also, the number and pattern of

GFP containing cells in the amygdala appeared to be the same in the GAD67-GFP and

VGAT-iCre/LSGFP mice (not shown). Second, estimates of the fraction of projection cells

that are GABAergic are valid to the extent that different classes of projection neurons take

up FG equally. It is worth noting that in one set of previous studies using cholera toxin B

subunit for retrograde labeling in rat a CAmy projection to the LC area was not observed

(Luppi et al., 1995). We speculate that this reflects selectivity in the neurons that take up or
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transport cholera toxin under the conditions used, although we cannot exclude species

differences or limited spread of the cholera toxin to the Peri-LC dendritic zone. It is not

possible to extrapolate to the total number of NeuN-ir, GABAergic, or projection neurons in

the CAmy because of the stringent criteria we used for selecting cells, incomplete labeling

of projection cells by the tracer, and sampling at only three levels along the rostro-caudal

axis which does not address the complex shape of the nucleus and potential variation in

properties along this axis. However, based on the neurons observed it appears that at least

several hundred neurons project from the CAmy and PLH to the LC. It seems likely that

some of the GAD67-GFP negative neurons projecting from the CAmy to the LC use other

transmitters that have been identified in the CAmy, including coricotropin releasing

hormone, somatostatin, neurotensin and substance P (Moga and Gray, 1985; Shimada et al.,

1989).

Sensory cortex projections to LC

Retrograde labeling of a small but well-defined group of non-GABAergic cells in the

sensory cortex was unexpected. However, these sensory cortex projection neurons were

found in all animals with proper injection sites. Projections from the medial prefrontal

cortex to the LC are well described in rat (Luppi et al., 1995; Lu et al., 2012) and the study

by Luppi et al also mentions labeled neurons in the somatosensory cortex corresponding to

the lower limb. The Allen Brain Project has performed a series of anterograde tracer

injections and made the images available via their website (http://connectivity.brain-

map.org/). BDA injection into the somatosensory cortex of the trunk (case 10014655 and

case 100141495) and lower limb (case 114292355 and case 112229814) of C57 mice labels

projection fibers in the LC dendritic zone with occasional fibers in the LC proper. BDA

injections into the somatosensory cortex of the mouth (case 112936582) and barrel field

(112882565) showed very few but still clearly visible fibers reaching LC area. While the

possibility that the FG labels fibers of passage cannot be completely excluded the

observation that the anterogradely labeled fibers in this region do not travel much further

caudally than the LC is consistent with them terminating there. The function of these

projections and whether they are significant in other species remains to be determined.

Connection of GABAergic projection neurons to LC principal neurons

Our BDA and ChR2-Venus experiments do not explicitly address whether GABAergic

projections from the CAmy, anterior hypothalamus and PLH make synaptic contacts with

LC TH dendrites, since the defining morphological features of synapses are below light

microscope resolution. We show that fibers that arise in the CAmy and PLH in which BDA

is with colocalized GAD65/67-ir, or GFP in GAD67-GFP knock-in mice, are abundant in

the LC and Peri-LC dendritic zone. Fibers that contain BDA or ChR2-Venus and

GAD65/67-ir appear, at the limit of light microscope resolution, to contact TH-ir processes,

which is consistent with the possibility of GABAergic projections from the CAmy

synapsing with LC TH neurons. Support for synaptic connection was provided by HSV1-

H129-LStdT labeling of LC neurons. HSV-H129 is documented to transfer from one neuron

to another in a strictly anterograde direction (Sun et al., 1996; Garner and LaVail, 1999;

Szpara et al., 2010). The tdTomato marker requires activation by Cre recombinase (Lo and

Anderson, 2011) so red fluorescence appears in infected Cre expressing neurons or cells that
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are infected from the Cre expressing neurons. While the virus can spread through multiple

connected neurons, the time of LC labeling after the injections supports direct labeling of

LC principal neurons from CAmy GABAergic neurons. Most other labeled forebrain areas

were more distant form LC than the injection sites in the CAmy and PLH. Only the

periaqueductal gray and dorsal raphe were closer to the LC but even at the 72 hour time

point these two nuclei contained only very few scattered labeled neurons, far fewer than the

large labeled population of the LC and surrounding area. It is unlikely that virus from CAmy

injections reached the LC via the PLH because PLH injection resulted in a different labeling

pattern and required 72 hours to label the LC. Interestingly, a viral injection into PLH labels

the LC bilaterally and the ipsilateral CAmy after 72 hours, which would be possible only if

the LC and CAmy were at similar axonal distances from PLH. Since there is a GABAergic

projection from the CAmy to the LC with terminals that are adjacent to dendrites of TH-ir

neurons, and TH-ir but not GABAergic cell bodies in the LC area contain the viral label, the

data strongly support direct connection between CAmy GABAergic projection neurons and

LC principal cells. Direct connection between PLH GABAergic and LC noradrenergic

neurons also seems likely, because many more TH-ir neurons than GABAergic neurons

contain label and the small number of labeled GABAergic neurons are in the most distal part

of the Peri-LC dendritic zone, but a small amount of transfer between the populations cannot

be completely excluded.

CAmy and bed nucleus of the stria terminalis projections to the LC that form inhibitory

synapses with TH dendrites, based on a characteristic asymmetric structure observed by

electron microscopy, have been described in rat but the nature of their transmitter was not

established (Van Bockstaele et al., 1996; Van Bockstaele et al., 1999). GABAergic

projections from ventrolateral preoptic nucleus to LC also have been suggested (Sherin et

al., 1998; Lu et al., 2008) which is consistent with the FG/GAD67-GFP positive neurons in

the same area observed in this study. A strong inhibitory input to TH dendrites that includes

GABA and enkephalin as transmitters has been described, part of which originates in the

brainstem (Van Bockstaele, 1998), but the origins of other parts have not been established. It

seems likely that some of the BDA/GAD65/67-ir and BDA/GFP fibers documented here are

a part of an inhibitory pathway to the LC that originates as FG/GAD67-GFP-ir neurons in

the PLH and CAmy. The HSV1-H129-LStdT labeling of the LC proper but not of the

GABA neurons in the adjacent Peri-LC area shows that the noradrenergic LC neurons are

likely a direct target of these forebrain GABAergic projections. It is important to note that

the cellular targets of neurons in other regions labeled by LC injected FG is not established

and could be any of the neurons with cell bodies or dendrites in the area.

Another observation made in this study is that FG injections into LC retrogradely labeled

many more cells in the CAmy, PVN and anterior hypothalamic nuclei on the injection side

while anterograde labeling with HSV1-H129-LStdT injected into the CAmy produced

labeling in the LC bilaterally. This suggests that there may be a small projection from the

CAmy to the contralateral LC which becomes obvious using this method because even a

very small amount of virus transfer produces a strong signal as the virus rapidly replicates.

We found light contralateral LC labeling in cases of BDA CAmy injection, consistent with a

small bilateral projection (not shown). These observations illustrate the sensitivity of circuit
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tracing with a replicative virus but also show that caution must be used when interpreting the

results quantitatively.

Functional implications of forebrain GABAergic projections

Amygdalar functions include coordination of emotional responses to stressful stimuli and

part of this coordination is funneled through effects of the amygdala on the LC. Excitatory

corticotrophin releasing factor projections from the CAmy to the Peri-LC dendritic zone

have been described in rat (Van Bockstaele et al., 1996; Reyes et al., 2011). An inhibitory

enkephalin signal arriving from the brainstem is also described (Van Bockstaele, 1998).

These opposing influences very likely shape the active and passive coping behavior typical

in stress responses. Another neuropeptide, neuropeptide-Y, exerts its anxiolytic activity via

CAmy GABA neurons, some of which have been suggested to project to the LC (Tasan et

al., 2010). Based on the large number of GABA neurons in the CAmy (Poulin et al., 2008),

the presence of asymmetric, presumably inhibitory, synapses of amygdalar projection fibers

on TH dendrites (Van Bockstaele et al., 1996) and the fact that some functional effects of

amygdalar neurons require an inhibitory pathway to the brainstem, the existence of

GABAergic projections from the CAmy to the LC has been accepted for some time

(Swanson and Petrovich, 1998; Tasan et al., 2010). Our retrograde and anterograde

experiments and use of GAD67-GFP expressing transgenic mice authenticate this putative

inhibitory pathway in mice.

Multiple studies describe LC neurons as a central part of sleep-wake cycle circuitry. The

neurons are excited during the wake state and are inhibited during sleep (Gompf and Aston-

Jones, 2008). The existence of GABAergic neurons in the PLH that project to the LC has

been suggested by studies of sleep but their existence was not structurally established

(Verret et al., 2006; Hassani et al., 2010). Excitatory orexin and inhibitory melanin

concentrating hormone neurons in the PLH exert their sleep-wake modulatory function, at

least in part, by regulation of LC activity (Horvath et al., 1999). Some of the PLH melanin

concentrating hormone neurons use GABA as a cotransmitter (Meister, 2007). Ventrolateral

preoptic nucleus inhibitory input to LC has been established as a major factor for LC

inhibition during sleep and loss of consciousness during anesthesia (Steininger et al., 2001;

Gaus et al., 2002; Lu et al., 2008). A number of the GABAergic projection neurons

described here may belong to this sleep-wake circuitry and inhibit the LC during sleep.

Modulation of LC effects on autonomic functions, conveyed by a robust efferent connection

from the PVN is well established. Corticotrophin releasing factor is a transmitter in this

projection (Valentino et al., 1992; Reyes et al., 2005) and corticotrophin releasing factor/

glutamate terminals synapsing with TH dendrites have been demonstrated by electron

microscopy (Valentino et al., 2001). Only 2% of the projections from the PVN to LC were

found to contain the inhibitory neurotransmitter enkephalin (Reyes et al., 2005). These

studies in rat are complemented by our findings in mouse, where the vast majority of PVN

neurons that innervate the LC were GAD67-GFP negative and only a few isolated PVN

projection neurons were GAD67-GFP positive. This suggests that in mouse, as in rat, the

PVN output to LC is mostly excitatory. A potentially significant difference between rat and

mouse is that we observed almost exclusively unilateral projections from the PVN to LC in
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mouse, while in rat both sides project from the PVN to LC with very little difference

between the ipsilateral and contralateral sides (Aston-Jones, 2004). Further studies will be

required to determine whether these are strain-dependent, sex-dependant or species-

dependent phenomena. We observed that all of the CAmy subnuclei project to the LC area,

which is consistent with tract tracing studies in rat that show both centromedial (Veening et

al., 1984) and centrolateral (Petrovich and Swanson, 1997) projections to the brainstem,

although projections from the centromedial amygdala are described as more robust (Veening

et al., 1984) and are emphasized in most recent literature (e.g. (Tasan et al., 2010)).

Brainstem projections of both centrolateral and centromedial amygdalar GABAergic

neurons are also described in nonhuman primate (Jongen-Relo and Amaral, 1998). In rat

anterograde tracing showed centrolateral amygdalar projections to the medial parabrachial

nucleus but not the LC (Petrovich and Swanson, 1997). Our data in mouse would be

consistent with this if the retrograde labeling we observed in the centrolateral amygdala

came from the Peri-LC region that overlaps with processes of medial parabrachial nucleus

neurons, and the anterograde viral labeling in the medial parabrachial nucleus derived from

virus spread into the centrolateral nucleus. This projection does appear to be strictly

unilateral.

Our data shows that an inhibitory projection pathway containing the classic transmitter

GABA directly connects parts of the amygdala and hypothalamus with the LC area. This is

significant because it provides the structural basis for direct inhibitory modulation of

noradrenergic LC neurons by forebrain structures. Very likely these inhibitory projections

are part of the regulatory mechanisms for the sleep/wake cycle, stress responses, and other

central autonomic functions in which the LC plays a central role. The transgenic mice

characterized in this anatomical study are ideally suited for studies investigating the control

of locus coeruleus function.
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Figure 1.
Distribution of Green Fluorescent Protein (GFP) containing neurons in the amygdala of a

GAD67-GFP knock-in mouse. NeuN-ir (A) labels the entire neuronal population. Large

numbers of GFP-ir neurons (B) are present throughout the central amygdala, while much

smaller numbers are seen in the basolateral amygdala, and lateral amygdala. Panel C

contains a merged image. Abbreviations: BLA – basolateral amygdala, CeC – centrocentral,

CeL – centrolateral amygdala, CeM – centromedial amygdala, CPu – caudate putamen, LA

– lateral amygdala. – 1.46 mm to bregma. Scale bar = 200 μm.
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Figure 2.
Position of fluorogold (FG) injection sites in the locus coeruleus (LC). Panel A shows a

coronal section through the dorsal pons with the LC and adjacent anatomical structures. The

visible neurons and fibers are from native GFP fluorescence of the GAD67-GFP knock-in

mouse. Panel B shows a FG injection site and the radius of tracer diffusion. Panel C is a

schematic drawing from “The mouse brain in stereotaxic coordinates”, (K. Franklin at al.,

2008) that shows the four injection sites in different shades from animals included in the

analysis of LC afferents. The three Xs indicate the injection sites of animals that were

excluded from analysis. Abbreviations: 4V – fourth ventricle, 7N – seventh cranial nerve,

Bar – Barrington nucleus, LC – locus coeruleus and MPB – medial parabrachial nucleus.

Scale bar = 500 μm.
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Figure 3.
Distribution of GAD67 expressing cells in the central amygdala (CAmy) that project to the

LC. Panels A-C show GAD67-GFP-ir neurons at three coronal levels. Panel D-F

(corresponding to the panels just above) show FG-ir labeled neurons in the CAmy after FG

injection in the LC. Numbers indicate the distance from bregma. Panels G-I contain merged

images of the two panels above them. The largest number of FG containing neurons and FG-

ir neurons that colocalize with GAD67-GFP-ir is in the middle section of the CAmy (B, E

and H) and the lowest number is in the anterior section (A, D and G). Panels J-L are high

magnification images of LC injected FG in centromedial amygdalar GAD67-GFP-ir

neurons. Arrows in panel J point to neurons in the centromedial amygdala that coexpress

GAD67-GFP-ir and FG (panel K). An arrowhead points to a cell that contains only FG and

an indented arrowhead to a neuron with only GAD67-GFP-ir. Panel L contains a merged
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image. Abbreviations: BLA –basolateral amygdala, CeC - centrocentral amygdala, CeL –

centrolateral amygdala, CeM – centromedial amygdala. Scale bar = 500 μm for A to I and

scale bar = 20 μm for J to L.
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Figure 4.
The CAmy to LC projection is strictly ipsilateral. Panels A, B, and C show the right side and

panels D, E and F the left side of a single coronal section from an animal injected with FG

into the left LC. Only cells in the left CAmy contain significant FG signal. Panels A and D

show GAD67-GFP-ir neurons, panels B and E show FG-ir cells. Panels C and F contain

merged images. Abbreviations: BLA – basolateral amygdala, CeC – centrocentral amygdala,

CeL – centrolateral amygdala, CeM – centromedial amygdala. – 1.34 mm indicates distance

from bregma. Scale bar = 200 μm.

Dimitrov et al. Page 24

J Comp Neurol. Author manuscript; available in PMC 2014 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 5.
Distribution of GAD67 expressing cells in the posterior lateral hypothalamus (PLH) that

project to the LC. Panels A and D show GAD67-GFP-ir neurons and panels B and E show

FG containing neurons. Panel C contains a merged image on the side ipsilateral to the FG

injection with numerous neurons that contain both markers. A few double-labeled neurons

can be seen in the merged image on the contralateral side (F). In higher magnification

images from the ipsilateral side (G-I) colocalization of GAD67-GFP-ir (G) and FG-ir (H)

can be more clearly seen. Arrows point to neurons that coexpress GAD67-GFP-ir and FG-ir.

The arrowhead points to a cell that contains only FG and the indented arrowhead to a neuron

with only GAD67-GFP-ir. Abbreviations: ic – internal capsule, f – fornix, opt – optic tract,

PLH – posterior lateral hypothalamus, ZI – zona incerta. −1.58 indicates distance from

bregma. Scale bar = 200 m for A to F and scale bar = 20 μm for G to L.
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Figure 6.
Distribution of FG labeled cells in the anterior hypothalamic area after LC injection of FG.

Panels in the left column show GAD67-GFP-ir neurons and panels in the middle column

show FG containing neurons and the right column contains merged images. Many of the

cells in the ventromedial and ventrolateral preoptic nuclei (A-C), medial and lateral preoptic

areas (D-F), anterior hypothalamic area and lateral hypothalamus (G-I) and bed nucleus of

stria terminalis (J-L) that are retrogradely labeled after FG injection into the LC contain

GAD67-GFP-ir. Numbers indicated distance from bregma. Arrowheads point to the areas

presented as high power images in figure 7. Abbreviations: 3V – third ventricle, ac –

anterior commissura, AHA – anterior hypothalamic area, BNST – bed nucleus of stria

terminalis, ic – internal capsule, LH – lateral hypothalamic area, LPO – lateral preoptic area,

MPA – medial preoptic area, MnPO – median preoptic nucleus, SCh – suprachiasmatic
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nucleus, sm – stria medularis, VLPO – ventrolateral preoptic nucleus, VMPO –

ventromedial preoptic nucleus. Scale bar = 200 μm.
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Figure 7.
High power images of the anterior hypothalamic areas presented in figure 6. Panels in the

left column show GAD67-GFP-ir neurons, the middle panels show FG-ir and the right

panels are merged images. The arrows point to a double-labeled cells. Arrowheads point to

FG labeled cells in the same nuclei without visible colocalization of the GFP marker.

Abbreviations: BNST – bed nucleus of stria terminalis, LH – lateral hypothalamus, MPA –

medial preoptic area, VLPO – ventrolateral preoptic nucleus. Scale bar = 20 μm.
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Figure 8.
Distribution of FG containing cells in the hypothalamic paraventricular nucleus after

injection into LC. Panel A shows GAD67-GFP-ir neurons in the paraventricular nucleus and

anterior hypothalamus, panel B shows FG labeled paraventricular neurons and panel C is a

merged image. The retrogradely labeled cells in the paraventricular nucleus do not contain

GAD67-GFP-ir. Scale bar = 200 μm. Abbreviations: PVN – paraventricular hypothalamic

nucleus.
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Figure 9.
Anterograde labeling in the LC following CAmy and PLH injection of BDA. Panel A shows

a coronal section through the amygdala. An arrow points to a centromedial amygdalar

injection site. A white line delineates the CAmy. In Panel D an arrow points to the site of a

BDA injection into the PLH. A white line delineates the PLH. Anterogradely labeled fibers

are shown in the dorsal pons after BDA injection into the CAmy (B and C) and PLH (E and

F). The greatest fiber density is just lateral to the cluster of TH-ir LC neurons after both

injections. Both also show a lower density of fibers traversing the LC proper and some

fibers present in the rostromedial Peri-LC dendritic zone. Panels B and E show only labeling

of the BDA containing fibers. Panels C and F show BDA labeling and TH-ir cells.

Abbreviations: 3V – third ventricle, 4V – fourth ventricle, Bar – Barrington nucleus, BLA –

basolateral amygdala, CeL – centrolateral amygdala, CeM – centromedial amygdala, CeC –

centrocentral amygdala, DMH – dorsomedial hypothalamic nucleus, ic – internal capsule,

LC – locus ceruleus, MPB – medial parabrachial nucleus, MVe – medial vestibular nucleus,

opt – optic tract, Pir – piriform cortex, PLH – posterior lateral hypothalamus, scp – superior

cerebellar pedunculus, SuVe – superior vestibular nucleus, VMH – ventromedial

hypothalamic nucleus, ZI – zona incerta. – 1.34mm and – 1.58 mm indicate distance to

bregma in A and D; – 5.40 mm and – 5.68 mm indicate distance to bregma in B, C, E and F.

Scale bar = 500 μm for A and D and scale bar = 200 μm for B and C, E and F.
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Figure 10.
LC distribution of BDA labeled neuronal fibers projecting from the CAmy. The fibers are

densest in the LC dendritic zone, with fewer entering into the LC proper. The images are

from the brain with a CeAm BDA injection shown in figure 9A. Panels in the left column

show TH-ir, panels in the middle column show BDA labeling and the right column contains

merged images. Panels A-C show the LC proper and the rostromedial Peri-LC dendritic

zone. Panels D-F show a TH-ir neuron in the LC proper surrounded by BDA containing

fibers. Panels G-I show TH-ir positive fibers in the dendritic zone and apparently

colocalized BDA containing fibers. Panels J-L are a XYZ presentation (larger panel X-Y,

with Y-Z left and X-Z top) of a single optical section from the confocal Z stack in G-I.

Arrowheads indicate puncta with possible colocalization between TH-ir and BDA. The

arrow points to a TH-ir/BDA puncta with apparent colocalization, that is also shown in the

XYZ single optical section. Abbreviations: 4V – fourth ventricle, LC – locus coeruleus,

pLCrm – rostromedial pericoerulear region. Scale bar = 100 μm in uppermost panels, 20 μm

in the two middle panels and 5 μm in the lowest panels.
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Figure 11.
BDA labeled neuronal fibers projecting from the CAmy into the LC dendritic zone contain

GAD65/67-ir. Panels A to F are from a wild-type mouse after BDA injection into the

centromedial amydala. Panels A (GAD65/67-ir), B (BDA) and C (merged image) contain a

summed confocal Z stack of 10 optical sections collected with a step of 0.42 μm. Panels D-F

are a XYZ presentation of a single optical section from the Z stack in A-C. Overlap of

GAD65/67-ir and BDA appears white in the merged images in panels C and F. Arrowheads

indicate areas with apparent colocalization of GAD65/67-ir and BDA and indented

arrowheads point to puncta with only BDA labeling. The arrow points to a region of

apparent GAD65/67-ir and BDA colocalization that is shown at higher magnification in

single optical sections in the lower panels (larger panel X-Y, with Y-Z left and X-Z top).

Panels G to L are from a GAD67-GFP knock-in mouse with a centromedial amygdalar BDA
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injection. Panels G-I contain summed confocal Z stacks of 10 optical sections collected with

a step of 0.42 μm. Panels J-L are a XYZ (larger panel X-Y, with Y-Z left and X-Z top)

presentation of single optical sections from the Z stack in G-I. Panels G and J show GFP-ir

and panels H and K show BDA labeling. Panels I and L contain merged images.

Arrowheads indicate areas with possible colocalization of GFP-ir and BDA and indented

arrowheads point to puncta with only BDA labeling. The arrow points to an area containing

apparent GFP-ir and BDA co-labeling that is shown at higher magnification in single optical

sections in the lower panels. Scale bar = 20 μm in panels A-C and G-I panels and = 5 μm in

D-F and J-L.
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Figure 12.
High magnification image of anterogradely labeled CAmy fibers adjacent to TH-ir processes

in the LC. An example of possible colocalization between BDA (A), GAD65/67-ir (B) and

TH-ir (C) in the LC dendritic zone after injection of BDA in the CAmy is shown (arrow).

Panel D contains a merged image. Images are single optical sections presented as a XYZ

image (larger panel X-Y, with Y-Z left and X-Z top). Scale bar = 5 μm.
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Figure 13.
Channel rhodopsin 2 (ChR2).Venus adeno-associated virus injected into the CAmy labels

fibers in the LC. Panel A shows an injection site (arrow) that is concentrated in the

centromedial amygdala. The white line indicates the CAmy. Panel B shows ChR2-Venus

labeled fibers in the Peri-LC zone that are close to TH-ir positive neurons and fibers. ChR2-

Venus fibers (C) colocalize with GAD65/67-ir (D) and are dispersed among TH-ir dendrites

(E). Areas of overlap are indicated in the merged image (F, arrowheads). Possible

colocalization of all three markers (ChR2-Venus; GAD65/67-ir; TH-ir) in a single optical

section is shown in panels G (ChR2-Venus), H (GAD65/67-ir), I (TH-ir) and in J as a

merged image. The image is presented as a XYZ image (larger panel X-Y, with Y-Z left and

X-Z top). The arrow points to a puncta with possible colocalization between ChR2-Venus,

GAD65/67ir and TH-ir. Abbreviations: 3V – third ventricle, BLA – basolateral amygdala,

CeL – centrolateral amygdala, CeM – centromedial amygdala, CeC – centrocentral

amygdala, ic – internal capsule, opt – optic tract, Pir – piriform cortex. – 1.06 mm indicates

distance to bregma. Scale bar = 500 μm for A, 20 μm from B to F and scale bar = 5 μm for G

to K.
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Figure 14.
Transneuronal infection of LC neurons following CAmy injection of herpes simplex 1 virus,

strain H129 encoding Cre recombinase dependent tandem dimer Tomato fluorescent protein

(HSV1-H129-LStdT). GABAergic neurons in the injected mouse contain Cre recombinase

under control of the vesicular GABA transportr gene and a Cre recombinase activated GFP

reporter (VGAT-iCre/GFP). Panel A shows a coronal section that includes the amygdala. An

arrow points to the injection site and a white line delineates the CAmy. Panel B shows the

general distribution of tdTomato containing cells, GABAergic neurons and TH-ir neurons

and processes in the LC and Peri-LC zone 72 hours after virus injection. Panel C shows

tdTomato in the ipsilateral and panel D the side contralateral to the injection at higher

magnification, the images are taken from the same brain section. Panels E and F show viral

tdTomato labeling merged with TH-ir and GABAergic labeling. Arrows point to tdTomato
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containing TH-ir neurons in the LC. Arrowheads point to GABAergic neurons in the Peri-

LC zone. Cells containing viral tdTomao are clearly visible in the medial parabrachial

nucleus on side ipsilateral but not contralateral to the injection. At higher magnification

arrows in panels G (GABAergic neurons), H (TH-ir neurons), I (tdTomato containing cells)

and J (merged image) show overlap between LC TH-ir neurons and viral labeled cells while

indented arrowheads indicate GABAergic neurons with no indication of virus infection and

flat arrowheads uninfected TH-ir neurons. Abbreviations: 3V – third ventricle, 4V – fourth

ventricle, Bar – Barrington nucleus, BLA – basolateral amygdala, CeL – centrolateral

amygdala, CeM – centromedial amygdala, CeC – centrocentral amygdala, ic – internal

capsule, LC – locus ceruleus, MPB – medial parabrachial nucleus, opt – optic tract, Pir –

piriform cortex and scp – superior cerebellar pedincule. – 1.22 mm indicates distance to

bregma. Scale bar = 500 μm in A and scale bar = 200 μm in B, scale bar = 100 μm in C to F

and scale bar = 20 μm in G to J.
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Figure 15.
High magnification image of LC TH-ir neurons labeled with HSV1-H129-LStdT after

injection in the CAmy of a VGAT-iCre/GFP mouse. Panel A shows GFP expression, panel

B shows TH-ir positive neurons, panel C shows HSV1-H129-LStdT labeled cells and panel

D is a merged image. Arrows point to neurons that coexpress TH-ir and tdTomato from

HSV1-H129-LStdT. The arrowhead points to a neighboring GABAergic neuron without a

viral expression. Scale bar = 20 μm.
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Figure 16.
Transneuronal infection of LC neurons following PLH injection of aHerpes simplex 1 virus,

strain H129 encoding Cre recombinase dependent tdTomato 72 hours after the injection in a

mouse that expresses Cre recombinase and GFP in GABAergic neurons. Panel A shows a

coronal section in which an arrow points to the injection site within the PLH, which is

delineated by a white line. Panel B shows the general distribution of tdTomato containing

cells, GABAergic neurons and TH-ir in the LC area 72 hours the virus injection. Arrows in

panels C (GABAergic neurons), D (TH-ir neurons and processes), E (virus infected cells)

and F (merged image) indicate virus infected TH-ir neurons. An arrowhead indicates a non-

infected TH-ir neuron and indented arrowheads GABAergic neurons close to the LC core,

none of which are infected. In an image at the distal medial extent of TH containing

dendrites arrows in panels G (GABAergic neurons), H (TH-ir processes), I (tdTomato

containing cells) and J (merged image) show some GABAergic neurons with viral labeling

while the arrowhead indicates a virus labeled cell without TH-ir or GABAergic labeling.

Abbreviations: 4V – fourth ventricle, Bar – Barrington nucleus, DMH – dorsomedial

hypothalamic nucleus, ic –internal capsule, LC – locus ceruleus, LDT – laterodorsal

tegmental nucleus, MPB – medial parabrachial nucleus, opt – optic tract, VMH –

ventromedial hypothalamic nucleus, ZI – zona inserta. Scale bar = 500 μm in A, 200 μm in

B and scale bar = 20 μm for C to J.
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Table 1

Antibodies Used in This Study. Antibody specificity was verified by the absence labeling in animals not

injected with FG .

Antigen Immunogen Source Dilution

Green fluorescent protein Recombinant full-length protein AbCam, Chicken polyclonal,
ab13970

1:1000

Fluorogold Fluorogold Chemicon (Millipore), Rabbit
polyclonal, Ab153

1:2000

GAD65/67 Recombinant full length human GAD65-GST
fusion

Enzo Life Sciences, Mouse
mononclonal, mAb 9A6

1:2000

Tyrosine Hydroxylase Native rat tyrosine hydroxylase purified from
pheochromocytoma

Neuromics, Sheep polyclonal,
SO25000

1:1000 (indirect
immunofluorescence)
1:5000 (amplification
immunohistochemistry)

NeuN Purified cell nuclei from mouse brain Millipore, mouse
monoclonal, clone A60

1:500
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