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Abstract: It has been known for many years that the endogenous neurotransmitter noradrenaline (NA) exerts anti-
inflammatory and neuroprotective effects both in vitro and in vivo. In many cases the site of action of NA are beta-
adrenergic receptors (βARs), causing an increase in intracellular levels of cAMP which initiates a broad cascade of events 
including suppression of inflammatory transcription factor activities, alterations in nuclear localization of proteins, and 
induction of patterns of gene expression mediated through activity of the CREB transcription factor. These changes lead 
not only to reduced inflammatory events, but also contribute to neuroprotective actions of NA by increasing expression of 
neurotrophic substances including BDNF, GDNF, and NGF. These properties have prompted studies to determine if 
treatments with drugs to raise CNS NA levels could provide benefit in various neurological conditions and diseases 
having an inflammatory component. Moreover, increasing evidence shows that disruptions in endogenous NA levels 
occurs in several diseases and conditions including Alzheimer’s disease (AD), Parkinson’s disease (PD), Down’s 
syndrome, posttraumatic stress disorder (PTSD), and multiple sclerosis (MS), suggesting that damage to NA producing 
neurons is a common factor that contributes to the initiation or progression of neuropathology. Methods to increase NA 
levels, or to reduce damage to noradrenergic neurons, therefore represent potential preventative as well as therapeutic 
approaches to disease. 
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INTRODUCTION 

 The noradrenergic system is comprised of a cluster of 
small brainstem nuclei in the pons and lateral reticular 
formation of the medulla. Of these nuclei, the Locus 
coeruleus (LC) is the major source of noradrenergic 
innervation, and the only source in certain areas of the 
forebrain such as the cortex and hippocampus [1]. Fibers 
from the LC are highly branched, mostly specialized for 
volume transmission release of noradrenaline (NA) from 
non-junctional varicosities. The released NA binds to and 
activates a variety of G-protein coupled adrenergic receptors 
(ARs) present on multiple cell types throughout the CNS, 
including glial cells (astrocytes and microglia) as well as 
neurons. The ARs are classified into several subclasses, 
namely α1A, α1B, α2A, α2B, β1, β2, and β3. The α1 subtypes are 
coupled to Gq and activation results in signaling through the 
inositol trisphosphate – protein kinase C (IP3-PKC) pathway. 
In contrast, the α 2 and β subtypes are coupled to Gi and Gs 
proteins, respectively, and so their activity modulates the 
cyclic adenosine monophosphate – protein kinase A (cAMP-
PKA) pathway.  

 Astrocytes have been shown to express α 1A-, α 2A-, β1-, 
and β2-adrenoceptors [2], hence the astrocyte response to  
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NA is correspondingly diverse [3]. One of the earliest 
observations was that activation of β−ARs induced dramatic 
morphological changes in astrocytes [4] which can have 
multiple consequences that influence neuronal as well as 
glial functions. Numerous studies have demonstrated effects 
of NA on astrocyte metabolic functions, including increases 
in glycogen production mediated largely through α1 and  
α2-ARs [2] and involving increases in calcium fluxes. 
Activation of astrocyte α2-ARs activates various kinases and 
receptor tyrosine kinases, such as the EGF receptor [5]; 
increases astrocyte glutamine uptake and glutamate synthesis 
[6]; and increases calcium levels [7]. Glycogen metabolism 
is also greatly increased by stimulation of β-ARs [8, 9]. 
Selective β-AR agonists also increase the astrocyte ability to 
remove extracellular K+ [10] which helps to allow sustained 
neuronal activity. NA also has important effects on astrocyte 
inflammatory responses, and astrocyte derived neurotrophic 
support. The current review will focus on these latter 
aspects, and their role in neurodegenerative disease. 

ANTI-INFLAMMATORY ACTIONS OF NA: IN VITRO 
STUDIES 

 Treatment with NA, β-adrenergic receptor (βAR) 
agonists, or direct elevation of intracellular cAMP 
suppresses microglial [11] and astroglial [12] inflammatory 
responses. NA reduces LPS-induced TNFα expression in 
microglia [13] and IFNγ induced expression of class II 
antigens in astrocytes [14]. NA reduces LPS and cytokine-
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dependent expression of the inducible form of nitric oxide 
synthase (NOS2) in both astrocytes [15] and microglia [16], 
mediated through activation of β2ARs [17,18], findings 
repeated by other labs in astrocytes as well as many other 
cell types (reviewed in [12]). The anti-inflammatory 
mechanisms of action of NA in glial cells are not fully 
understood, but our results [19] suggest that NA reduces 
activity of the inflammatory transcription factor NFκB, 
mediated by an increase in nuclear levels of inhibitory IκBα 
proteins. Though not as well characterized as in glial cells, 
NA also reduces induction of NOS2 in primary cortical 
neurons [20]. However, rather than having a direct effect on 
inflammatory transcription factors, it appears that NA 
reduces neuronal NOS2 expression by an indirect manner, 
involving a reduction in the release of stimulatory factors 
from microglial cells. 

ANTI-INFLAMMATORY EFFECTS OF 
NORADRENALINE: IN VIVO STUDIES 

 In vitro results raised the possibility that increased NA 
levels in the CNS could provide benefit in certain 
neurological diseases or conditions by suppressing glial 
activation or by providing direct neuroprotective effects. NA 
can be increased in vivo by a variety of methods. Selective 
α2-adrenoceptor antagonists increase brain NA levels by 
blocking inhibitory pre-synaptic neuronal α2-autoreceptors 
that normally reduce NA release from noradrenergic 
neurons, primarily located in the Locus coeruleus (LC). The 
α2-adrenergic antagonists have neuroprotective effects in 
excitotoxicity models [21], improve functional recovery after 
cerebral ischemia [22], and promote neuronal survival in 
brain regions undergoing neurogenesis in the adult [23]. We 
showed that the highly selective α2-antagonist 5-fluoro-
methoxyidazoxan reduced inflammatory responses and 
neuronal damage due to injection of aggregated amyloid beta 
(Aβ1-42) into adult rat brain [24]. Interestingly, the α2-
antagonist fluparoxan prevented the onset of pathology and 
cognitive deficits in a transgenic model of AD, but did not 
alter amyloid burden or gliosis [25]. Although several α2-
antagonists have shown potential in treatment of depression 
and PTSD, their clinical use has been very limited. 

 NA levels can be increased by use of selective NA 
reuptake inhibitors (NARIs). For example, increasing  
NA levels using desipramine reduced CNS chemokine 
expression [26] and increased anti-inflammatory cytokine 
levels [27]. However, classical tricylic anti-depressants such 
as imipramine or desipramine block serotonin as well as NA 
reuptake. More recent non tricyclic antidepressants show 
highly selective effects on NA reuptake, and have anti-
inflammatory effects on microglial cells [28]; increase 
BDNF expression in hippocampus [29]; and increase adult 
hippocampal neurogenesis [30]. We tested the NA selective 
NARI atomoxetine, which is currently used in the US for 
attention deficit hyperactivity disorder [31], for potential 
benefit in experimental autoimmune encephalomyelitis 
(EAE, a model of MS) studies. However, treatment of 
already ill mice with atomoxetine did not provide any 
recovery [32]. This suggests that although selective NARIs 
can increase extracellular NA levels, they may have limited 
effectiveness if endogenous NA levels are reduced (e.g. due 

to damage to noradrenaline producing neurons). Consistent 
with this, atomoxetine did not improve cognitive function in 
a clinical test in AD patients with mild to moderate disease 
[33]. 

 NA levels can be directly increased by treatment with L-
threo-3,4-dihydroxyphenylserine (L-DOPS, generic name 
Droxidopa) a synthetic catecholamino acid, which is given 
orally, and is converted to NA via decarboxylation by the 
ubiquitous enzyme L-aromatic-amino-acid decarboxylase 
(L-AAAD, also known as dopamine decarboxylase, or DDC) 
[34]. L-AAAD is the same enzyme that converts L-DOPA 
(levodopa) to dopamine used for treatment of PD. Peripheral 
conversion of L-DOPS to NA is blocked by co-treatment 
with a selective L-AAAD inhibitor such as carbidopa or 
benserazide which do not pass the blood brain barrier. The 
enzyme L-AAAD is expressed in glial cells as well as 
neurons [35], therefore L-DOPS may be more efficient at 
promoting NA effects in glial cells than NARIs. L-DOPS has 
been used in rodent models of neurological disease, and in 
dopamine beta hydroxylase (DBH) deficient mice restores 
central NA levels up to 26% of control values [36]. L-DOPS 
has been used in Europe and Japan for treatment of 
neurogenic orthostatic hypotension for about 15 years and 
was recently approved in the US for this indication.  

 In contrast to treatment with atomoxetine, administration 
of L-DOPS to EAE mice stabilized clinical scores and 
reduced CNS astrocyte activation [32]. Moreover, co-
treatment with L-DOPS and atomoxetine has a synergistic 
effect since those mice showed clinical improvement. More 
recently, [37], we showed that treatment of 5xFAD mice (a 
transgenic mouse model of AD with robust amyloid 
deposition) with L-DOPS for 1 month reduced amyloid 
burden, CNS inflammation, and improved spatial learning in 
the Morris water maze test. The recent approval of L-DOPS 
in the US should facilitate clinical testing in neurological 
diseases. 

 An additional way by which NA levels can be raised is 
by treatment to reduce catecholamine breakdown. The 2 
major pathways of NA metabolism in the CNS are mediated 
by monoamine oxidases (MAOs) and catechol-O-
methyltransferase (COMT) [38]. COMT transfers a methyl 
group from S-adenosyl methionine to catecholamines 
including dopamine, epinephrine, and NA. COMT is 
expressed in the CNS, predominantly in astrocytes [39], 
microglia [40] and in some neurons [41]. COMT inhibitors 
have been in use for many years as a co-treatment for 
Parkinson’s disease [42], to reduce breakdown of levodopa 
[42]. COMT inhibitors may also provide benefit by reducing 
accumulation of homocysteine [43]. To our knowledge, 
COMT inhibitors have not been tested for benefit in 
neurological conditions where NA levels are reduced.  

NA INDUCES ANTI-INFLAMMATORY FACTOR 
SECRETION FROM ASTROCYTES 

 In addition to having direct effects on inflammatory 
activation of glial cells, NA can act indirectly by regulating 
expression and secretion of anti-inflammatory factors from 
nearby cells or from the glial cells themselves. In mixed glial 
cultures, NA induced production of the IL-1 receptor 
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antagonist (IL-1ra) as well as of IL-R2 which acts as a decoy 
receptor for IL1, thereby leading to an overall decrease in 
IL1 signaling [44]. The same authors showed that increasing 
NA levels in vivo by using reboxitine (a selective NARI) 
together with an α2-antagonist (idazoxan) also increased 
IL1-ra and IL-R2 [27], as well as IL-10 in the cortex and 
hippocampus, although other anti-inflammatory cytokines 
(IL-4, TGFbeta) were not induced.  

 To obtain a better idea of which anti-inflammatory factors 
are induced by NA, we carried out studies using primary rat 
astrocytes robustly activated using bacterial endotoxin 
lipopolysaccharide (LPS) in the presence or absence of NA. 
After 24 hr, the conditioned media were used to screen low 
density cytokine arrays. As expected, NA reduced the 
secretion of several pro-inflammatory factors (Fig. 1A), 
including MIP1a (macrophage inflammatory protein 1a), 
TIMP2 (tissue inhibitor of metalloproteases-2), TNFα (tumor 
necrosis factor-α) and fractalkine. NA increased expression 
of several cytokines and chemokines, and we previously 
reported that NA increased astrocyte secretion of MCP-1 
(monocyte chemotactic protein-1, also known as CCL2), 
which is anti-inflammatory as well as being neuroprotective 
[45]. Further analysis of the data reveals that NA also increased 
several other potential anti-inflammatory molecules (Fig. 1B), 
including IL-10 (interleukin-10, by 2.5-fold), GM-CSF 
(granulocyte-macrophage colony-stimulating factor, by 1.7 
fold), and sTNFR1 (soluble TNF receptor-1, by 1.3 fold). 
Although GM-CSF is generally considered a pro-inflammatory 
factor, it also has anti-inflammatory and neuroprotective 
effects. For example, GM-CSF reduced dopaminergic cell loss 
in a Parkinsons’ mouse model [46], and reduced cognitive 
impairment and amyloid burden in a mouse model of AD 
[47]. The effects may be due in part to the ability of GM-
CSF to induce maturation and proliferation of regulatory 
Tcells which attenuate ongoing Tcell inflammatory activities 

[48], and are known to play a role in attenuating auto-
immune diseases such as MS [49] as well as in neurological 
conditions including stroke and glioma [50].  

NA REGULATION OF ASTROCYTE CHEMOKINE 
PRODUCTION 

 While the ability of NA to prevent the production of 
astrocyte pro-inflammatory mediators is well established, its 
regulation of astrocyte chemokine production has not been 
largely studied. Chemokines are a group of cytokines sharing 
similar structure, and best known for stimulating migration 
of cells that express chemokine receptors. However, 
chemokines exert other effects, most of which have been 
discovered over the last few years. Among these, CCL2 (also 
referred to as monocyte chemotactic protein 1, MCP-1) is 
one of the more versatile ones based on the number of 
actions that have been attributed to it [51]. We showed that 
NA stimulates CCL2 production from cultured astrocytes, 
and that the astrocyte derived CCL2 protected cortical 
neurons against excitotoxicity caused by direct treatment 
with NMDA or glutamate, as well as by exposure to 
ischemic injury [45]. CCL2 also induced microglia expression 
of the trophic factor insulin like growth factor 1 (IGF), 
which could provide neuroprotective actions [52]. This 
induction occurs in vivo, since treatment of mice with  
L-DOPS or desipramine increased brain levels of CCL2, 
primarily in astrocytes [53].  

 These above results are in agreement with reports that 
CCL2 reduced glutamate toxicity and neuronal damage 
caused by stimuli such as β-amyloid peptide [54] or ethanol 
[55]. In contrast, several studies demonstrate deleterious 
effects of CCL2, thought to contribute to progression of 
neurodegeneration in conditions where inflammatory 
responses occur [56]. The contrasting actions may be 
dependent upon CCL2 concentration: in mouse models of 

Fig. (1). Effect of NA on factor secretion from astrocytes. Conditioned media from primary rat astrocytes activated overnight with  
LPS (1 µg/ml) in the presence or absence of 25 μM NA was used to screen Ray Biotech rat cytokine membranes. The relative levels of selected 
factors in CM-NA versus CM-vehicle is shown. (A) Secreted factors reduced by NA; (B) Secreted factors increased by NA. All samples 
were analyzed in duplicate. 
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AD, CCL2 overexpression enhanced Aβ deposition and 
oligomer formation and accelerated memory impairments 
[57]; yet there was also an increase of neurodegeneration in 
CCL2 knockout mice [58]. These findings suggest that 
proper maintenance of adequate CCL2 levels are necessary 
to prevent neuronal damage. Accordingly, fluctuations in NA 
levels, as occurs in AD, could translate into dysregulation of 
astrocyte production of CCL2, and contribute to disease 
progression. 

NA INCREASES TROPHIC FACTOR RELEASE 
FROM ASTROCYTES 

 In addition to effects on astrocyte cytokines and 
chemokines, a growing body of evidence shows that NA 
increases astrocytic production of trophic factors. In vitro, 
astrocytes express and secrete BDNF (brain derived 
neurotrophic factor), NGF (nerve growth factor), NT3 
(neurotrophin-3) [59], GDNF (glial derived neuruotrophic 
factor) [60], CNTF (ciliary neurotrophic factor) [61], NTN 
(neurturin) [62], and NT4/5 (neurotrophin 4/5) [63]. 
Furthermore, changes in NA or cAMP regulate glial 
neurotrophin expression, including BDNF [64]; GDNF [65]; 
FGF-2 (fibroblast growth factor -2) [66], and NGF and NT3 
[63]. With the exception of GDNF production, which appears 
to be primarily controlled by α2-receptors [67], NA-stimulated 
trophic factor elevations are largely mediated by activation 
of β - and/or α1-adrenoceptors. Astrocyte levels of NGF are 
increased by the nonselective β -adrenoceptor agonist 
isoproterenol [68], although a role for other receptors has not 
been ruled out. In the case of BDNF, both α1 and β receptors 
have been shown to independently contribute to NA-induced 
upregulation [69]. These results are similar for NA-induced 
elevation of FGF-2, since increases are diminished by pre-
treatment with the α1 and β antagonists [66]. The adrenoceptor 
mediated elevation of NT-3 is blocked by the PKC inhibitor 
staurosporine as well as by the PKA inhibitor H-89 [70]. 
Although in vitro studies can be confounded by the presence 
of other factors in the media which can crosstalk with 
various second messenger systems (eg insulin, cortisol, 
growth hormone), the weight of evidence supports the 
noradrenergic control of astrocyte trophic factor secretion, 
via the major α1-, α2-, and β-adrenoceptor subtypes. 

LOSS AND DAMAGE TO THE LC IN NEURO- 
LOGICAL DISEASES 

 It is well known that noradrenergic neurons in the Locus 
coeruleus (LC) are damaged or lost in the majority of 
Alzheimer's disease patients [71,72] and reduced levels of NA 
[73,74] are well known hallmarks of several neurological 
diseases including AD and PD. The LC provides noradrenergic 
input to most regions of the brain including forebrain, 
cerebellum, brainstem, and spinal cord. AD patients have up 
to 60% fewer LC neurons compared to normal age matched 
controls [75] and LC neuronal loss has been correlated with 
plaque number and the duration and severity of dementia 
[72,76]. Although loss of cholinergic neurons has been a 
primary focus of AD research, in recent studies [77], the 
greatest loss of neurons in AD was found in the LC (83% loss).  

 Although loss of LC neurons has been known for many 
years to occur in AD and PD, the neuropathological 

consequences of that loss have until recently not been clear. 
In view of the important regulation of astrocyte function by 
NA, including providing metabolic and trophic support to 
neurons, it was hypothesized that LC neuronal loss could 
lead to metabolic impairment and disruption of neuronal: 
glial interactions, leading to a cascade of events culminating 
in increased neuropathology [78]. To experimentally address 
the role of the LC, we examined the effects of NA depletion 
on cortical responses in adult rats [79]. NA depletion was 
achieved by treatment with the selective neurotoxin N-(2-
chloroethyl)-N-ethyl-2 bromobenzylamine (DSP4) [80]. In 
control animals, injection of aggregated forms of the 
amyloid beta 1-42 peptide (Aβ1-42) induced IL-1β and 
NOS2 expression in microglia, and increased astrocytic 
GFAP staining. Following LC lesion, there was increased 
expression of IL-1β and NOS2 in microglia and astrocytes, 
and increased astrocyte GFAP and IL-1β staining. While 
Aβ1-42 induced NOS2 in glia in controls, the site of NOS2 
in DSP4-treated animals was also neuronal, a location 
observed in AD patients [81]. The increased inflammation 
due to DSP4 was prevented by increasing CNS NA levels 
using a selective α2-adrenergic antagonist, indicating that it 
is reduced NA and not other transmitters that are responsible 
for the increased responses [82]. We and others then went on 
to examine the consequences of LC damage in various 
transgenic mouse models of AD, and showed that LC lesion 
not only exacerbated glial inflammation but also increased 
amyloid burden, neuronal death, and cognitive deficits  
[83-87]. Together, these studies confirm that loss or 
dysregulation of CNS NA levels can have significant 
consequences on disease progression, suggesting that LC 
loss in AD contributes to neuropathology. 

 Several studies have now demonstrated that loss or 
damage to LC noradrenergic neurons occurs in certain 
transgenic mouse models of AD in the absence of exogenous 
chemical lesioning [83,88,89], an event which may 
recapitulate what occurs in AD. While the exact causes of 
LC damage in these mice (as in AD) remains to be 
determined; an accumulation of phosphorylated tau has been 
observed in LC neurons in several transgenic mouse lines 
[90], which recapitulates another aspect of AD disease and 
may be a target for intervention [91,92].  

NEUROTROPHIC FACTORS IMPORTANT FOR LC  

 A likely contributing factor to LC damage is a reduction 
in necessary trophic factors and their cognate receptors, 
which are known to be critical for LC maturation and 
survival [93]. During normal development LC neurons 
express high levels of the neurotrophin receptor TrkB, TrkB 
deficient mice have 30% fewer LC neurons, and in vitro the 
TrkB ligands NT4 and BDNF provide neuroprotection 
[94,95]. In vivo studies show that BDNF heterozygous null 
mice have fewer LC neuronal cell bodies [96]; and that 
BDNF increases the density of noradrenergic axons [97] and 
LC neuronal activity [98]. As described above, a major 
source of neurotrophins are astrocytes; and in vivo, many 
neurotrophins have been localized to glial cells by in situ 
hybridization or immunochemical staining methods [99]. 
These findings suggest that changes in LC function, leading 
to reductions in NA levels could cause a feed-forward loop 
of increasing damage by reducing neurotrophic support.  
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IMPORTANCE OF THE LC:NA AXIS IN MS 

 Changes in NA levels also occur in MS and its animal 
model EAE. Several studies reported alterations in peripheral 
NA levels [100,101] in MS patients versus healthy controls; 
and changes in β−AR expression on leukocytes [102]. 
Experimental lesion of the sympathetic nervous system 
augmented symptoms of EAE [103]; as did depletion of 
splenic NA [104]. Conversely, treatment with βAR agonists 
suppressed disease severity and decreased immune activation 
[105,106]. In contrast to peripheral effects, which to a large 
extent involve alterations of adoptive immune responses, the 
role of central NA during EAE and MS has not been as well 
characterized. In one study, CSF and white matter NA levels 
were found increased at early times, and reduced during the 
later clinical period [107]. Other studies reported reduced 
levels of NA in brainstem and cords of EAE rats [108,109]. 

In MS patients, it was reported that NA levels are increased 
in CSF [110], and in astrocytes in white matter there are 
reduced levels of β2-ARs compared to controls [111].  

 The above findings led us to speculate that, as for AD, 
LC damage may also be a feature of MS and EAE and 
similarly contribute to disease progression [112]. We first 
measured NA levels in CNS samples from EAE mice, and 
confirmed that at day 60 after immunization (during the 
chronic phase of disease), NA levels were significantly reduced 
in the frontal cortex (about 35% reduction) and spinal cord 
(about 50% reduction). Immunostaining of the LC from 
those mice showed an increase in GFAP staining associated 
with a slight decrease in tyrosine hydroxylase (TH - the rate 
limiting enzyme in NA synthesis) staining, and a significant 
atrophy of the TH+ neurons, suggesting stress and damage 
occurring in or around LC noradrenergic neurons. Staining 
of sections from MS patients and controls also revealed a 
significant increase in GFAP staining around the area of the 
LC. However, in contrast to neuronal atrophy, we detected 
significant hypertrophy of the LC TH+ neurons, which we 
hypothesize is due to the large difference in ages (4-5 month 
old mice as compared to 70-80 year old MS patients).  

 Relatively few studies have examined possible beneficial 
effects of selectively increasing CNS NA in EAE or MS. 
Early studies reported that destruction of noradrenergic 
neurons attenuated the course of EAE in rats [113] suggesting 
an exacerbating role for central NA. However more recently, 
it was shown that chronic treatment with venlafaxine, a 
bicyclic, serotonin-noradrenaline reuptake inhibitor ameliorated 
clinical disease in adoptive transfer EAE [114]. Similarly a 

 

Fig. (2). Chemical structure of vindeburnol, a semi-synthetic 
derivative of the plant alkaloid vincamine. 

 

Fig. (3). Vindeburnol reduces thioflavin-S stained plaques in 5xFAD mice. 5-month old male 5xFAD mice [124] were treated with 
vindeburnol (20 mg/kg, i.p., 3 times per week) for 4 weeks. Serial sagital sections were stained with thioflavin-S, and then total staining 
quantified in 5-6 sections per mouse (n=6 mice per group). Representative images show areas where thioflavin-S staining was reduced by 
treatment. Quantitative analysis shows that vindeburnol significantly reduces the number of plaques, but did not affect average plaque size. 
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combination of the phosphodiesterase (PDE) inhibitor 
rolipram with lovastatin provided synergistic benefit in an 
inflammatory EAE model [115]. Our studies [32] confirm 

that increasing CNS NA levels, by use of L-DOPS alone or 
with atomoxetine, provide clinical benefit in EAE. 

 

Fig. (4). Vindeburnol induces LC maturation in 5xFAD mice. (A) Sagital sections through vehicle and vindeburnol treated 5xFAD  
mice treated as in Fig. 3 were stained for the presence of TH+ neurons. Images are representative of 4 to 6 mice in each group, and  
show an increase of TH+ staining due to vindeburnol treatment. (B) Total cytosolic RNA was purified from the LC, and used for  
qPCR analysis of DBH (dopamine beta hydroxylase) and TH. Values are mean±se of n=6 (vehicle) and n=9 (vindeburnol) samples per 
group, and are normalized to values measured for tubulin in the same samples. The values for the vehicle treated samples are normalized to 
100%. *, P < 0.05. Scale bars are 100 μm. 
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Fig. (5). Vindeburnol induces BDNF expression. (A) Tissue lysates were prepared from vehicle and vindeburnol treated 5xFAD mice (n=5 
per group) as described in Fig. 3, and used for western blot analysis of BDNF. The antibody used (Santa Cruz sc-546, rabbit polyclonal) 
detects pro-BDNF (Pro), intermediate forms (Int), and mature BDNF (Mat). (B) Bands were quantified using NIH Image J software, 
normalized to total Commassie Blue staining obtained for the same samples run on a second gel, and are presented relative to values 
measured in wildtype littermates (WT). Vindeburnol did not alter BDNF levels in WT mice (not shown). *, P <0.05 versus WT-Vehicle; &, 
P<0.05 versus 5xFAD-Vehicle. (C) Primary enriched cultures of mouse astrocytes and cortical neurons were prepared, kept in culture for 1 
(neurons) or 2 weeks (astrocytes), then treated with 0 or 20 μM vindeburnol. After overnight incubation, total RNA was analyzed by qPCR 
for BDNF4 (the major BDNF mRNA isotype present in 5xFAD hippocampus, data not shown). BDNF values are normalized to b-tubulin 
levels measured in the same samples, and are presented relative to values measured in vehicle treated astrocytes. Data is mean ± se of n=4 
samples per group, *, P<0.05 versus vehicle treated astrocytes. 
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CAN WE PREVENT LC DAMAGE AND NA LOSS? 

 Despite the potential benefit of several methods which 
raise CNS NA levels, they do not address the root problem, 
namely LC damage and reduced function; drugs or 
interventions which reduce LC neuronal damage or increase 
LC neuronal activity could potentially reduce underlying 
pathology and disease progression. Vindeburnol (Fig. 2), a 
semi-synthetic derivative of the plant alkaloid vincamine, 
was shown to exert some of these properties [116]. 
Vindeburnol increased TH protein expression and activity in 
noradrenergic neurons in the LC, but not in dopaminergic 
neurons in the substantia nigra or ventral tegmental area. In 
rats, a single i.p. dose of 20 mg/kg vindeburnol increased TH 
protein levels about 2-fold measured 3 days later. Vindeburnol 
also accelerated maturation of LC TH activity during normal 
development [117] and increased TH mRNA levels (Marcel 
et al. 1998). Both immunostaining and in situ data [118] 
suggest that vindeburnol re-activates TH expression in a sub-
population of LC neurons that transiently express TH during 
development, but lose expression in the adult while 
maintaining expression of transcription factor Phox2a which 
is necessary for noradrenergic maturation [119]. 

 The reported actions of vindeburnol on LC physiology 
prompted us to test this compound in mouse models of 
neurodegenerative diseases. Our initial studies were done 
using the EAE model of MS [120]. We reported that 
vindeburnol not only reduced the clinical signs of EAE 
disease, but also reduced glial inflammation in the area of 
the LC, reduced LC TH+ neuronal stress, and increased NA 
levels in the spinal cord. The mechanisms by which 
vindeburnol reduced LC damage in EAE mice are currently 
under investigation. However, measurement of mRNA levels 
for several genes involved in LC maturation or function 
showed reductions in EAE mice compared to controls, and 
restoration of those levels due to vinderburnol treatment.  

 More recently, we’ve been testing if vindeburnol would 
provide benefit in the transgenic mouse models of AD. Our 
initial findings suggest that vinderburnol treatment of 
5xFAD mice, beginning at age 5 months and continued for 4 
weeks, reduced amyloid burden throughout the brain (Fig. 3), 
with some regions (encircled) showing greater attenuation 
than others. Initial examination of the LC shows a trend 
towards increased TH expression and staining (Fig. 4), 
suggesting induction of neuronal maturation. We also 
observed that in the hippocampus, levels of neurotrophin 
BDNF were reduced in 5xFAD mice, and those levels were 
restored in the vindeburnol treated mice (Fig. 5A,B). In vitro 
studies using enriched glial and neuronal cultures suggests 
that vindeburnol selectively induces BDNF expression in 
astrocytes (Fig. 5C), suggesting that astrocytes may be a 
direct target of vindeburnol actions.  

SUMMARY/CONCLUSIONS 

 Although damage to LC noradrenergic neurons, and 
associated decreases in CNS NA levels, have been known 
for almost 40 years, dating back to early studies in PD and 
AD patients, the causes of that damage, its consequences on 
glial activation and neuropathology, and development of 
methods to prevent LC damage have been largely limited. 

LC damage now appears to be a common feature of several 
neurological diseases and conditions, including not only AD 
and PD but also MS, posttraumatic stress disorder [121,122], 
and Down’s syndrome [123]. Lesion studies indicate that LC 
neuronal damage and associated reductions or fluctuations in 
NA levels in LC projection areas (i.e. the hippocampus in 
AD; the spinal cord in MS) are permissive for increased 
inflammatory action of glial cells in those target areas, which 
can lead to a feed forward cycle in which reduced neurotrophic 
support increases LC neuronal damage. Findings that 
increasing NA levels by use of α2-antagonists, NA reuptake 
inhibitors, and NA precursors reduces glial inflammation, as 
well as improving neuropathology, offers several therapeutic 
options for treatment, some of which are currently being 
considered for design of early stage clinical trials in AD and 
MS. In contrast, findings using agents such as vindeburnol 
which can reduce LC damage, possibly by increasing the 
differentiation of quiescent noradrenergic neurons, offers a 
novel means to potentially limit the initial events of a the 
feed-forward mechanism of damage.  
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