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Norepinephrine Modulates the Motility of Resting and
Activated Microglia via Different Adrenergic Receptors*□S
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Stefka Gyoneva1 and Stephen F. Traynelis
From the Department of Pharmacology, Emory University School of Medicine, Atlanta, Georgia 30322

Background:Microglia respond to cell death by extending their processes toward ATP released at the site of damage.
Results: Norepinephrine induces process retraction in resting and activated microglia through �2 and �2A receptors,
respectively.
Conclusion: Norepinephrine alters the ability of microglia to respond to ATP.
Significance: Adrenergic receptor signaling might alter the ability of microglia to detect and respond to tissue damage in
vivo.

Microglia, the resident immune cells of the central nervous
system (CNS), monitor the brain for disturbances of tissue
homeostasis by constantly moving their fine processes. Micro-
glia respond to tissue damage through activation of ATP/ADP
receptors followed by directional process extension to the dam-
aged area. A common feature of several neurodegenerative dis-
eases is the loss of norepinephrine, which might contribute to
the associated neuroinflammation. We carried out a high reso-
lution analysis of the effects of norepinephrine (NE) on micro-
glial process dynamics in acute brain slices from mice that
exhibit microglia-specific enhanced green fluorescent protein
expression. Bath application of NE to the slices resulted in sig-
nificant process retraction in microglia. Analysis of adrenergic
receptor expression with quantitative PCR indicated that rest-
ing microglia primarily express �2 receptors but switch expres-
sion to �2A receptors under proinflammatory conditions mod-
eled by LPS treatment. Despite the differential receptor
expression, NE caused process retraction in both resting and
LPS-activated microglia cultured in the gelatinous substrate
Matrigel in vitro. The use of subtype-selective receptor ago-
nists and antagonists confirmed the involvement of �2 recep-
tors in mediating microglial process dynamics in resting cells
and �2A receptors in activated cells. Co-application of NE
with ATP to resting microglia blocked the ATP-induced
process extension andmigration in isolatedmicroglia, and �2

receptor antagonists prolonged ATP effects in brain slice tis-
sues, suggesting the presence of cross-talk between adrener-
gic and purinergic signaling in microglia. These data show
that the neurotransmitter NE can modulate microglial motil-
ity, which could affect microglial functions in pathogenic
situations of either elevated or reduced NE levels.

The locus coeruleus (LC)2 is the primary site of norepineph-
rine (NE) neurons in the brainwith projections extending to the
hippocampus, most cortical regions, and certain subcortical
structures. The loss of LC neurons is an early hallmark of sev-
eral neurodegenerative diseases, including Alzheimer disease,
Parkinson disease, and dementia with Lewy bodies (1–5). The
degeneration of the LC results in a decrease in NE levels in its
projection areas (1, 4). In contrast, NE is released in large
amounts during activation of the “fight-or-flight” response by
stressful stimuli. Certain types of stress, especially acute stres-
sors, can increase the LC firing rate and NE concentrations
throughout the brain (6, 7). Both decreased and increased NE
levels might lead to dysregulation of NE-dependent functions
such as learning and memory, attention, and arousal (8) and
could contribute to a pathological state. Experimental depletion
ofNE by either toxins or geneticmanipulations exacerbated path-
ological processes in animalmodels ofAlzheimer disease andPar-
kinson disease (9–11). In contrast, elevation of synaptic NE levels
by preventing its uptake protects dopaminergic neurons from
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine toxicity (12).
In addition to its role as a neurotransmitter, NE can be

released extrasynaptically and can act as a neuromodulator to
influence the functions of glial cells and capillaries (13, 14). NE
seems to possess anti-inflammatory actions as it has been
shown to reduce proinflammatory gene expression in micro-
glia, brain-resident immune cells (15–18). The beneficial role of
NE is especially evident in animal models of Alzheimer disease
where it might help resolve pathology in several ways. First, NE
might enhance microglial chemoattraction to the amyloid �
peptide (A�)-containing plaques associated with the disease
(19). Second, it promotes the clearance of A� plaques by
increasing microglial phagocytosis of A� and elevating the
expression ofA�-degrading enzymes (20). Third,NE treatment
prevents theA�-induced increase in proinflammatory cytokine
expression (11, 19), and lack ofNE exacerbatesmicrogliosis in a
mouse model of Alzheimer disease (21).
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The ability of microglia to constantly move their processes is
thought to be essential for both their role in tissue surveillance
and their response to tissue damage (22–24). NE is known to
increasemicroglial motility in response to A� in Boyden cham-
ber migration assays and in vivo (19), but the mechanism by
which NE regulates motility has not been well described. We
developed a new brain slice assay to studymicroglial motility in
tissues and used an established in vitro assay to determine the
receptor involvement and signaling pathways by which NE
modulates microglial motility and the dynamics of individual
processes. We examined both resting and activated microglia
because of our previous findings showing that different G pro-
tein-coupled receptors control microglial motility in a manner
dependent on microglial activation status (25, 26). We found
that the expression of the �2A- and �2-adrenergic receptors
markedly changes as a function ofmicroglial activation and that
both receptors can regulate microglial process dynamics. The
�2A/�2 receptor pair is the second pair of Gi/Gs-coupled recep-
tors thatwe have found to controlmicroglialmotility and that is
altered bymicroglial phenotypic state (the other being puriner-
gic P2Y12/adenosine A2A receptors) (26). These data suggest
that both NE and ATP can control how microglia sense and
respond to tissue damage, either independently or synergisti-
cally, which could hold therapeutic implications for the role of
microglia in neurodegeneration.

EXPERIMENTAL PROCEDURES

Animals and Primary Microglial Culture—All procedures
involving the use of animals were reviewed and approved by the
Emory University Institutional Animal Care and Use Commit-
tee. Primarymicroglia were obtained by triturating the cortices
of P0–P5 postnatal pups as described previously (26). Aspirat-
ing the media from the resulting astrocyte-microglia co-cul-
tures following �14 days of incubation allowed us to obtain a
microglial cell suspension that was 98.0 � 1.2% pure (assessed
by isolectin B4 staining). Cultured microglia for confocal imag-
ing experiments were prepared from actin-enhanced green
fluorescent protein (eGFP) mice that express eGFP in all cells
under control of the actin promoter (provided by M. Okabe,
OsakaUniversity,Osaka, Japan).Microglia used forCa2� imag-
ing experiments were isolated from wild type C57Bl/6 mice
(Charles River). CX3CR1-eGFP mice that have microglia-spe-
cific eGFP expression driven by the CX3C-type chemokine
receptor 1 promoter (27) were purchased from The Jackson
Laboratory.
Preparation of Acute Brain Slices, Slice Imaging, and Data

Analysis—Acute brain slices were prepared from 1–4-month-
old CX3CR1-eGFP transgenic mice, which have microglia-spe-
cific eGFP expression (see Fig. 1A) (27). Coronal slices were cut
at a thickness of 200 �m using a Leica VT1000S vibratome in
ice-cold oxygenated cutting solution that contained 130 mM

NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 10 mM glucose, 24 mM

NaHCO3, 3mMMgSO4, and 1mMCaCl2 equilibrated with 95%
O2 and 5%CO2. The slices were thenmaintained in oxygenated
artificial cerebrospinal fluid (aCSF) for at least 1 h at room tem-
perature (to allow the tissue to recover from slicing) and up to
5 h before imaging. The composition of the aCSF was 130 mM

NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 10 mM glucose, 24 mM

NaHCO3, 1.5 mM MgSO4, and 1.5 mM CaCl2. The cutting pro-
cedure andmaintenance of slices in aCSF do not affect cytokine
synthesis in this time frame (see Fig. 1B). For imaging, slices
were placed on the stage of an Olympus IX51 inverted confocal
microscope equipped with a disc spinning unit and constantly
perfusedwith oxygenated aCSF at 32 °C.Toprevent slicemove-
ment during solution flow, a platinum ring with nylon threads
was placed above the slices. Imaging was carried out at 60�
magnification using IPLab image acquisition software. The
experimental protocol consisted of a baseline reading for 5 min
followed by application of aCSF alone or different treatments in
oxygenated aCSF. To better represent the complicated micro-
glial morphology, �30–50 optical sections along the z axis of
the sliceswere collected every 60 s; each sectionwas 1�mabove
the previous one. For image analysis, the optical sections at a
given time point were projected onto the xy plane using the
maximum intensity at each pixel position in the stack to obtain
a two-dimensional representation of the brain slice. The two-
dimensional maximum intensity projections were then used to
calculate total process length with NIH ImageJ software. Each
cell process was manually traced and saved as a region of inter-
est. The length of the region of interest was measured at the
beginning of imaging, and its length was tracked at 5-min inter-
vals. The sum of all processes was normalized to the total pro-
cess length (sum of all regions of interest) during the baseline
recording to allow comparison between cells with different
degrees of starting ramification. For illustration of the process
traces in Figs. 2 and 3, the two-dimensional projections were
imported into Adobe Photoshop, and the processes were man-
ually traced out. For better visualization of the thin processes in
movies and still images, the brightness and contrast for the
whole movie were adjusted.
Reverse Transcription-PCR (RT-PCR)—Total cellular RNA

(isolated with a PureLink mini kit, Ambion) was treated with 2
units/reactionDNase I (Invitrogen) to remove any contaminat-
ing DNA. Semiquantitative reverse transcription-PCRwas car-
ried outwith 50 ng of RNAas template using the SuperScript III
One-Step RT-PCR System with Platinum Taq DNA polymer-
ase (Invitrogen). The protocol included incubation at 60 °C for
30 min for cDNA synthesis before amplification, which con-
sisted of heating to 94 °C for 2 min and 35 cycles of 94 °C for
15 s, 60 °C for 30 s, and 70 °C for 1 min with a final extension at
68 °C for 5 min. Increasing or decreasing the number of ampli-
fication cycles resulted in an altered level of product, suggesting
that this protocol could detect changes in starting template
levels. Primer sequences for mouse interleukin-1� (IL-1�) and
�-actin have been described previously (28, 29).
Real Time Quantitative PCR—Total cellular RNA was isolated

as described above. cDNA was synthesized from 1 �g of RNA
using random primers and the High Capacity cDNA Reverse
Transcriptionkit (AppliedBiosystems), and250ngof the resulting
cDNA was used as starting material for real time PCR using
TaqMan Fast Universal PCR Master Mix (Applied Biosystems).
Primers for the different adrenergic receptors and GAPDH are
available from the Applied Bioscience TaqMan Gene Expression
Assays: probes Mm00442668_m1 (�1A), Mm00431685_m1
(�1B), Mm01328600_m1 (�1D), Mm00845383_s1 (�2A),
Mm00477390_s1 (�2B),Mm00431686_s1 (�2C),Mm00431701_s1
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(�1), Mm02524224_s1 (�2), Mm00442669_m1 (�3), and
Mm99999915_g1 (GAPDH). Amplification was carried out with
the Applied Biosystems 7500 Fast Real-Time PCR System. Run-
ning conditions for all probeswere50 °C for 2minand95 °C for 10
min followedby40cyclesof95 °C for15sand60 °C for1min.Data
wereanalyzedusing7500SoftwareSuite (v2.0).RNAisolated from
cortical lysates was used as a positive control for receptor expres-
sion. The relative expression of each receptor normalized to its
expression in the cortex of PBS-injectedmicewas calculatedusing
the 2���Ct method that compares the amplification cycle num-
bers at which a threshold fluorescence was reached between a
sample of interest and a control sample (30). To activate primary
microglia in vitro, the cells were treated with 100 ng/ml LPS
(Sigma, catalog number L2654) for 24 h. In vivo activation was
achieved by injecting mice intraperitoneally with 2 mg/kg LPS
(Sigma, catalog number L2143) or vehicle (PBS) 2 days prior to
tissue isolation.
Live Cell Ca2� Imaging—Calcium imaging of primary wild

type microglia loaded with 5 �M Fura-2 AM (Invitrogen) was
performed in a manner similar to that described for primary
astrocytes (31). Microglia were treated with Hank’s balanced
salt solution (HBSS; control) to preserve their resting pheno-
type or activated with 100 ng/ml LPS for 24 h before imaging.
Imaging was performed at room temperature (23 °C) with dual
excitation at 340- and 380-nm wavelengths and emission from
both at 510nm. Imageswere capturedwith aMicroMax camera
(Princeton Scientific Instruments). The emission signals from
each excitation (Ex)wavelengthwere used for ratio calculations
(Ex 340/Ex 380) using Imaging Workbench software (Axon
Instruments). The imaging protocol consisted of baseline read-
ing for 60 s, application of 30 �M NE for 60 s, a wash for 120 s,
application of 30 �M ATP for 60 s (positive control), and a final
wash for 120 s. To facilitate comparisons between cells with
different background levels of free calcium, all calculated ratios
were normalized to the baseline reading according to the fol-
lowing formula.

R�t	 �
Rx�t	

R(baseline)
(Eq. 1)

where R(t) is the normalized ratio, Rx(t) is the raw ratio at each
time point, andR(baseline) is the average of the raw ratios in the
first 60 s before cells were stimulated with NE.
Confocal Imaging and Three-dimensional Reconstructions—

Microglial process dynamics were studied in vitro in the gelat-
inous three-dimensional substrate Matrigel (BD Biosciences)
as described previously (26). When necessary, microglia were
activated with 100 ng/ml LPS for 24 h. The cells were imaged
using an Olympus IX51 inverted confocal microscope
equipped with a disc spinning unit under 60� magnification
with the IPLab image acquisition software. The imaging proto-
col included an initial period to establish baseline motility for 5
min, application of specified treatments for 5 min, and a 5-min
washout. Optical sections were obtained along the z axis of the
cells every 30 s; each section was 1 �m above the previous one
for 25–35 sections per cell. The resulting time sequences were
analyzed with Imaris software (Bitplane AG). The background
was subtracted from all recordings using a 10-�m filter. Three-

dimensional reconstructions of the cells were then generated
from the z stacks. To improve the quality of the representations,
they were subjected to a Gaussian smoothing algorithm with a
0.25-�mfilter. The software then calculates various parameters
of the reconstructed three-dimensional surface such as surface
area and volumeby breaking the surface into small triangles (for
surface area) or voxels (for volume) and summing them up.We
used the surface area-to-volume ratio at each time point to
determine changes in cell ramification in response to various
treatments. Surface area-to-volume ratio values show a strong
correlation with measurements of individual process velocity
(26) and the total process length frommaximum intensity pro-
jections (data not shown). To quantitatively compare different
treatments, we used the area under the ramification versus time
curves starting at application of treatment (t 
 5 min).
Iontophoresis and Microglial Migration—To study micro-

glial chemotaxis, primary resting microglia from actin-eGFP
mice were plated on Matrigel. On the next day, the cells were
imaged over time. Only a single optical plane through the mid-
dle of the cell was recorded. An ATP gradient was generated by
ejecting ATP from a micropipette as described previously (26).
A micropipette with �3-megaohm resistance was filled with
0.5 mM ATP. To prevent ATP leak, a backing current of �700
nA was applied with a current generator (Dagan, model ION-
100T). Ejection of ATP was achieved with a current of �1500
nA. Upon ejection, the ATP diffuses away from the pipette,
generating a gradient. Cells were constantly perfused with
imaging buffer with a flow rate of �1 ml/min; for some exper-
iments, 30 �M NE was included in the perfusion solution. The
time lapse recordings (5-min baseline and 25-min ATP appli-
cation) were analyzed with Bitplane Imaris software. Cells were
detected using the Spots function and tracked by the software
over time using the Autoregressive algorithm. The spots had a
minimum diameter of 5 �m to restrict tracking only to the cell
body rather than processes. The migratory paths of each cell
were visualized as tracks, and the magnitude of the vector dis-
placement was calculated for quantification.

RESULTS

NE Modulates Microglial Process Motility in Tissues—Both
in vitro and in vivo observations suggest that the presence ofNE
influences microglial motility in response to A� (19). To better
understand the effects of NE on microglial motility in their
native environment in real time, we developed a brain slice
imaging system. We prepared 200-�m-thick slices from
CX3CR1-eGFP mice that exhibit microglia-specific eGFP
expression (Fig. 1A) (27). The cutting procedure itself, which
likely affects microglia on a transient basis, does not lead to
classical microglial activation over the course of several hours
as evident by the absence of changes in IL-1� cytokine mRNA
expression (Fig. 1A). In contrast, IL-1� induction can be
observed in brain lysates following microglial activation in vivo
achieved by an injection of the bacterial endotoxin LPS (2
mg/kg intraperitoneally 2 days before slicing; Fig. 1B) (26).
Microglia are highly motile under homeostatic conditions in

vivo, constantly extending and retracting the tips of their fine
processeswith no net change in overall process length and ram-
ification (23, 24). However, in the presence of tissue damage,
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microglia detect ATP released at the damaged site and extend
their processes in response to ATP in vitro and in vivo (23, 26,
32, 33). To examine the effects of ATP onmicroglia in slices, we
optically sectioned the slices over a 30-min time period, which
allowed us to capture the complex three-dimensionalmorphol-
ogy ofmicroglial processes and theirmovement over time. Col-
lapsing the 30–50-�m z stack of 1-�m optical sections from
each time point into a two-dimensional image produced a time
series of images with exceptional resolution of individual
microglial processes. The morphology was reminiscent of the
cells seen in their native environment in situ (Fig. 1C) (23). At
baseline conditions, cells contained long processes with an
average length of 10.5 �m. Bath application of 30 �M ATP to
acute brain slices induced process extension by cortical
microglia (Fig. 1, C and D, and supplemental Movie 1), sug-
gesting that acute slices faithfully reproduce microglial
behavior as seen in vivo and in vitro. Surprisingly, perfusion
with 30 �M NE slowly induced process retraction as opposed
to the extension seen following ATP treatment (Fig. 2, A and
B, and supplemental Movie 2).

We quantified changes in microglial ramification in slices by
measuring the total process length for each cell over the course
of imaging (Fig. 2C). Slices perfused with aCSF maintained
most of their processes over the course of the imaging; the pro-
cess length often appeared to start decreasing after 15 min of
imaging, but did not significantly decrease from baseline until
the 30-min time point (Fig. 2C). ATP induced an 18% increase
in total process length (n 
 8 cells), which was significantly
different fromaCSF treatment after 15min of imaging (Fig. 2C).
In contrast, NE treatment led to a significant decrease in pro-
cess length by 23% (n 
 9 cells; Fig. 2C). It should be noted that
changes in process length are likely underestimated because
collapsing the stacks to a two-dimensional projection does not
allow us to fully capture movement in the vertical direction
(data not shown); errors will be the same for both control and
experimental conditions and onlymodestly alter the ratio given
that individual processes do not shift angular displacement
with treatment. To adjust for the observed decrease in total
process length over time (34) and more clearly compare the
effects of NE and ATP, we normalized the process length of
ATP- and NE-treated slices to aCSF-treated slices at each time
point (Fig. 2D). Finally, addition of 0.5 �M tetrodotoxin, a volt-
age-gated sodium channel blocker, did not prevent the effects
of NE (n 
 9; data not shown). The inability of tetrodotoxin to
block the NE-induced process retraction indicates that NE
likely acts directly on microglia rather than through modula-
tion of synaptic transmission and neurotransmitter release.
Noradrenergic Receptor Expression inMicroglia Is Dependent

on Their Activation Status—Although Heneka et al. (19)
showed that � receptor agonists such as isoproterenol mimic
the effects of NE on microglial motility in a Boyden chamber
migration assay, no data were presented regarding which NE
receptor subtypes were expressed on microglia. Thus, we
assessed the expression of adrenergic receptors to determine
which subtypes might be involved in regulating microglial
motility. Because persistent inflammation occurs in neurode-
generative disease and microglial activation is known to affect
the expression of genes involved in microglial motility (26), we
examined adrenergic receptor expression in LPS-activated
microglia. We assessed the expression of noradrenergic recep-
tors at the mRNA level using real time quantitative PCR with
RNA isolated from both resting and LPS-activated purified pri-
mary microglia. We used whole cortical lysates from control or
LPS-injectedmice (2mg/kg intraperitoneally 2 days before slic-
ing) as a positive control for receptor expression, and we were
able to detect all receptors. In purified microglia, we detected
mRNA for �1A, �1, and �2 receptors in resting microglia (Fig.
3A). However, the signal amplitudes for �1A and �1 receptors
were only about 10% of the signals observed in whole cortical
lysates. In contrast, the mRNA for �2 receptors was 10 times
higher in microglia than in the mixed cell types present in cor-
tical lysates. The expression of all three receptors decreased
following LPS activation: �1A and �1 receptors decreased to
almost undetectable levels, and �2 receptors decreased to the
background expression levels in the cortex. Interestingly, LPS
activation strongly induced the expression of �2A receptors in
cultured microglia as well as in the cortical lysates (Fig. 3A).
Thus, it seems likely that at least part of the increase in cortical

FIGURE 1. Microglia in acute brain slices. A, 200-�m coronal cortical slices
were prepared from CX3CR1-eGFP mice that have microglia-specific eGFP
expression and imaged with a confocal microscope. B, IL-1� cytokine expres-
sion was assessed by RT-PCR using RNA isolated from acute brain slices. To
compare cytokine expression in slices with normal brain, cortical lysates from
PBS- (control) or LPS-injected (2 mg/kg intraperitoneally 2 days before slicing)
animals were used as a control. C, maximum intensity projections of optical
sections spanning 45 �m through representative cells before (left; t 
 0 min)
and following treatment with 30 �M ATP (right; t 
 7 min). Arrowheads point
to select processes that change over time. Scale bars, 5 �m. D, microglial
processes for still images shown in C were manually traced out for visualiza-
tion and quantification.
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expression of �2A receptors induced by LPS can be accounted
for by an increase inmicroglial expression. In summary, resting
microglia primarily express the G�s-coupled �2 receptors,
whereas activated microglia primarily express the G�i-coupled
�2A receptors.
To determine whether the low levels of �1 receptor mRNA

detected by quantitative PCR lead to expression of functional
receptors, we performed live cell calcium imaging of resting and
LPS-activated (100 ng/ml for 24 h) primary microglia. Activa-
tion of G�q-coupled receptors leads to an increase in intracel-
lular calcium that can be detected with calcium-sensitive fluo-
rescent dyes such as Fura-2. Application of 30 �MNE elicited a
small Fura-2 response in one (of 12) control and two (of 15)
LPS-treated microglia (Fig. 3, B and C). As a positive control,
treatment with 30 �M ATP resulted in a strong increase of the
Fura-2 response over baseline levels in all cells arising from
activation of G�q-coupled purinergic receptors (Fig. 3, B and
C). These results show that �1 receptors are not expressed at an
appreciable degree by microglia.
Norepinephrine Modulates Microglial Process Dynamics in

Vitro—We recently described an assay that allows us to evalu-
ate the motility of isolated primary microglia in vitro (26).
Microglial cells from actin-eGFP mice plated on top of the
gelatinous substrate Matrigel can enter the gel and assume a
three-dimensional morphology; subsequent time lapse confo-
cal imaging allows us to evaluate the behavior of individual cells
at high resolution and to use pharmacological interventions to
dissect the effects of different signaling pathways on microglial
process dynamics. Using this assay, we showed that ATP causes

process extension in resting microglia but process retraction in
microglia activated with 100 ng/ml LPS for 24 h (26). Consid-
ering the unexpected finding that NE causedmicroglial process
retraction in native tissues (Fig. 2), we imaged isolated primary
cortical microglia grown in Matrigel in vitro to generate three-
dimensional reconstructions of the cells with the assistance of
image analysis software (Fig. 4 and supplemental Movie 3). As
seen in acute brain slices, bath application of 30 �MNE to rest-
ing microglia in Matrigel induced process retraction (Figs. 4A
and 5A). This was quantified by calculating the ramification of
the cells as surface area-to-volume ratios from the three-di-
mensional reconstructions (Figs. 4A and 5C). The ability of NE
to affect process dynamics in isolated microglia further sug-
gests that the effects seen on microglia in slices are through
direct modulation of microglia rather than the release of
neuroactive substances.
Despite the change in adrenergic receptor expression follow-

ing LPS activation (Fig. 3A), NE produced a similar process
retraction in activated microglia (Figs. 4B and 5B). The extent
of process retraction can be quantitatively assessed by calculat-
ing the area under the time-response curves. This analysis
showed that there is a similar degree of process retraction
(�20% decrease in ramification) for resting and activated
microglia following NE treatment. Moreover, the extent of
retraction was the same for NE and ATP in activated microglia
(Fig. 5C).
Mechanisms Underlying NE Control of Microglial Process

Motility—Wenext utilized subtype-selective adrenergic recep-
tor agonists to determine whether NE mediates its effects on

FIGURE 2. Microglial motility in slices. Coronal slices were prepared from CX3CR1-eGFP mice and imaged as described. A, maximum intensity projection of a
31-�m section from a slice before (left) and following application of 30 �M NE (right). Arrowheads point to select processes that change over time. Scale bars, 5
�m. B, traced out processes for the cell shown in A. C, the total process length for each cell was calculated following ATP or NE treatment and normalized to the
total process length during a 5-min baseline recording. D, process length of ATP- and NE-treated slices normalized to the average length of aCSF-treated slices
at each time point. The numbers of cells analyzed for each treatment are shown in parentheses. Error bars, S.E. Statistical analysis was performed using two-way
repeated measures ANOVA and Tukey’s post hoc test. #, p � 0.05 compared with baseline response; *, p � 0.05 compared with aCSF at the corresponding time
point.

Adrenergic Regulation of Microglial Motility

MAY 24, 2013 • VOLUME 288 • NUMBER 21 JOURNAL OF BIOLOGICAL CHEMISTRY 15295 at CAPES - USP on August 19, 2013http://www.jbc.org/Downloaded from 

http://www.jbc.org/


process dynamics through different receptors under resting
and activating conditions. Bath application of the � receptor
agonist isoproterenol (10 �M) induced on average a 16.7%
decrease in ramification in resting microglia but had no effect

on cell ramification in activatedmicroglia (Fig. 6,A andC). This
is consistent with the strong expression of �2 receptors in rest-
ing microglia and the down-regulation of �2 receptors in LPS-
activatedmicroglia (Fig. 3A). In contrast, the�2 receptor-selec-
tive agonist UK-14,304 (10 �M) had no effect on the
ramification of resting microglia, consistent with the minimal
expression of �2 receptors. UK-14,304 decreased ramification
on average by 18.7% in activated microglia (Fig. 6, B and C), a
result that is consistent with the increased expression of �2-ad-
renergic receptors seen with quantitative PCR (Fig. 3A).
Additional support for the involvement of specific adrener-

gic receptor subtypes in the response to NE for resting and
activated microglia was obtained through the use of subtype-
selective antagonists. Addition of the � receptor antagonist
propranolol (10 �M) prevented the NE-induced process retrac-
tion in restingmicroglia (Fig. 6,D and F), consistent withmedi-
ation by �2 receptors, which are highly expressed in resting
microglia. Likewise, the � receptor antagonist phentolamine
(10 �M) blocked the actions of 3 �M NE in activated microglia
(Fig. 6, E and F) as predicted given the strong down-regulation
of �2 receptors and up-regulation of �2A receptors by LPS. The
lower concentration of NE usedwith phentolamine (3 versus 30
�M) was necessary to achieve an efficient blockade of NE sig-
naling by the competitive antagonist phentolamine and was
selected based on the relative potencies of both agonist and
antagonist at the receptor (35, 36).

FIGURE 3. Expression of adrenergic receptors in microglia. A, quantitative real time PCR results for mouse adrenergic receptors in cortical lysates from PBS-
(control) or LPS-injected (2 mg/kg) mice or purified primary microglia (MG) treated with 100 ng/ml LPS or HBSS (control) for 24 h. For each receptor, expression
was calculated relative to cortical lysates of PBS-injected animals in three independent experiments, each performed in duplicate. Dotted line, relative expres-
sion 
 1 compared with cortex. X, not detected. B, measurement of Ca2� levels as a readout of Gq-linked receptor activation in primary microglia treated with
HBSS (n 
 12 cells) or 100 ng/ml LPS for 24 h (n 
 15 cells). NE (30 �M) and ATP (30 �M; positive control) were each applied for 1 min. The average traces from
all cells are shown. C, quantification of the maximum Fura-2 response following NE or ATP treatment. Error bars, S.E. Statistical analysis was performed using
two-way repeated measures ANOVA and Tukey’s post hoc test. *, p � 0.05.

FIGURE 4. Imaging of primary microglia in Matrigel in vitro. Three-dimen-
sional reconstructions of primary actin-eGFP microglia plated in Matrigel cap-
ture the complex, process-bearing morphology of primary microglia. The fig-
ure shows an example of a resting, HBSS-treated microglia (control; A) or a
microglia activated with 100 ng/ml LPS (B). Treatment with 30 �M NE induced
process retraction in both cases. Changes in the surface area-to-volume ratios
(SA/V) correlate to changes in ramification. Scale bars, 10 �m.
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Adrenergic ReceptorActivation InterfereswithATPResponses
in Resting Microglia—Because both NE and ATP can affect
microglial process dynamics, we next evaluated whether the
two signaling pathways interact. Specifically, we wanted to
determinewhetherNE signalingwill interferewith the ability of
microglia to respond to ATP, which is thought to be an impor-
tantmediator of the ability of microglia to respond to cell death
(23). We examined resting and LPS-activated (100 ng/ml for
24 h)microglia plated onMatrigel. The cells were treated either
with 20 �M ATP or with 20 �M ATP in the presence of 30 �M

NE. The inclusion of NE abolished the ATP-induced process
extension in resting microglia (Fig. 7, A and C). Both ATP and
ATP � NE induced process retraction in activated microglia
(Fig. 7, B and C). Quantitative analysis of the average areas

under the ramification curves showed that the degrees of
retraction induced by ATP or ATP � NE in LPS-activated
microglia were similar, and there are no additive or synergistic
effects (Fig. 7C).
To further confirm the interaction between NE and ATP in

restingmicroglia, we determinedwhetherNE affectsmicroglial
chemotaxis to ATP. We examined the motility of primary
microglia in Matrigel in response to an ATP gradient. To gen-
erate the gradient, we locally applied ATP from a micropipette
using iontophoresis; this allowed us to retain the ATP in the
pipette by applying a positive current to the negatively charged
ATP and release ATP at a specific time by applying negative
current. Resting microglia migrated toward the ATP released
from the pipette (Fig. 7D). However, if microglia were perfused
with 30�MNE (both during the baseline recording and theATP
application), they displayed reduced or no migration (Fig. 7E),
which is reflected in significantly reduced cell displacement
from an average of 12.9 to 2.57 �m (Fig. 7F). Together with the
ability ofNE to preventATP-induced process extension in rest-
ing microglia, these findings further suggest an interaction
between adrenergic and purinergic signaling in microglia.
Finally, we wanted to determine whether the interaction

between NE and ATP can be seen for microglia in the native
tissues of acute brain slices that have endogenous NE. We
hypothesized that the endogenousNEmight be interferingwith
ATP-induced process extension and that blockingNE signaling
will enhance the effects of ATP in tissues. Slices were perfused
with either aCSF or aCSF containing the �-adrenergic receptor
antagonist propranolol (10 �M). After a 5-min baseline record-
ing, we applied 30 �M ATP in aCSF or aCSF � propranolol. As
expected, ATP induced an increase in total process length that
reached a peak early and then started decreasing (Fig. 8). Appli-
cation ofATP in the presence of propranolol changed the kinet-
ics of the ATP response such that ATP produced a sustained
process extension, and we did not observe a time-associated
decrease in ramification for the duration of imaging (Fig. 8).
Thus, our results show that NE signaling and ATP signaling
interact to modulate microglial motility both in vitro and in
tissues.

DISCUSSION

Adrenergic neurons originating in the LC innervate almost
all brain regions, and NE released at their terminals regulates
both basic (sleep/wake) and higher level (memory/cognition)
functions (8). In recent years, the ability of NE to act as a neu-
romodulator in the context of disease has gained attention. NE
possesses anti-inflammatory properties (15–18), and thus loss
of NE-expressing neurons may influence Alzheimer and Par-
kinson disease progression (1, 2, 4, 37).
In this study, we describe a novel neuromodulatory role of

NE in microglial motility both in tissue and in vitro. Our data
allowus to draw threemain conclusions. First, we used confocal
microscopy to studymicroglialmotion in living brain tissue and
found thatNE causedmicroglial process retraction in the intact
tissues of acute brain slices fromCX3CR1-eGFPmice that have
microglia-specific eGFP expression (Figs. 1 and 2). This result
was supported by detailed three-dimensional time lapse imag-
ing of isolated microglia obtained in Matrigel (Fig. 5). Second,

FIGURE 5. Control of microglial process dynamics by adrenergic recep-
tors in vitro. Three-dimensional representations of primary actin-eGFP
microglia plated in Matrigel were used to calculate cell ramification as surface
area-to-volume ratios at each time point. HBSS-treated (control (Con); A) or
LPS-activated microglia (100 ng/ml for 24 h; B) were treated with either 20 �M

ATP or 30 �M NE. C, a comparison of the effects of NE and ATP by calculating
the area under the ramification curves. The number of cells for each treat-
ment is shown in parentheses. Error bars, S.E.
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through the use of receptor subtype-selective agonists and
antagonists, we determined that NE exerted its effects through
�2 receptors in resting microglia and through �2A receptors in
LPS-activated microglia (Fig. 6). These functional data match
the adrenergic receptor expression we observed with real time
PCR (Fig. 3). Third, NE co-application to resting microglia
blocked ATP-induced process extension andmigration in vitro
(Fig. 7), and the �2 receptor antagonist propranolol prolonged
ATP-induced process extension in tissues (Fig. 8). These find-
ings suggest that adrenergic signaling might modulate or con-
trol the ability of microglia to respond to tissue damage and
subsequent ATP release in vivo.
Adrenergic Receptor Expression in Microglia—Although

there are several reports that describe the functional effects of
either �- or �-adrenergic receptor activation in cultured pri-
mary microglia (15, 19, 38–40), no data were provided regard-
ing receptor expression. Here we conducted the first compre-
hensive evaluation of adrenergic receptor expression in
primary mouse cortical microglia, examining both resting and
LPS-activated microglia. Our findings that mouse cortical
microglia primarily express�2 receptors in the resting state and

�2A receptors in the activated state (Fig. 3) are consistent with
most previous reports of expression of adrenergic receptors in
microglia (16, 41, 42).
Despite the �10-fold down-regulation, there is detectable

mRNA signal for the �2 receptor in activated microglia (Fig.
3A). However, treatment of activatedmicrogliawith the�2 ago-
nist isoproterenol did not affect cell ramification in isolated
primary cells (Fig. 6, A and C). It is known that �2 receptor
expression is controlled at multiple levels, including mRNA
translation and protein trafficking (43, 44). Thus, one possible
explanation for the lack of functional effects of �2 agonists in
activated microglia is the existence of post-translational mech-
anisms of expression regulation, but their elucidation is beyond
the scope of this study.
Microglial Motility in Tissues—In the present study, we used

a confocal imaging method to study the motility of eGFP-ex-
pressing microglia at high spatial and temporal resolution in
tissues of acute brain slices. Although it is possible to image
cortical microglia in the brains of alive, anesthetized animals
using two-photon imaging (23, 24, 32), this approach requires
specialized expertise and equipment and can only be applied to

FIGURE 6. Mechanisms underlying the NE-regulated changes in microglial process dynamics. Primary actin-eGFP microglia were imaged in Matrigel to
calculate cell ramification as surface area-to-volume ratios as described. A–C, effects of adrenergic agonists. Treatment of HBSS- (control (Con)) or LPS-treated
(100 ng/ml for 24 h) microglia with the �2 receptor agonist isoproterenol (Iso; 10 �M; A) or the �2A receptor agonist UK-14,304 (UK; 10 �M; B). D–F, effects of
adrenergic antagonists. D, treatment of HBSS-treated (control) microglia with 30 �M NE alone or 30 �M NE and the � receptor antagonist propranolol (Pro; 10
�M). E, treatment of LPS-activated (100 ng/ml for 24 h) microglia with 3 �M NE alone or 3 �M NE and the � receptor antagonist phentolamine (Phe; 10 �M). The
effects of NE receptor agonists (C) and antagonists (F) were compared by calculating the area under the ramification curves with the number of cells for each
treatment shown in parentheses. Error bars, S.E. Statistical analysis was performed using two-way ANOVA and Bonferroni’s post hoc test compared with control
(C) or NE-treated (F) cells. *, p � 0.05.
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cells near the pial surface. In contrast, slices can be prepared
from any region of interest, including deep brain loci such as
nuclei in the midbrain that are affected in some neurodegen-
erative diseases. Although the slicing procedure might tran-
siently affect microglia, our data suggest that the cells still
exhibit primarily a “resting” phenotype, which was confirmed
by their ability to respond to ATP with process extension (Figs.
1C and 2C) (32, 45). Furthermore, the expression of proinflam-
matory cytokines such as IL-1� was not induced by the process
of slicing as opposed to clear induction following a peripheral
LPS injection (2 mg/kg intraperitoneally) 2 days before slicing
(Fig. 1B).
Differential Modulation of Microglial Process Dynamics by

NE and ATP—Using high resolution, time lapse imaging, we
showed that NE is capable of causing process retraction in both
resting and LPS-activated primary microglia. The finding that
the Gs-coupled �2- and the Gi-coupled �2A-adrenergic recep-

tors modulate microglial motility represents the second pair of
Gs/Gi receptors for neurotransmitters (the other being P2Y12/
A2A receptors (25, 26)) that control microglial process dynam-
ics (Fig. 9). Microglia express several neurotransmitter recep-
tors (46) that might help them monitor normal brain function
as abnormal increases or decreases in neurotransmitter levels
might indicate a pathological event that warrants microglial
intervention.
There are both similarities and differences in the manner by

which ATP and NE affect microglial motility in resting and
activated microglia. Whereas both neurotransmitters activate
G protein-coupled receptors and influence cAMP signaling,
microglial activation produces a switch from the Gi-coupled
P2Y12 receptor to the Gs-coupled adenosine A2A receptor for
which the ATP breakdown product adenosine is an agonist
(26). By contrast, the adrenergic receptor switches during
microglial activation from the Gs-coupled �2 receptors to the

FIGURE 7. Interaction between purinergic and adrenergic signaling in regulating microglial motility in vitro. Primary actin-eGFP microglia were imaged
in Matrigel to calculate cell ramification as surface area-to-volume ratios as described. A–C, HBSS-treated (control; A) or LPS-activated microglia (100 ng/ml for
24 h; B) were treated with either 20 �M ATP or 20 �M ATP � 30 �M NE. C, quantification of cell ramification with the number of cells for each treatment shown
in parentheses. Statistical analysis was performed using two-way ANOVA and Bonferroni’s post hoc test compared with ATP-treated cells. *, p � 0.05. D–F,
migration of primary actin-eGFP microglia to ATP released from a micropipette. The cells were perfused with either imaging buffer (D) or 30 �M NE (E). Paths of
cell bodies were tracked with Bitplane Imaris and are shown in light gray; overall displacements are represented by blue (movement to pipette) or red
(movement away) arrows. Scale bars, 5 �m. F, movement was quantified by measuring the magnitude of the vector displacement for each cell with positive
displacement being movement toward the pipette. The number of cells for each treatment is shown in parentheses. Error bars, S.E. Statistical analysis was
performed using Student’s t test. *, p � 0.05.
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Gi-coupled �2A receptors, both of which are activated by the
same neurotransmitter norepinephrine (Fig. 9). Furthermore,
ATP/adenosine signaling through purinergic receptors in rest-
ing and activated microglia produces opposing effects on proc-
ess dynamics and motility, whereas NE produces the same
effect despite different G-protein coupled receptors.

�2 receptors are thought to couple to Gs proteins, and �2A
receptors are thought to couple to Gi proteins. It is now clear
that the signaling pathways initiated by these two adrenergic
receptors are substantially more complex. �2 receptors can
switch their coupling fromGs toGi in a protein kinaseA (PKA)-

dependent manner (47) or might exist in a Gi-coupled state in
the brain (48). Similarly, �2A receptors can activate or inhibit
cAMP synthesis depending on agonist concentration and the
adenylate cyclase isoform expressed in the particular cell type
(49, 50). Activation of one of these non-canonical pathways in
microglia might be responsible for the same downstream effect
on process dynamics by �2 and �2A receptors. However,
although the overall effect of adrenergic receptor activation in
microglia appears the same (process retraction), NE is several
orders of magnitude more potent at �2A receptors than at �2
receptors (36), suggesting that activated microglia will be more
sensitive to any NE present in the extracellular milieu. On the
contrary, �2 receptors on resting microglia might be activated
only in pathological conditions (e.g. prolonged stress) that lead
to release of large amounts of NE.
Considering the divergent effects of ATP and NE on micro-

glia, it is likely that ATP- andNE-induced changes inmicroglial
motility serve different functions. For example, increased extra-
cellular ATP levels are thought to be a sign of cell damage and
potentially a signal for assistance to microglia (22); microglia
extend their processes to the site of tissue damage or local ATP
releasewithout any obvious cell bodymovement (23). Similarly,
normal NE levels might suppress microglial reactivity (in terms
of cytokine secretion) and motility; loss of NE as it occurs dur-
ing neurodegeneration (4) will disinhibit microglia, allowing
them to further extend their processes and monitor the cells
around them.
It is also worth noting that the three phenotypes that result

from process retraction following adenosine A2A or �2A-adre-
nergic receptor activation in LPS-treated microglia and �2-ad-
renergic receptor activation in restingmicroglia are all reminis-
cent of amoeboid microglia. However, it is likely that the three
morphological phenotypes are three different functional states,
which is consistent with the idea of microglial morphological
and functional diversity (51, 52). We suggest that microglial
exposure to various neurotransmitters (ATP and NE) might
predispose them to a given functional phenotype that will
determine the ultimate response that can be achieved following
additional stimuli.
Interaction between ATP and NE Signaling in Microglia—

The ability of NE to interfere with ATP signaling in resting
microglia (Figs. 7 and 8) might represent an example of heter-
ologous desensitization, a phenomenon in which activation of
one receptor prevents or attenuates the signaling through
another receptor (53–55). Cross-talk between adrenergic
receptors and P2Y12 receptors has not been reported before,
and themechanisms bywhich itmight occur remain unclear. In
general, heterologous desensitization typically occurs after
activation of protein kinases by one receptor that then phos-
phorylate and change the function of other receptors (53–55).
The kinases most often implicated in this process are PKA,
PKC, and to a lesser extent G-protein receptor kinases (53–56).
In addition, both �2-adrenergic receptor and P2Y12 receptor
can interactwith�-arrestins (57, 58), and�-arrestin-2 is known
to be involved in microglial chemotaxis to ATP (59). This sug-
gests that the interaction between adrenergic and purinergic
signaling might occur at the level of adaptor proteins and pos-
sibly affect the cellular localization of the receptors (Fig. 9). The

FIGURE 8. Interaction between purinergic and adrenergic signaling in
regulating microglial motility in tissues. Coronal slices were prepared from
CX3CR1-eGFP mice and imaged as described. The total process length of
microglial processes in two-dimensional projections following ATP treatment
was normalized to the total process length during baseline with the numbers
of cells for each treatment shown in parentheses. Error bars, S.E. Statistical
analysis was performed using two-way repeated measures ANOVA and
Tukey’s post hoc test. #, p � 0.05 compared with baseline response; *, p � 0.05
compared with ATP at the corresponding time point. Pro, propranolol.

FIGURE 9. A summary of the regulation of microglial motility by adrener-
gic and purinergic receptors. A, resting microglia express the purinergic
P2Y12 and the �2-adrenergic (AR) receptors. Activation of the Gi-coupled
P2Y12 receptors (P2Y12-R) by ATP results in process extension and migration
to ATP possibly through PKC, �-arrestin-2 (�-arr-2)-mediated activation of
ERK1/2, or Rac signaling. In contrast, �2 receptor activation by NE leads to
process retraction and block of ATP-induced process extension and migra-
tion. Either Gi, Gs, or both types of G proteins might be involved in �2 receptor
signaling. B, LPS-activated microglia express the purinergic A2A and the �2A-
adrenergic receptors. Adenosine, a breakdown product of ATP, activates A2A
receptors (A2A-R) to induce process retraction in a PKA-dependent manner.
NE activation of �2A receptors also leads to process retraction. See text for
references.
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ability of � receptor antagonists to prolong ATP responses in
tissuesmight be amanifestation of their ability to block changes
in P2Y12 receptor trafficking. Lastly, although the responses of
activatedmicroglia to ATP alone or NE�ATPwere not differ-
ent under the present conditions (Fig. 7B), it is possible that NE
alters the subsequent response to ATP but that these effects
cannot be detected by the analyses used here. Thus, the mech-
anisms of heterologous desensitization between adrenergic and
purinergic receptors especially in the context of tissue damage
and ATP release warrant further investigation.
Our finding that NE prevents ATP-induced process exten-

sion and migration (Figs. 7 and 8) suggests that the presence of
NE might prevent microglia from efficiently responding to tis-
sue damage and cell death. This could have implications in sit-
uations of stress that involve elevated NE levels (6, 7). In such
situations, any normal disturbance of tissue integrity in the
healthy brain might result in exacerbated tissue damage. Over
time, prolonged exposure to stress could lead to accumulation
of unresolved or poorly resolved damaging events that could
later impair brain function.
Finally, process motility and response of microglia to tissue

damage are only two of many functions that microglia perform
in the CNS. Microglia are also well known phagocytes and
sources of cytokines and other proinflammatorymediators (22,
60–63). Both ATP and NE have been reported to separately
modulate these functions (11, 19, 20, 46, 64). Interestingly, NE
pretreatment prevents the ATP-induced p38 phosphorylation
and tumor necrosis factor-� (TNF-�) release by mouse spinal
cord microglia (41), suggesting that adrenergic signaling and
purinergic signaling might interact at multiple levels. In vivo,
microglia are exposed to a variety of signals at the same time
and express various neurotransmitter receptors (46). Thus, it is
important to understand how these cells will respond to this
complexmilieu by examining the interactions amongNE, ATP,
and other signaling systems.
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