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Abstract 

 

The Role of the Neuropeptide Galanin in Locus Coeruleus Degeneration  

By Genevieve Wilson 

 

The neuropeptide galanin, which is widely expressed in both the brain and periphery, appears to 

have both neuromodulatory and neurotrophic activity in the nervous system. In its neurotrophic 

role, galanin can convey a protective effect to neurons under some conditions, presenting a 

potential therapeutic target for various common neurodegenerative diseases such as Alzheimer’s 

Disease (AD) and Parkinson’s Disease (PD). The locus coeruleus (LC), the major noradrenergic 

nucleus in the brain, co-expresses galanin in about 80% of its neurons. The LC is one of the first 

regions to show signs of damage in neurodegenerative diseases such as AD, and galanin-containing 

LC neurons are relatively spared in AD compared to LC neurons that do not express galanin. 

Therefore, the goal of the present research was to further elucidate the potential neuroprotective 

role of galanin in response to LC damage. This work assessed whether genetic overexpression (Gal 

OX) or knockout (GalcKO-Dbh) of LC-derived galanin in mice altered the neurotoxicity induced by the 

LC-specific neurotoxin, DSP-4. DSP-4 was administered either acutely (1 injection) or chronically (5 

injections over three months). LC neuron and fiber integrity were assessed in the LC and several of 

its forebrain targets using immunohistochemistry for the norepinephrine transporter (NET). 

Microglial activation was also assessed using immunohistochemistry for ionized calcium binding 

adaptor molecule 1 (IBA-1), a protein expressed in microglia which is upregulated during microglial 

activation. In general, chronic DSP-4 caused more damage to LC neurons than acute DSP-4, and the 

effects were similar between genotypes. However, there was a consistent trend for a greater 

reduction of NET immunoreactivity and a failure to increase IBA-1 in GalcKODbh mice following acute 

DSP-4 administration, suggesting that endogenous galanin protects LC neurons against neurotoxin-

induced degeneration under certain conditions, potentially via a microglial mechanism. Future 

work should further elucidate the role of galanin in response to LC damage by exploring its 

relationship to microglial pro- and anti-inflammatory activity. 
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1 

The Role of the Neuropeptide Galanin in Locus Coeruleus Degeneration 

By Genevieve Wilson 

 

Introduction 

The locus coeruleus (LC) is a brainstem nucleus which is implicated in several 

neurodegenerative diseases. It is thought to be one of the first areas in which protein 

aggregates build up and cause neuronal dysfunction and death in the early stages of diseases 

such as Alzheimer’s Disease (AD) and Parkinson’s Disease (PD) (Braak and Del Tredici, 2012, 

2013; Haglund et al., 2006). Furthermore, damage to the LC has been shown in animal models 

to exacerbate the disease process in connected brain regions via tau and amyloid beta 

(Jardanhazi-Kurutz, D. et al., 2010; Chalermpalanupap et al., 2018). While the LC is the brain’s 

main source of norepinephrine (NE), it also produces other neuromodulators that have been 

much less widely studied (Sara, 2009). Galanin is one such neuropeptide co-expressed with NE 

in about 80% of LC neurons (Schwartz and Luo, 2015; Weinshenker, 2018). While previous 

studies have shown that galanin has a neuroprotective role in instances of damage to the 

nervous system, the role of galanin in protecting LC neurons from damage has not been 

explored in much depth. A better understanding of galanin’s function in instances of LC damage 

could lead to improved understanding of neurodegenerative diseases in which the LC is a key 

structure.  Moreover, galanin’s neuroprotective capabilities may offer an avenue for future 

preventative therapies. 
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The Locus Coeruleus 

 

Anatomy and Connectivity  

The locus coeruleus (LC) is a small, tightly-packed bilateral nucleus in the rostral pons of the 

brainstem, caudal to the tectum of the midbrain. The so-called “blue spot,” LC neurons are 

pigmented with neuromelanin made from norepinephrine (NE) metabolites, heavy metals, 

proteins, and lipids. Excluding the basal ganglia, the LC projects to most areas of the brain, 

including the amygdala, hypothalamus, cerebellum, spinal cord, cerebral cortex, and 

hippocampus (Figure 1) (Swanson and Hartman, 1975; Oleskevich, Descarries, and Lacaille, 

1989). Information is consolidated in the LC, with inputs coming mainly from the medulla, 

prefrontal cortex, and hypothalamus (Schwartz et al, 2015). With widespread connections and 

the prevalence of NE in the brain, the LC plays a role in regulating many important processes 

such as memory, attention, arousal, stress responses, and mood (Aston-Jones and Cohen, 2005; 

Samuels and Szabadi, 2008; Sara, 2009).   

 

Organization and Heterogeneity  

Despite the fact that LC neurons all contain NE, these neurons are not identical in morphology, 

molecular composition, or downstream targets (Figure 2). Different cell morphologies have 

been observed in the LC, with larger multipolar cells in the ventral portion, smaller fusiform 

cells in the dorsal portion, and other cells interspersed throughout. LC neurons also vary in their 

molecular composition, with about 80% co-expressing galanin, located primarily in the dorsal 

and central portions of the LC. Neuropeptide Y (NPY) is also co-expressed in about 20% of LC 
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neurons, most of which are located in the dorsal portion of the LC. LC neurons also display 

differences in the distribution and prevalence of adrenoreceptors. In terms of organization of 

projection targets, it appears that the LC may be structured topographically. Studies have 

shown that the dorso-rostral part contains neurons projecting to the hippocampus and 

neocortex, while the caudo-ventral part contains neurons projecting to the cerebellum and 

spinal cord (Loughlin, Foote, and Grzanna, 1986; Schwartz and Luo, 2015). 

 

LC Vulnerability  

The LC is particularly vulnerable to damage for various reasons (Figure 3). Firstly, the 

production of NE is costly because it is highly reactive and releases metabolites such as 

dihydroxyphenylglycolaldehyde, which leads to the cleavage of tau into aggregation-prone 

forms. On top of this, individual neurons in the LC store toxic NE as metabolites and heavy 

metals as neuromelanin, which can cause neuroinflammation and neurodegeneration upon 

release (Oertel et al., 2019). Additionally, LC projections are widespread throughout the brain, 

as well as highly branched and poorly myelinated or unmyelinated. This results in high energy 

needs in order to broadly propagate rapid action potentials through thinly insulated axons. LC 

neurons also have autonomous pacemaker activity, meaning that they require high 

mitochondrial activity levels and are highly sensitive to mitochondrial damage. Because of its 

proximity to the fourth ventricle, the LC is also especially vulnerable to any toxins present in the 

cerebrospinal fluid, such as environmental toxins including heavy metals. It is postulated that 

these factors make the LC particularly vulnerable to damage, therefore making the LC one of 
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the first areas to experience pathology and degeneration in AD and PD (Janitzky, 2020; 

Matchett et al., 2021). 

 

LC Neuron Loss in Disease 

LC cell loss is a key feature of several neurodegenerative diseases, including both Parkinson’s 

disease, Alzheimer’s disease, and possibly multiple sclerosis (Braak and Del Tredici, 2012, 2013; 

Haglund et al., 2006). Accordingly, many of the functions that decline in these diseases are 

those that are regulated by the LC.  It has also been shown that LC neuron loss, which is much 

greater than the loss of surrounding nuclei, is correlated with the duration of illness (Zarow et 

al., 2013). Studies in rodent models of AD have shown that LC damage or neuron loss occurs as 

part of the disease progression. On top of this, our lab and others have demonstrated that 

damage to the LC also accelerates AD pathology in other parts of the brain in rodent models of 

the disease (Chalermpalanupap et al., 2018; Heneka et al., 2006).  

 

Because of the types of cognitive abilities that decline in AD and other neurodegenerative 

diseases, combined with the prevalence of NE in the brain, it is thought that NE loss has a major 

role in promoting disease symptoms (Trillo et al., 2013). Some studies have found that NE has a 

protective effect on cells by inducing an anti-inflammatory response.  However, the other 

neuromodulators produced by the LC may play a role in disease progression, and therefore 

merit further exploration. 
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Norepinephrine  

 

The neurotransmitter NE, the majority of which is produced by the LC, has many essential roles 

in the brain including for arousal, stress, and attention. NE is a catecholamine neurotransmitter 

produced in neurons from tyrosine using the enzymes tyrosine hydroxylase (TH), aromatic acid 

decarboxylase (AADC), and dopamine beta-hydroxylase (DBH). In this enzymatic pathway, DBH 

converts dopamine to NE, which is then stored in vesicles at the axon terminal in preparation 

for release into the synapse (Musacchio, 2013). In downstream targets of the LC, NE binds to α- 

and β-adrenoreceptors at the synapse as a primarily excitatory neurotransmitter, acting 

through Gq (α1-receptors) and Gs (β-receptors) coupled receptor cascades. NE is also released 

extra-synaptically from the soma/dendrites of LC neurons, acting locally to inhibit LC neuron 

firing and NE release by acting on the Gi-coupled α2-adrenoreceptor. The α2-

adrenoreceptor causes the hyperpolarization and therefore inhibition of LC neurons (Bacon et 

al., 2020; Hongping, et al, 2012). While the majority of research on the LC has focused on NE, 

the other neuromodulators produced by the LC merit more exploration (Sara, 2009; Trillo et al., 

2013). The neuropeptide galanin, for instance, is co-expressed with norepinephrine in 80% of 

LC neurons, and its contributions to the function of the LC have been largely unexplored 

(Weinshenker, 2018). 
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Galanin 

 

Overview and Distribution  

Galanin is a 29-amino acid neuropeptide tied to a variety of functions in the body, including 

anxiety, memory, nociception, and arousal. It is widely produced throughout the nervous 

system, though the majority is produced in the central nervous system and in the intestine by 

cells expressing the GAL gene (Lang et al., 2015; Wynick, Thompson, and McMahon, 2001). 

Collections of galanin-expressing neurons are found in the LC, area postrema, bed nucleus of 

the stria terminalis, and hypothalamic nuclei including the medial preoptic nucleus and 

paraventricular nucleus of the thalamus (Jacobowitz, Kresse, and Skofitsch, 2004) (Figure 3). 

Immunohistochemistry in the rat brain has also revealed the greatest galanin-positive fiber 

density in the LC, hippocampus, hypothalamus, and preoptic area, among other areas (Skofitsch 

and Jacobowitz, 1985). Galanin receptor density generally correlates with fiber density, 

especially in the hypothalamic area. The greatest density of receptors is found in the amygdala, 

though they are also scattered throughout the PNS (Jacobowitz, Kresse, and Skofitsch, 2004). 

 

As a “classic” neuropeptide, galanin is stored in large, dense-core vesicles and is co-expressed in 

various types of neurons alongside their “defining” neurotransmitters. After a neuron has fired 

a rapid burst of action potentials, galanin is released into the synapse and also extrasynaptically 

from soma and dendrites (Lang et al., 2015). 
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Neuromodulatory Roles 

At the synapse, galanin acts as a neuromodulator via three G-protein-linked receptors: GalR1, 

GalR2, and GalR3, which allow for galanin’s broad range of actions in the body. GalR1 is Gi-

coupled and is thought to act via cAMP/PKA inhibition and to function as a neuromodulator for 

nociception, anxiety, and reward, primarily in the CNS.  GalR2 is thought to have similar effects 

by inhibiting adenylate cyclase, but it also has been found to couple to Gq and phospholipase C 

activation, which leads to an influx of Ca2+ and neurotransmitter release. It is thought to 

possess neurotrophic-like properties and regulates processes such as neural development, 

neural survival, and neurogenesis. GalR3 is the least well-understood galanin receptor subtype, 

though it is thought to primarily be located in the PNS and may combine some of the actions of 

GalR1 and GalR2 (Lang et al., 2015; Šípková et al., 2017; Webling et al., 2012).  In the CNS, it 

appears that galanin inhibits both cholinergic and noradrenergic neurons. In the hippocampus, 

for instance, galanin has been shown to reduce cholinergic neuronal activity and therefore 

inhibit functions such as long-term potentiation, which is a critical process underlying learning 

and memory (Counts, Perez, and Mufson, 2010). Additionally, galanin acts on the LC to inhibit 

activity and thereby appears to serve as a feedback mechanism to regulate LC activity after 

bursts of firing (Ma et al., 2001). 

 

Neurotrophic Roles 

Throughout the nervous system, galanin is upregulated in response to injury.  Elevated galanin 

levels have been identified in brain regions lesioned in rats and particularly in regions with 

amyloid-beta protein buildup (Gabriel, Knott, and Haroutunian, 1995; Diez et al., 2000). Galanin 
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also appears to be involved in the maintenance of dendritic spines and to promote outgrowths 

from hippocampal and dorsal root ganglion neurons (Hobson et al., 2008; Hobson et al., 2013). 

Furthermore, partial destruction of noradrenergic or LC cell bodies causes increased LC neuron 

activity (Chiodo et al., 1982; Szot et al., 2016).  In AD-related LC damage, this leads to increased 

galanin and galanin receptor levels in downstream targets of the LC (Counts et al., 2003). Beal 

et al. (1990) reported that galanin levels appear to be twice as high in the brains of late-stage 

AD patients as in controls. Intriguingly, in the cholinergic nucleus basalis, it has been identified 

that galanin and galanin receptor levels appear to be highest where AD-related degeneration is 

lowest, and it has also been reported that galanin-expressing LC neurons are relatively spared in 

AD (Miller et al.,1999; Mufson et al., 2000). 

While this evidence points to a primarily beneficial role of galanin, evidence has shown that 

galanin also inhibits cognition via perturbing several important processes such as long-term 

potentiation (Counts, Perez, and Mufson, 2008; Fisone et al., 1987). These effects would serve 

to exacerbate symptoms of neurodegenerative diseases such as AD. Because the role of galanin 

is likely multi-faceted and remains controversial, further work is needed to explore its 

mechanisms in the context of LC-specific damage. 

 

Hypothesis and Expected Results 

 

The overall goal of this study was to test the hypothesis that galanin can protect LC neurons 

from damage. We expect to find that wild type (WT) mice treated with a neurotoxin that causes 

LC-specific neurodegeneration will experience degeneration of LC cell bodies and LC projections 
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to the prefrontal cortex, hippocampus, and anterior insula. Additionally, we predict that WT 

mice will exhibit increased microglial activation representing an immune response. However, 

we anticipate that transgenic mice overexpressing galanin in noradrenergic neurons (Gal OX 

mice) will exhibit reduced degeneration compared to WT.  

 

We also predict that conditional knockout mice lacking galanin in noradrenergic neurons 

(GalcKO-Dbh mice) will be more vulnerable to the neurotoxic lesion and therefore exhibit greater 

degeneration. Such a result would provide further evidence for the neuroprotective effect of 

galanin and represent a potential mechanism for addressing the initial indications of 

neurodegenerative diseases which appear early on in the LC.  

 

Materials and Methods  

 

The experiments in this thesis were conducted at Emory University, and all protocols conform 

to the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were 

approved by the Emory University Institutional Animal Care and Use Committee. 

 

Subjects  

Eighty-six mice were used in this study. Twenty mice were transgenic Gal OX mice that were 

generated with a transgene containing the mouse galanin gene driven by the human dopamine 

β-hydroxylase (DBH) promoter, resulting in overexpression of galanin in noradrenergic neurons 
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(Jackson Labs stock #004996), and 17 mice were WT littermate controls (Crawley et al., 2002). 

Sixteen of these mice were males, and 21 were females.  

 

An additional 24 mice lacked galanin specifically in noradrenergic neurons (GalcKO-Dbh), and 25 

were WT littermate controls. To create the line of GalcKO-Dbh mice, we crossed mice with a 

conditional knockout allele of Gal (GalcKO) and mice with a knock-in of the cre driver allele 

controlled by noradrenergic-specific Dbh promoter (DBHcre). GalcKO mice were generated using 

loxP-flanked Gal exon 3 and FRT-flanked LacZ and Neo cassettes in embryonic stem cells. Mice 

with the GalcKO allele have a Gal exon 3 that can be deleted by the enzyme Cre recombinase. 

DBHcre mice were generated via insertion of rox-flanked transcriptional stop cassette, cre cDNA, 

rabbit β-globin polyadenylation cassette, and attB/attP-flanked neomycin resistance cassette 

into the Dbh locus immediately before the start codon in embryonic stem cells. Mice with the 

DBHcre allele express Cre recombinase in noradrenergic neurons. Therefore, mice with both this 

allele and the conditional knockout allele of Gal have a deletion of Gal exon 3 and therefore no 

galanin expression in noradrenergic neurons (Tillage et al., 2020). 

 

While weights varied slightly over time, each subject weighed between 20-35 grams on 

average. Mice were group-housed from birth, with no more than five animals per cage. Mice 

were maintained on a 12/12 h light-dark cycle with access to food and water ad libitum. 
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Neurotoxic Lesions 

Mice were injected intraperitoneally (i.p.) with the neurotoxin N--N-ethyl-2-bromobenzylamine 

(DSP-4; Sigma-Aldrich, St. Louis, MO, catalog #C8417), which has been shown to selectively 

target and destroy axons and cell bodies of the LC (Ross and Stenfors, 2015). This served to 

simulate the degeneration of the LC observed in human AD. Literature indicates that a single 

DSP-4 treatment destroys LC axons and terminals while leaving cell bodies intact, mimicking 

early AD, while multiple DSP-4 injections result in cell death reminiscent of later-stage AD 

(Grzanna et al., 1989; Ross, 1976; Szot et al., 2010). Mice were between 3-8 months of age at 

the time of injection. 

 

Mice were divided into four treatment groups for the Gal OX arm: WT + DSP-4 (50 mg/kg, i.p.), 

WT + saline, Gal OX + DSP-4 (50 mg/kg, i.p.), and Gal OX + saline, with sexes balanced across the 

groups. For the GalcKO-Dbh arm, the four treatment groups were WT + DSP-4 (10 mg/kg, i.p.), WT 

+ saline, GalcKO-Dbh + DSP-4 (10 mg/kg, i.p.), and GalcKO-Dbh  + saline, with sexes balanced across 

the groups. The dosage was lowered in the GalcKO-Dbh  arm in order to prevent a predicted floor 

effect arising from the potentially heightened vulnerability to DSP-4 resulting from the absence 

of noradrenergic galanin (Figure 4). 

In order to observe the effect of acute mild degeneration, 18 mice in the Gal OX arm and 26 

mice in the GalcKO-Dbh  arm were injected once and sacrificed 1 week later (acute paradigm). To 

examine the effects of more chronic and severe degeneration, the remaining 19 mice in the Gal 

OX arm and the remaining 23 in the GalcKO-Dbh arm received additional injections one week after 

the first, and then once per month for the following 4 months (chronic paradigm). One week 
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after their final injection, mice were sacrificed (Figure 5). This procedure was developed based 

on previous work in our lab using transgenic mouse models of AD and DSP-4 

(Chalermpalanupap et al., 2018).  

 

Perfusions and Tissue Collection 

Prior to tissue collection, mice were anesthetized according to IACUC guidelines in a chamber 

with the inhalant anesthetic isoflurane. Following this, mice were transcardially perfused with 

cold 0.1M KPBS (saline), followed by 4% paraformaldehyde (PFA). Brains were removed and 

stored overnight at 4° C in 4% PFA, then transferred to a 30% sucrose solution for at least 48 

hours prior to sectioning.  

 

Immunohistochemistry 

To ascertain the extent of LC axonal and cell body degeneration, we used 

immunohistochemistry for the NE transporter (NET), which is a validated marker for 

noradrenergic axons and cell bodies. Immunohistochemistry for ionized calcium-binding 

adaptor molecule 1 (IBA-1) was also performed to assess microglia. IBA-1 is upregulated during 

microglial activation, which is known to follow damage to the nervous system. NET fluorescent 

intensity was quantified in noradrenergic fibers in forebrain targets of the LC. IBA-1 was 

quantified in the same regions, which included the dentate gyrus (DG) of the dorsal 

hippocampus, anterior cingulate cortex (ACC) of the prefrontal cortex, and anterior insula (AI). 

NET and IBA-1 fluorescent intensities were also quantified in the LC, which contains the 

noradrenergic cell bodies. 
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To prepare brain sections for immunohistochemistry, brains were frozen and sliced with a 

cryostat into 40-micron-thick sections at -20°C. Sections were stored in cryoprotectant at -20°C 

until staining. First, sections were washed in 1x phosphate-buffered saline (PBS) for 5 min, and 

then incubated at room temperature for 1 h in a blocking solution of 0.1% PBS-Triton and 5% 

normal goat serum (NGS) to prevent nonspecific binding of proteins. Following this, the primary 

antibodies, mouse anti-NET and rabbit anti-IBA-1, were added, and tissue was incubated for   

48 h at 4°C while rocking. Tissue was again washed in 1x PBS 3 times for 5 minutes each and 

then was incubated with secondary antibodies for 2 h at room temperature while rocking. 

Secondary antibodies were conjugated to a fluorochrome in order to allow for fluorescence 

microscopy: goat anti-mouse (488 nm) was used to label NET in green and goat anti-rabbit (568 

nm) was used to label IBA-1 in red.  After washing again, sections were mounted onto slides. 

The slides were coverslipped with Fluoromount mounting media containing the fluorescent 

nuclear stain DAPI (4′,6-diamidino-2-phenylindole). 

 

Image Scoring 

For viewing and quantifying cellular elements in the sections, the Allen Mouse Brain Atlas (2nd 

edition) was used to identify brain regions of interest (ROIs) within the LC, DG, ACC, and AI. Two 

to three images were captured per region per mouse via fluorescence microscopy. Image J, an 

image processing software developed by the National Institutes of Health (NIH), was then used 

to analyze the images. Custom ROIs with unique sizes and shapes were drawn around the cell 

bodies of the LC, while standardized ROIs of the same size and shape were used for all ACC, AI, 
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and DG images. Image analysis was blinded to genotype and drug treatment, and a standard 

intensity threshold was set across all images for each region. Images which were obscured by 

bubbles or tissue tears were not used. Within the ROIs, NET fluorescent intensity and IBA-1 

fluorescent intensity were quantified in Arbitrary Fluorescence Units (AFUs). 

 

Statistical Analysis 

After collecting NET and IBA-1 fluorescent intensity for each image, an average fluorescent 

intensity was obtained within each region for each animal. An average fluorescent intensity ± 

SEM was then calculated for each region in each treatment group. Separate two-way ANOVAs 

were used for each brain region to identify significant effects of genotype, neurotoxic injection, 

or the interaction of both factors. When a main effect was identified, post-hoc analyses were 

performed using Tukey’s multiple comparison test, and differences were nonsignificant unless 

otherwise reported. Calculations were performed in Prism Version 8 (GraphPad Software, San 

Diego, CA).  

 

Results  

 

NET and IBA-1 fluorescent intensities were quantified in the LC, ACC, AI, and DG, and an 

average fluorescent intensity was obtained using three images per animal. See Figures 4, 6, 8, 

and 10 for the overall average ± SEM per region per group. Full results of two-way ANOVAs are 

presented in Table 1, and representative images are displayed in Figures 3, 5, 7, and 9. Results 

of post-hoc pairwise comparisons were nonsignificant unless otherwise reported.  
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Galanin Over-expressors 

 

Gal OX mice in the acute paradigm were not protected against DSP-4-related degeneration  

 

In general, the images obtained revealed no apparent differences in NET or IBA-1 fluorescent 

intensity in any of the brain regions after DSP-4 injection or between genotypes (Figure 3). Four 

separate two-way ANOVAs for the LC, ACC, AI, and DG  showed no effect of DSP-4 (p=0.396, 

p=0.0676, p=0.192, p=0.124) or of LC-derived galanin overexpression (p=0.290, 0.797, 0.537, 

0.472), respectively, on average NET fluorescent intensity (Figure 4). However, DSP-4-injected 

mice of both genotypes had a slightly lower average NET intensity than their saline-injected 

counterparts. Full results are presented in Table 1. 

 

In the ACC, AI, and DG, there was also no significant effect of DSP-4 (p=0.381, p=0.177, p=0.221) 

or of LC-derived galanin overexpression (p=0.478, p=0.237, p=0.550) on average IBA-1 

fluorescent intensity. However, DSP-4-injected mice of both genotypes had a slightly higher 

average IBA-1 fluorescent intensity. IBA-1 was not quantified in the LC for this group.  

 

Gal OX mice in the chronic paradigm were not protected against DSP-4-related degeneration 

Based on the acquired images, NET fluorescent intensity appeared to be reduced in the animals 

injected with DSP-4, but no noticeable differences were present between WT and Gal OX 

animals. IBA-1 fluorescent intensity appeared to be increased in both WT and Gal OX animals 
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injected with DSP-4: both the size and number of microglia stained appeared larger in the DG, 

and this was particularly true in the granule cell layer. Representational images can be found in 

Figure 5. In the LC, ACC, AI, and DG, a two-way ANOVA showed a main effect of DSP-4 on 

average NET fluorescent intensity: DSP-4-injected animals had significantly lower average NET 

fluorescent intensity than saline controls (p<0.0001, p=0.0003, p<0.0001, p=0.0158) (Figure 6). 

Post-hoc analysis revealed that WT DSP-4-injected animals had significantly lower NET than WT 

saline-injected animals in the LC, ACC, and AI (p=0.0022, p=0.0375, p=0.0024) and than Gal OX 

saline-injected animals in the LC, ACC, and AI (p=0.0019, p=0.0299, p=0.0019). However, there 

was no main effect of LC-derived galanin overexpression (p=0.813, p=0.810, p=0.776, p=0.234) 

in any of the regions. 

 

In the ACC and AI, two-way ANOVAs revealed no effect of DSP-4 on average IBA-1 fluorescent 

intensity (p=0.262, p=0.319). However, in the DG, DSP-4-treated animals had significantly 

increased IBA-1 fluorescent intensity (p=0.0209). There was no effect of LC-derived galanin 

overexpression on IBA-1 fluorescent intensity in any of the regions (p=0.289, p= 0.915, 

p=0.270).  Again, IBA-1 was not quantified in the LC for this group. 

 

Galanin Knock-outs 

GalcKO-Dbh mice in the acute paradigm were slightly more vulnerable to DSP-4-related 

degeneration 
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Images obtained did not show any obvious differences in NET fluorescence between groups 

(Figure 7). IBA-1 expression in the LC appeared very minimal. Overall, IBA-1 expression 

appeared dimmest in GalcKO-Dbh mice that received DSP-4 injections, especially in contrast with 

WT mice that received DSP-4 injections. In the LC, ACC, AI, and DG, two-way ANOVA showed no 

effect of DSP-4 (p=0.831, p=0.388, p=0.450, p=0.227) or lack of LC-derived galanin (p=0.954, 

p=0.438, p=0.201, p=0.606) on average NET fluorescent intensity. However, GalcKO-Dbh mice 

injected with DSP-4 tended to have lower average NET fluorescent intensity than WT mice 

injected with DSP-4 (Figure 8). 

 

Two-way ANOVAs showed a significant effect of DSP-4 on average IBA-1 fluorescent intensity in 

the DG (p=0.019), but not in the LC, ACC, or AI (p=0.607, p=0.666, p=0.261). Animals injected 

with DSP-4 had significantly higher average IBA-1 fluorescent intensity than animals injected 

with saline in the DG only. Post-hoc testing revealed that in the DG, WT DSP-4-injected animals 

had significantly higher IBA-1 fluorescent intensity than both WT and GalcKO-Dbh  saline-injected 

animals (p=0.0067, p=0.0104). 

 

There was a significant effect of lacking LC-derived galanin on IBA-1 fluorescent intensity in the 

AI and DG (p=0.0379, p=0.0228), but not in the LC or ACC (p=0.327, p=0.205). Additionally, 

there was a significant effect of the interaction of genotype and DSP-4 injection on average IBA-

1 fluorescent intensity in the ACC and DG (p=0.0468, p=0.0028). Post-hoc testing revealed that 

WT DSP-4-treated animals had significantly greater IBA-1 fluorescent intensity than GalcKO-Dbh 

DSP-4-treated animals in the DG (p=0.0027) and AI (p=0.0457).  
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GalcKO-Dbh mice in the chronic paradigm were not more vulnerable to DSP-4-related 

degeneration 

 

In general, there appeared to be no differences in NET or IBA-1 fluorescent intensity in any of 

the brain regions based on DSP-4 injection or genotype (Figure 9). In the LC, ACC, AI, and DG, a 

two-way ANOVA showed no effect of DSP-4 (p=0.776, p=0.279, p=0.465, p=0.770) or lack of LC-

derived galanin (p= 0.809, p=0.379, 0.973, 0.902) on average NET fluorescent intensity (Figure 

10).  

 

Additionally, there was no effect of DSP-4 injection (p=0.901, p=0.489, p=0.784, p=0.753) or 

lack of LC-derived galanin (p=0.819, p=0.282, p=0.103, p=0.364) on average IBA-1 fluorescent 

intensity in the LC, ACC, AI, or DG. Although not a significant difference, GalcKO-Dbh mice tended 

to have lower average IBA-1 fluorescent intensity than WT mice in most regions. 

 

Discussion  

 

In general, the results above recapitulate previous data showing that DSP-4 dose-dependently 

damages LC neurons and projections; the 50 mg/kg dose was more toxic than the 10 mg/kg 

dose. Furthermore, chronic exposure led to a greater reduction in average NET fluorescent 

intensity than acute treatment. DSP-4-induced damage was accompanied by increased IBA-1 

fluorescent intensity, indicating neuroinflammation under some conditions, particularly in the 

DG.  
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Our data do not support the prediction that galanin overexpression would protect LC neurons 

from damage. There was no significant difference in NET or IBA-1 between and Gal OX and WT 

controls injected with DSP-4. This finding is distinct from previous work done by Elliot-Hunt et 

al. (2004) showing that non-LC-specific galanin overexpression significantly reduced 

hippocampal cell death following kainic acid-induced damage. However, our findings suggest 

that knocking out galanin in noradrenergic neurons made them more vulnerable to DSP-4 

toxicity, particularly in the acute paradigm. While the genotype differences were not significant, 

there was a trend for reduced NET fluorescent intensity in the DSP-4-treated GalcKO-Dbh animals 

across all forebrain projection regions studied. This finding recapitulates previous work showing 

greater hippocampal cell death in galanin-knockout mice than in controls after kainic acid-

induced hippocampal damage (Elliot-Hunt et al., 2004). 

 

 Intriguingly, our findings indicate that the ability of DSP-4 to induce IBA-1 expression was 

blunted in the GalcKO-Dbh mice, suggesting that LC-derived galanin may play a key role in the 

activation of microglia in response to damage. Microglia have been shown to both produce 

galanin and have galanin receptors (Shen, Larm, and Gundlach 2003; Su et al., 2003). 

Additionally, it has been shown that galanin induces microglial migration via GalR2, suggesting 

that galanin may have a role in activating microglia to respond to pathological conditions (Ifuku 

et al., 2011). Therefore, it is possible that lacking galanin reduces signals to microglial to 

activate following damage, leading to the lower average IBA-1 fluorescent intensity we 

observed in some GalcKO-Dbh mice. 
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Significantly reduced IBA-1 expression was seen across most brain regions studied in the acute 

GalcKO-Dbh paradigm, even with galanin production occurring in microglia and other parts of the 

brain in addition to the LC. The less apparent trends in IBA-1 in the GalcKO-Dbh chronic paradigm 

may be a result of the process of microglial activation. Under normal conditions, microglia at 

rest are narrow in shape with long, thin branches, and they serve to perform surveillant activity. 

Rather quickly after damage, they activate, upregulate IBA-1, and adopt a more amoeboid, 

rounded shape with thicker and more rigid branches. In this initial response, the M1 stage, 

microglia promote inflammation, increase their mobility, and proliferate. Work by Ifuku et al. 

(2011) has shown that galanin signaling via GalR2 in microglia increases microglial mobility in a 

dose-dependent manner. However, with extended time following neuronal damage, microglia 

change in morphology and enter the M2 stage, in which they have an anti-inflammatory role 

and no longer promote microglial proliferation. This shift between M1 and M2 is accompanied 

by morphological changes, possible changes in mobility, as well as shifts in expression of 

various signaling proteins. Additionally, each region of the brain has different levels and 

predominant morphologies in response to damage (Ito et al., 1998; Jurga, Palezcna, and Kuter, 

2020; Zheng and Wong, 2019). Among chronically injected mice, it is likely that microglia 

entered M2 or intermediate phase between M1 and M2, potentially obscuring a trend similar 

to what was observed in the acute paradigm.  
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Limitations  

NET and IBA-1 fluorescent intensity were quantified in only four brain regions, using a 

maximum of three images, meaning that this method may not accurately represent the levels 

of NET throughout the entire brain. Additionally, only one dose of DSP-4 was tested in each 

group (10 mg/kg in GalcKO-DBH mice and 50 mg/kg in Gal OX), restricting our ability to optimize 

the dose based on our hypothesis. Data for IBA-1 in the LC for both Gal OX groups was also not 

obtained due to time constraints, although very little LC IBA-1 staining was observed in all other 

groups. These experiments were also generally limited by the use of immunohistochemistry, 

which does not allow for direct measurement of levels of proteins of interest, and by the use of 

fluorescent intensity to measure NET and IBA-1. Using IBA-1 fluorescent intensity as an 

indicator of microglial activation also limited the extent of our findings, as other stains and 

assays could have provided more information about microglial activity. 

 

Furthermore, this experiment was performed in mice and may have limited applicability to 

humans. Many similarities exist in the human and rodent nervous system. However, 

neurodegenerative diseases have been modelled and cured numerous times in rodents, and 

these results have not translated to human disease (Franco and Cedazo-Minguez, 2014). 

Additionally, this model of DSP-4-induced damage to the LC does not perfectly mimic damage 

to the LC observed in neurodegenerative disease. While chronic injection of DSP-4 produces the 

LC neuron death observed in later stages of neurodegenerative diseases such as AD, the 

degeneration occurs through different processes. Passing through the blood-brain barrier, DSP-

4 is taken up by and inhibits NET. DSP-4 then accumulates in and destroys noradrenergic 
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terminals via unknown mechanisms (Ross and Stenfors, 2014). However, evidence suggests that 

AD pathology involves the accumulation of pathogenic tau in LC neurons which eventually leads 

to their death. The aggregation of hyperphosphorylated tau likely contributes to loss of 

structural integrity, synapse retraction, local inflammation, and more (Chalermpalanupap et al., 

2017). Because of this consideration and the complexities involved in naturally occurring 

human disease, the actions of galanin in cases of LC damage in neurodegenerative disease may 

differ, thereby limiting the applicability of these results.  

 

Future Directions  

 This study found that DSP-4-injected GalcKO-Dbh mice had reduced IBA-1 expression in certain 

circumstances. Further work is needed to evaluate the role of galanin in promoting microglial 

activation in response to damage to elucidate the neuroprotective role of galanin suggested by 

this study and others. The role of galanin in microglial activation should be assessed in GalcKO-Dbh 

models in both acute and chronic lesioning paradigms. Additionally, the stage of microglial 

activation should be assessed through quantification of the microglial surface receptors CD16, 

which is upregulated in the M1 phase, and CD14, which is upregulated in the M2 phase. The 

CD14:CD16 ratio can be used to determine the predominant microglial phase. Additionally, 

levels of other pro- or anti-inflammatory agents such as IL-2 and IL-4 should be assessed in 

galanin-overexpressing and galanin knock-out animals to determine whether galanin acts 

through inducing or inhibiting inflammation and whether its role changes based on the context 

of acute or chronic damage. (Jurga, Paleczna, and Kuter, 2020).  
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Conclusion 

The present study evaluated the role of the neuropeptide galanin in LC damage to elucidate its 

neurotrophic roles in neurodegenerative diseases such as AD and PD. The results of this study 

affirm that DSP-4 had its intended effects of damaging the LC and further suggest that galanin 

may have a role in protecting LC neurons from damage and regulating microglial activation. 

Further work should explore the role of galanin in microglial activity in response to damage, as 

this may be the route through which galanin exerts its observed neuroprotective role. 
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Table 1- Two-Way ANOVA Results 
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Figure 1-  Experimental Design 

Eighty-six mice in total were used in this study, including 20 mice overexpressing LC-derived 

galanin (Gal OX mice) and 24 mice with an LC-derived galanin knockout (GalcKO-Dbh mice). WT 

saline and GalcKO-Dbh or Gal OX controls were used in each group for comparison. 

 

Figure 2- Injection Timeline 

Animals in the acute paradigm received one injection to mimic mild LC degeneration. Animals in 

the chronic paradigm received a total of five injections to mimic more severe LC degeneration. 

One week following the last injection, all mice were sacrificed. 
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Figure 3- Acute Gal OX Representative Images. ACC (top) and LC (bottom) 

 

Anterior Cingulate Cortex 

Locus Coeruleus 
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Anterior Insula 

Locus Coeruleus 

Figure 4- Acute Gal OX Results 

In the LC, ACC, AI, and DG, no significant effect of DSP-4 (p=0.396, p=0.0676, p=0.192, p=0.124) or 

of genotype (p=0.290, 0.797, 0.537, 0.472) was identified for NET, though DSP-4-injected mice of 

both genotypes had a slightly lower average NET intensity than their saline-injected counterparts. In 

the ACC, AI, and DG, there was also no significant effect of DSP-4 (p=0.381, p=0.177, p=0.2205) or of 

genotype (p=0.478, p=0.237, p=0.550) on average IBA-1 fluorescent intensity. However, DSP-4-

injected mice of both genotypes had a slightly higher average IBA-1 fluorescent intensity. IBA-1 was 

not quantified in the LC for this group.  
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Dentate Gyrus 

Figure 5- Chronic Gal OX Representative Images. DG (top) and LC (bottom) 

Locus Coeruleus 
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Figure 6- Chronic Gal OX Results 

DSP-4-injected animals had significantly lower average NET fluorescent intensity than saline 

controls (p<0.0001, p=0.0003, p<0.0001, p=0.0158) (Figure 8). Post-hoc analysis revealed that 

WT DSP-4-injected animals had significantly lower NET than WT saline-injected animals in the LC, 

ACC, and AI (p=0.0022, p=0.0375, p=0.0024) and than Gal OX saline-injected animals in the LC, 

ACC, and AI (p=0.0019, p=0.0299, p=0.0019). However, there was no main effect of LC-derived 

galanin overexpression (p=0.813, p=0.810, p=0.776, p=0.234) in any of the regions. 
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Figure 6 (Cont’d) 

In the ACC and AI, two-way ANOVAs revealed no effect of DSP-4 on average IBA-1 fluorescent 

intensity (p=0.262, p=0.319). However, in the DG, DSP-4-treated animals had significantly reduced 

IBA-1 fluorescent intensity (p=0.0209). There was no effect of LC-derived galanin overexpression 

on IBA-1 fluorescent intensity in any of the regions (p=0.289, p= 0.915, p=0.270).  Again, IBA-1 

was not quantified in the LC for this group. 
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 Figure 7- Acute GalcKO-Dbh Representative Images. DG (top) and LC (bottom) 

Locus Coeruleus 

Dentate Gyrus 
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Figure 8- Acute GalcKO-Dbh Results 

In the LC, ACC, AI, and DG, two-way ANOVAs showed no effect of DSP-4 (p=0.831, p=0.388, 

p=0.450, p=0.227) or lack of LC-derived galanin (p=0.954, p=0.438, p=0.201, p=0.606) on average 

NET fluorescent intensity. However, GalcKO-Dbh mice injected with DSP-4 tended to have lower 

average NET fluorescent intensity than WT mice injected with DSP-4. Two-way ANOVAs showed a 

significant effect of DSP-4 on average IBA-1 fluorescent intensity in the DG (p=0.019), but not in 

the LC, ACC, or AI (p=0.607, p=0.666, p=0.261): animals injected with DSP-4 had significantly higher 

average IBA-1 fluorescent intensity than animals injected with saline in the DG only. 
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Figure 8 (Cont’d) 

Post-hoc testing revealed that in the DG, both and GalcKO-Dbh  saline-injected animals had 

significantly lower IBA-1 fluorescent intensity than WT DSP-4-injected animals (p=0.0067, 

p=0.0104). There was a significant effect of lacking LC-derived galanin on IBA-1 fluorescent 

intensity in the AI and DG (p=0.0379, p=0.0228), but not in the LC or ACC (p=0.327, p=0.205). 

Post-hoc testing revealed that WT DSP-4-treated animals had significantly greater IBA-1 

fluorescent intensity than GalcKO-Dbh DSP-4-treated animals in the DG (p=0.0027) and AI 

(p=0.0457). Additionally, there was a significant effect of the interaction of genotype and DSP-4 

injection on average IBA-1 fluorescent intensity in the ACC, AI, and DG (p=0.0468, p=0.0379, 

p=0.0028); WT DSP-4-injected animals showed significantly increased IBA-1 compared to all 

other groups, while GalcKO-Dbh DSP-4-injected animals did not exhibit this increase. 
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Figure 9- Chronic GalcKO-Dbh Representative Images. ACC (top) and LC (bottom). 

Locus Coeruleus 

Anterior Cingulate Cortex 
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Figure 10- Chronic GalcKO-Dbh Results 

In the LC, ACC, AI, and DG, a two-way ANOVA showed no effect of DSP-4 (p=0.776, p=0.279, 

p=0.465, p=0.770) or lack of LC-derived galanin (p= 0.809, p=0.379, 0.973, 0.902) on average 

NET fluorescent intensity (Figure 10).  Additionally, there was no effect of DSP-4 injection 

(p=0.901, p=0.489, p=0.784, p=0.753) or lack of LC-derived galanin (p=0.819, p=0.282, p=0.103, 

p=0.364) on average IBA-1 fluorescent intensity in the LC, ACC, AI, or DG. Although not a 

significant difference, GalcKO-Dbh mice tended to have lower average IBA-1 fluorescent intensity 

than WT mice in most regions. 

 

Anterior Insula 
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