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Abstract 

Background Migraine is a disabling neurological disorder, characterized by recurrent headaches. During migraine 
attacks, individuals often experience sensory symptoms such as cutaneous allodynia which indicates the presence 
of central sensitization. This sensitization is prevented by oral administration of propranolol, a common first‑line medi‑
cation for migraine prophylaxis, that also normalized the activation of the locus coeruleus (LC), considered as the main 
origin of descending noradrenergic pain controls. We hypothesized that the basal modulation of trigeminal sensory 
processing by the locus coeruleus is shifted towards more facilitation in migraineurs and that prophylactic action 
of propranolol may be attributed to a direct action in LC through beta‑adrenergic receptors.

Methods We used simultaneous in vivo extracellular recordings from the trigeminocervical complex (TCC) and LC 
of male Sprague–Dawley rats to characterize the relationship between these two areas following repeated meningeal 
inflammatory soup infusions. Von Frey Hairs and air‑puff were used to test periorbital mechanical allodynia. RNAscope 
and patch‑clamp recordings allowed us to examine the action mechanism of propranolol.

Results We found a strong synchronization between TCC and LC spontaneous activities, with a precession of the LC, 
suggesting the LC drives TCC excitability. Following repeated dural‑evoked trigeminal activations, we observed 
a disruption in coupling of activity within LC and TCC. This suggested an involvement of the two regions’ interactions 
in the development of sensitization. Furthermore, we showed the co‑expression of alpha‑2A and beta‑2 adrener‑
gic receptors within LC neurons. Finally propranolol microinjections into the LC prevented trigeminal sensitization 
by desynchronizing and decreasing LC neuronal activity.

Conclusions Altogether these results suggest that trigemino‑coerulean coupling plays a pivotal role in migraine 
progression, and that propranolol’s prophylactic effects involve, to some extent, the modulation of LC activ‑
ity through beta‑2 adrenergic receptors. This insight reveals new mechanistic aspects of LC control over sensory 
processing.
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Background
Migraine, listed as the sixth most disabling disorder glob-
ally by the World Health Organization, and as the most 
disabling of all neurological disorders [1], is characterized 
by attacks of unilateral, throbbing head pain, with sensi-
tivity to movement, visual, auditory, and other afferents 
inputs, such as cutaneous allodynia [2–4]. The presence 
and intensity of cephalic allodynia are linked to the fre-
quency of migraine attacks [3] and are regarded as a pos-
sible contributing factor in the development of chronic 
migraines [5, 6], which is characterized by experiencing 
headache on more than 14 days per month for at least 3 
months, with 8 of these exhibiting migraine features.

Cephalic allodynia reflects the sensitization of second-
order trigeminovascular neurons receiving convergent 
inputs from the meninges and facial skin [7, 8]. Apart 
from peripheral inputs, the neuronal activity of the 
trigeminocervical complex (TCC) can be modulated by 
descending pain controls that originate from the brain-
stem, particularly from the locus coeruleus (LC) [9, 10]. 
The LC is known for its primary noradrenergic projec-
tions on the dorsal horn, which play a significant role in 
pain modulation [11]. An extensive bibliography exists 
on LC involvement in chronic pain (see [9] for review), 
but a global pattern is difficult to discern. The current 
theory is that the LC exerts an inhibitory control over 
sustained acute nociception, but that this control is lost 
with chronic pain.

On the other hand, systemic administration of the 
beta-blocker propranolol, one of the most commonly 
prescribed drugs for the prevention of migraine, reduces 
facial allodynia as well as associated TCC central sen-
sitization [12], cortical spreading depression propaga-
tion [13, 14] and LC activation following repeated dural 
stimulations [12]. Propranolol inhibits NO production 
[15], but is ineffective in blocking neurogenic dural vaso-
dilation [16] or plasma protein extravasation [17]. Being 
a highly lipophilic molecule [18], propranolol could 
reduce the frequency of migraine attacks through cen-
tral effects. The role of beta adrenergic receptors (AR) 
in modulating of LC neurons activity has been relatively 
understudied [19, 20]. Indeed, most studies have focused 
on the involvement of alpha-2 AR, showing that LC neu-
rons are under the influence of a tonically active inhibi-
tory control mechanism mediated by these AR [21]. We 
hypothesized (i) that the LC, by facilitating TCC sensiti-
zation, promotes the progression of migraine and (ii) that 
propranolol could reduce TCC sensitization, by directly 
targeting the LC through beta AR. To test these hypoth-
eses, we first characterized the LC-TCC relationship by 
performing double-site electrophysiological recordings 
in the TCC and the LC. We then examined whether 
such relationship was altered concomitantly with TCC 

central sensitization following repeated inflammatory 
soup (IS) infusions to dura mater, to recurrently activate 
and sensitize dural nociceptors. Next, we tested the effect 
of propranolol microinjections into the LC on central 
sensitization and on this LC-TCC relationship. Finally, 
to understand the mechanisms underlying the effects 
of propranolol in LC, we studied electrophysiological 
properties of LC neurons using whole-cell patch-clamp 
recordings and the expression of beta-1 and beta-2 AR 
into the LC using RNAscope in situ hybridization.

Methods
Animals
Male Sprague–Dawley rats weighing 50 to 250 g (Charles 
River, L’Arbresle, France) were housed at 22.6 ± 1 ̊C in 
plastic cages (size: 425 × 266x185 mm; 2–3 rats per cage) 
on soft bedding with ad  libitum water and food pellets 
under an inverted 12/12 h light/dark cycle for at least 1 
week before the experiments. Every effort was made to 
minimize the number of animals used: numbers of ani-
mals were selected according to previous experience [7, 
12], i.e. with a trade-off between reaching routine sample 
sizes for each type of experiments and minimizing num-
bers of animals for pain experiments. Experiments were 
performed on 86 animals (Fig. 1A). All experiments, anal-
ysis, and reporting were ARRIVE-compliant (Animals in 
research: reporting in vivo experiments). Animal experi-
ments were performed according to the ethical guidelines 
set by the International Association for the Study of Pain 
[22] and European Directive 2010/63/EU on the protec-
tion of animals used for scientific purpose. The protocols 
applied here for animal care and use were approved by 
the Clermont Auvergne University Institutional Review 
Board and authorized by the French Ministry of Primary, 
Secondary and Higher Education, and Research (n ̊ CE 
27–12, 26–12, 700.02).

Experimental design
The study is divided in three parts. First, to investigate 
LC/TCC physiological relationship, double-site elec-
trophysiology was performed in naive rats. Artificial 
cerebrospinal fluid (aCSF) was microinjected in the LC 
during recordings as a control condition for pharmaco-
logical manipulations; similar recordings were conducted 
in a rat model for the recurrent activation of dural noci-
ceptors to assess potential changes. Second, to study 
the effects of propranolol on TCC sensitization, behav-
ioral effects of propranolol microinjections in LC were 
assessed in the model. The same rats were subsequently 
subjected to electrophysiological recordings. Finally, to 
identify the preventive action of propranolol microinjec-
tion into the LC, RNAScope fluorescent in situ hybridi-
zation, in  vivo double-site and whole-cell patch-clamp 
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electrophysiological recordings were conducted in naive 
animals.

Dural‑evoked trigeminal activation
As previously described [7, 12], rats underwent surgery 
after one week of habituation to the experimenter and 
the observation room. After anaesthesia, a cannula was 
carefully inserted (1 mm anteroposterior and mediolat-
eral from bregma) into a 0.5 mm diameter craniotomy, 
fixed to anchor screws with dental cement, and the skin 
was sutured. After surgery, rats were housed separately 
and recovered for at least one week before sensory test-
ing while their state was closely monitored. Injections (10 

μl) of IS or aCSF were performed under brief anaesthesia 
(3% isoflurane; ≤ 3min) through the intracranial cannula, 
four times, at 2 to 3-day intervals during the 8-day injec-
tion protocol (Fig. 1B).

Intra‑LC injections
During the surgery to implant the dural cannula, a second 
stainless-steel guide cannula (o.d. 0.6mm, i.d. 0.5mm) 
was implanted unilaterally in the brainstem, aimed at the 
LC ipsilateral to the first cannula (anteroposterior, –9.68 
mm; mediolateral, 1.4 mm from bregma; dorsoventral, 6 
mm), and fixed with the screws and dental acrylic used 
for the dural cannula. The post-surgery monitoring is 

Fig. 1 Flow chart of animal experiments and schematic representation of the experimental design. A Number of animals used in each experiment: 
(1) animals lost during the surgery of cannula placement or blocked cannula; (2) animals excluded during electrophysiological recordings 
because no neurons were recorded (animals lost during surgery, loss of signal, neurons not found); (3) animals excluded because the injection 
site of aCSF or propranolol were outside the LC. B Rats were acclimated to handling and sensory testing 7 days before and after the surgical 
implantation of a dural cannula (performed on D ‑7). In the migraine model group, rats received four injections of inflammatory soup (IS). 
Mechanical sensitivity of ophthalmic cutaneous territory was tested every day, one week after the surgery. For the combined behavioral/
electrophysiological study, animals received, in addition to dural injection, a daily intra‑LC microinjection of propranolol or aCSF. Electrophysiological 
recordings were performed either in naive (no surgery, no injections) or sensitized rats, in which case recordings were realised either one or two 
days after the fourth IS injection (IS4 in the rest of the manuscript)
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the same as described above. Animals for the behavioral 
study received daily microinjections (250 nL) of aCSF or 
propranolol into the LC. The microinjections were per-
formed under brief anesthesia (3% Isoflurane; ≤ 3min) 
using a needle (26 G) introduced through the guide can-
nula until its lower end extended 1mm below the guide 
cannula. The needle was left in place for one additional 
minute after the injection.

The days of concomitant administration of IS or aCSF 
on the dura, animals were anesthetized a single time, 
and microinjection was carried out 1 min before dural 
administration of aCSF or IS.

After each experiment, the location of the microin-
jection was confirmed by cryosectioning the brainstem. 
When the site was located outside the LC, the rat was 
excluded from the analysis.

Behavioral testing
As described previously [7], the week before surgery, rats 
were acclimated to handling, to the behavioral context 
and to innocuous mechanical stimulation (sub-threshold 
to elicit the appropriate behavioral response). Mechani-
cal cutaneous sensitivity of the face was then assessed 
before and after surgery to ensure the absence of surgery-
induced sensitization, and every day during the 8-day 
injection protocol, on both IS injection and interictal 
days. Face static mechanical threshold were measured by 
applying von Frey (VF) hairs (Bioseb, France) to the mid-
line of the forehead. For cephalic mechanical dynamic 
sensitivity, responses to gentle air-puff stimuli on the face 
were scored (dynamic mechanical scores: DMS) accord-
ing to Vos et al. [23].

In vivo extracellular recordings
After the animals were anesthetized in a box with 3% 
isoflurane in a  N2O/O2 mixture (2:1), the trachea was 
cannulated and the carotid artery and external jugular 
vein catheterized. Animals were then paralyzed by an 
intravenous perfusion of vecuronium bromide and arti-
ficially ventilated with a volume-controlled pump. Levels 
of isoflurane,  O2,  N2O and end-tidal  CO2 were meas-
ured by an anaesthetic gas analyser (Drager Vamos) dur-
ing the entire experimental period. The arterial catheter 
was attached to a calibrated pressure transducer con-
nected to an amplifier for continuous monitoring of the 
mean arterial blood pressure. The analog output from the 
blood pressure amplifier was connected to a computer 
data sampling system (Cambridge Electronic Design 
1401plus interface, CED; Cambridge, UK). The animals 
were placed in a stereotaxic frame with the head fixed in 
a slightly ventroflexed position. A craniotomy was per-
formed to allow chemical and electrical stimulation of 
the dura and passage of the electrode for LC recordings. 

After surgery, the level of isoflurane was progressively 
reduced to 1.2% in pure  O2 and maintained at this level 
during the recording period.

Unitary extracellular recordings were made from the 
right TCC with glass micropipettes (0.5–2 MΩ) filled 
with a mixture of 5% NaCl and pontamine sky blue. TCC 
electrophysiology was conducted as previously described 
[7]. Briefly, wide-dynamic range (WDR) neurons with 
both cutaneous and meningeal receptive fields were rec-
ognised based on their responses to cutaneous mechani-
cal non-noxious (brushing with a soft brush) and noxious 
(pinch with forceps) stimulations of their cutaneous 
receptive fields and to meningeal electrical stimuli deliv-
ered through small silver balls.

Recordings were simultaneously made from the ipsilat-
eral LC with a tungsten microelectrode (0.5 MΩ, World 
Precision Instrument, USA), glued to a glass micropi-
pette for microinjections. Because a rectangular inser-
tion of the recording electrode into the LC would affect 
the most sensitive part of the meninges and bear a great 
risk of haemorrhage, the microdrive was tilted to a 30° 
angle from the horizontal plane, and more anterior coor-
dinates were used (-5.7mm posterior and 0.7mm lateral 
from bregma). A meningeal incision was made parallel to 
the transverse sinus at the appropriate coordinates. The 
electrode was then slowly lowered (6.5–8.2mm) to find 
the LC. Some elements helped correcting coordinates, 
namely the mesencephalic trigeminal nucleus neurons, 
lateral to the LC and responding to jaw opening, as well 
as tail movements-responsive neurons encountered along 
the descent (putative cerebellar neurons). LC neurons 
were identified according to usually described character-
istics: tonic activity, biphasic response to noxious stimuli 
(activation followed by inhibition), and location was later 
confirmed by a lesion made by passing current through 
the electrode at the end of the recordings.

LC multi-/single-units, and field potential recordings 
were both acquired through a Plexon system (on an unfil-
tered channel for LFP) and the above-described CED 
1401plus interface/Spike2 system.

Electrical stimulations
Two modalities of electrical stimuli, delivered either to 
the face (periorbital cutaneous zone) or the meninges, 
were used: stimuli of 0.8 ms applied every 1.5 s (tradi-
tionally used for TCC recordings) or stimuli of 5 ms 
applied every 2 s (that were previously described as more 
suitable to see some responses in the LC [24]). The face 
was stimulated at three times the threshold (in mA) nec-
essary to elicit a C-fibre response in the TCC (0.8 ms 
stimuli). Given the impossibility to safely map the menin-
geal receptive field of the TCC WDR because of the near 
LC electrode, and therefore determine its threshold, 
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intensity of stimulation for meningeal stimuli was kept 
constant across conditions and animals at 4-5mA.

Mechanical stimulations
In all double-site recordings, mechanically evoked LC 
activity was probed by strong but brief stimulations of the 
paw and the face. Therefore, we used fine forceps (3 mm 
apart) to apply mild pressure to the contralateral ankle, or 
the extremities on the side of the ipsilateral muzzle for a 
duration of 0.5 s.

For the behavioral/electrophysiological study, we used 
two types of mechanical stimulations: (i) brushing with a 
soft brush (0.5-s brush stroke at 0.5 Hz during 20 s) and 
(ii) pressure applied with VF hairs (0.16, 0.4, 0.6, 1, 1.4, 2, 
4, 6 and 8 g), each VF hair being applied once for 5 s in 
random order, to the most sensitive portion of the cuta-
neous receptive field.

Dural‑evoked trigeminal activation
The exposed dura was bathed for 5 min in IS as described 
before [7].

Microinjection (LC)
Propranolol or aCSF microinjections (250 nl) into the LC 
was carried over 1  min out by applying short pulses of 
high-pressure air with a custom-made apparatus.

Patch‑clamp electrophysiological recordings
Rats were deeply anaesthetized with an intraperitoneal 
(i.p.) overdose of chloral hydrate (7%) and decapitated. 
The brains were quickly removed and immediately chilled 
in ice-cold cutting-based saline solution bubbled with 
carbogen (95%  O2, 5%  CO2) and containing the follow-
ing (in mM): 2 KCl, 0.5  CaCl2, 7  MgCl2, 1.15  NaH2PO4, 
26  NaHCO3, 11 glucose, and 205 sucrose. After removal 
of the dura mater, the brainstem including LC was trans-
versally sliced (350 μm thick) with a vibratome (VT1200 
S, Leica Microsystèmes SAS, France). After cutting, slices 
were incubated at 37  °C in aCSF containing (in mM): 
130 NaCl, 3 KCl, 2.5  CaCl2, 1.3  MgSO4, 0.6  NaH2PO4, 25 
 NaHCO3, 10 glucose (pH 7.4) bubbled with 95%  O2 and 
5%  CO2, for a 45 min recovery period. Slices were then 
transferred into the recording chamber.

LC neurons were visualized using an upright micro-
scope fitted with fluorescence optics (AxioExaminer, Carl 
Zeiss, Germany) and linked to a digital camera QImag-
ing Exi Aqua (Czech Republic). Patch pipettes (5–7 MΩ 
resistance), made from borosilicate glass (1.5 mm O.D; 
PG150T-15; Harvard Apparatus, UK) were filled with an 
internal solution containing (in mM): 135 KCl, 0.5 mM 
 CaCl2, 2  MgCl2, 5 KCl, 5 EGTA 5 Hepes, 5 ATP-Na2, 
0.5 GTP-Na2, neurobiotin (0.05%, Vector Laboratories, 
Burlingame, CA, USA), dextran tetramethylrhodamine 

(10,000 MW, fluoro-ruby, 0.01%, Life technologies, Saint 
Aubin, France), pH adjusted to 7.4 and osmolarity of 
290–300 mOsm.

Whole-cell voltage-clamp recordings were made at 
room temperature (22—24°C). Acquisitions were per-
formed using Clampex 10 software (Molecular Devices, 
Sunnyvale, CA, USA) connected to a Multiclamp 700B 
amplifier (Molecular Devices, Sunnyvale, CA, USA) via a 
Digidata 1440A digitizer (Molecular Devices, Sunnyvale, 
CA, USA). Voltage-clamp data were low pass filtered at 2 
kHz and digitized at 10 kHz. Series resistance was moni-
tored at the beginning and end of each recording session, 
and data were rejected if values changed by > 20%.

At the end of the recordings, epifluorescence was used 
to ensure that the recorded cells were filled with dextran 
tetramethylrhodamine. Immunolabeling neurobiotin was 
carried out to check that the recorded neurons were in 
LC region. Slices were transferred into 4% paraformalde-
hyde in 0.1M phosphate-buffered solution (pH 7.4) and 
stored overnight at 4°C. Next, fixed slices were washed 
with 0.05 M Tris-buffered saline (TBS), and were incu-
bated with Avidin DCS-rhodamine (1:200, Ref. A-2012; 
Vector Laboratories, Burlingame, CA, USA) for 4 h at 
room temperature. Subsequently, all slices were mounted 
on gelatinized slides in a DPX mounting medium, cover-
slipped and conserved at 4°C.

RNAScope fluorescent in situ hybridization
RNAscope kit was purchased from Bio-Techne. Rats 
were anesthetized, perfused transcardially with 100–200 
mL of PBS followed by 500 mL of 4% RNase free para-
formaldehyde. The brains were dissected and post-fixed 
for 24h following by cryoprotection in sucrose (gradient 
concentration of 10%, 20%, 30%) at 4˚C. The brains were 
embedded in Tissue-tek and stored at -80°C, until further 
processing. Frozen tissue was cut on a cryostat at 15 μm, 
collected on slides, and processed per the manufacturer’s 
protocol. Every 5th section of LC was analyzed using 
Zeiss AxioImager M2 microscope and the software Zen 
2.3 lite (Zeiss). The probes used were targeted against the 
rat genes for adra2a, adrb1 and adrb2.

Drugs and substances
IS consisted of 2 mM of histamine, serotonin, bradykinin, 
and 0.2 mM of PGE2. Inflammatory mediators were 
diluted in 10 mM Hepes buffer at pH 5.0 (Sigma-Aldrich) 
[7, 8]. Propranolol (Sigma-Aldrich) was diluted in aCSF 
to a concentration of 1  mg.mL−1. Vecuronium bromide 
(Sigma-Aldrich) was diluted in physiological serum (9 g 
NaCl.mL−1  H2O), filtered, and stored in 10 mL tubes at 
-20°C.
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Analysis
Spikes extraction was performed using the built-in 
Spike2 tools for single- and/or multi-units, and all data 
were exported from Spike2 to MATLAB (R2014b) for 
further analysis. Unless otherwise stated, common elec-
trophysiological analyses were performed using custom-
made scripts and built-in MATLAB functions; we also 
used some functions from the FMA-Toolbox (http:// 
fmato olbox. sourc eforge. net/).

Single‑unit versus multi‑unit activity
While for the TCC, we analysed single-unit (SU) activity, 
results presented for the LC were extracted from multi-
unit responses (MUA) unless otherwise stated, for sev-
eral reasons: (i) single-unit activity (SUA) responses are 
usually quite low (that is, a cell rarely fires more than 1 
or 2 spikes per electrical stimulus), requiring repetitions, 
but MUA yields the same results with less “noise” (thanks 
to the uniformity of response of a local population of 
cells); (ii) the modality of microinjection, first designed 
for behavioral studies, is hardly compatible with con-
tinuous SU recording. From a technical point of view, we 
extracted as ‘MUA’ cells that were not reliably identifiable 
as SU but with clearly-defined action potentials, and only 
kept as occasional ‘SU’ cells that were readily separable 
according to their amplitude.

Electrically‑evoked activity within LC and TCC 
We adapted a previously described method to extract LC 
electrically-evoked activity [7]: post-stimulus time histo-
gram (PSTH) were constructed using spikes evoked from 
desired stimulations, and bins of evoked activity were 
defined as bins with a frequency of discharge greater 
than the mean frequency of bins in the last 500 ms of the 
PSTH. The different components of the response were 
then identified and quantified as mean frequency of dis-
charge above this last 500 ms epoch, and normalized by 
baseline frequency (i.e. divided by the mean frequency 
before the electrical train). A and C responses within 
TCC were extracted under 30 ms post-stimulus for an A 
response, and between 30–200 ms post-stimulus for a C 
response (PSTH were used to confirm in each case that 
these latencies were appropriate).

Mean frequency analysis (spontaneous activity)
Mean frequency was computed using a centred window 
of defined width (depending on the analysis) at each spike 
event, and oversampled/decimated to a fix sampling rate. 
Some results are presented as a total activity evoked by 
a stimulation: for the TCC, it corresponds to the raw 
sum of the number of spikes during the appropriate time 

window, for the LC, it is the raw count of MUA divided 
by pre-stimulus count so that the result is a percentage of 
baseline activity.

Phase analysis
Mean MUA frequency was first bandpassed (FIR fil-
ter), and Hilbert transform was performed to extract 
the corresponding phase. Phase histograms were then 
constructed by allocating each spike to the correspond-
ing bin of the phase during which it occurred (75 or 150 
bins total for a period). Histograms were z-scored to keep 
only temporal dynamics and process mean over similar 
conditions.

Power in MUA
The ratio of power in the delta band (0.3 to 2 Hz) to total 
power of MUA was extracted on a mean frequency of 
MUA. To compare propranolol effect as before/after, 
a mean ratio was computed on 10 min between trains 
of electrical stimulations (two inter-train windows) 
either before dural injection and microinjection or after 
microinjection.

Local field Potential (LFP)
Raw LFP signals were decimated (low pass filtered and 
down sampled) down to a sampling frequency of 50 Hz. 
Spectrograms of decimated signals were generated using 
Short Time Fourier Transform with the following param-
eters: Hamming window of length 1024, overlap of 1014 
and FFT length of 8096. The log of resulting power spec-
tral density (PSD) was then integrated from 0.3 Hz to 2 
Hz to produce a time-varying value reflecting the low fre-
quency activity within the signal. Correlations between 
this resulting power and the slow variations of MUA 
mean frequency (slow oscillations) were computed on 
400 s sliding windows after smoothing (Savitsky-Golay, 
order 3, 51 samples), and  R2 max was extracted for each 
rat.

Cross-correlograms were used to determine the mean 
lag between Sp5C and LC LFP signals, the peak giving 
the value and the direction of the lag.

Statistics
Comparisons among groups for the behavioral studies 
were performed by 2-way analysis of variance (ANOVA). 
When only two sets were compared, normality was 
checked using Lilliefors test. If the hypothesis of normal-
ity was true, Student’s t test (paired or unpaired, accord-
ing to conditions), otherwise Wilcoxon signed-rank test 
or Mann–Whitney U test were used.

http://fmatoolbox.sourceforge.net/
http://fmatoolbox.sourceforge.net/
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Code availability
Computer code used to analyze the datasets is available 
from the corresponding authors on reasonable request.

Data availability
The datasets analysed during the current study are avail-
able from the corresponding authors on reasonable 
request.

Results
Dural‑evoked trigeminal activations lead to phase shifting 
between LC and TCC spontaneous oscillatory activities
We first investigated the temporal relationship between 
LC and TCC neuronal spontaneous activities, by simulta-
neously recording single- and multi-unit activities (SUA 
and MUA) as well as local field potentials (LFP) in naive 
rats.

As previously shown [25], the MUA of LC spontane-
ously oscillated, alternating periods of enhanced and 
reduced activity (Fig.  2A). Temporal analysis of the 
spontaneous activity revealed different co-existing oscil-
latory rhythms (Supplementary Fig.  1): slow (period: 
400.4 ± 74.6 s), intermediate (period: 21.3 ± 0.5  s) and a 
third faster one, in the delta range, visible on mean fre-
quency curves. This latter rhythm appeared to vanish 
when LC spontaneous activity reached its maximum val-
ues. TCC neurons usually, but not consistently, exhibited 
low spontaneous activity as expected from naive animal 
[7]. Notably, such spontaneous activity followed the very 
same oscillatory pattern as that of the LC. In particular, 
the slow and intermediate oscillations of spontaneous 
TCC and LC neuronal activities were in phase (Fig.  2B 
and C), suggesting that the spontaneous activities of LC 
and TCC neurons are synchronized in naive rats.

LFP recordings confirmed this hypothesis since LC 
as well as TCC neurons were synchronized within the 
delta band (0.3–2 Hz; Fig.  2A), and exhibited a positive 
correlation (r2 = 0.74 ± 0.05). Further analysis revealed 
that, according to LFP activity, the LC preceded the TCC 
(cross-correlation peak: 10.1 ± 0.6 ms), suggesting that LC 
spontaneous activity drives that of the TCC.

To characterize LC-TCC relationship in sensitized con-
ditions (after the  4th IS infusion), we analyzed their spon-
taneous activities after repeated dural IS infusions. Under 
these conditions, TCC spontaneous activity became 
enhanced, thus reflecting neuronal sensitization (Sup-
plementary Fig. 2A and [7]). In contrast, LC spontaneous 
activity remained unchanged (Supplementary Fig.  2B). 
Nevertheless, TCC and LC spontaneous activities dis-
played the very same slow and intermediate oscillatory 
patterns in sensitized as in naive rats (Fig.  2C and E; 
periods: 675.0 ± 100.7 s and 20.5 ± 0.3 s (sensitized rats); 
400.4 ± 74.6 s and 21.3 ± 0.5 s (naïve rats)), consistent 

with the LC still driving TCC spontaneous neuronal 
activity. However, the relationship between TCC and LC 
slow oscillations had changed. Notably, TCC spontane-
ous activity no more closely paralleled that of LC along 
its whole oscillatory cycle, as in naive rats, but rather 
diverged from it when it had reached a maximum value 
(Fig. 2E). This resulted in a phase shift between the peaks 
of TCC and LC discharge probabilities, that of the TCC 
now occurring sooner than that of the LC in sensitized 
animals (Fig.  2F). Thus, the LC lost partly its ability to 
drive TCC spontaneous activity when the latter is too 
high.

Dural‑evoked trigeminal activations lead to TCC 
sensitization but less LC responsiveness
Because LC neurons respond to sensory stimuli of dif-
ferent modalities with phasic activity, which has been 
suggested to modulate sensory processing [26], we inves-
tigated the effects of cephalic cutaneous and menin-
geal stimulation on TCC and LC neuronal activities. 
In naive rats, application of electrical suprathreshold 
stimuli to cutaneous and meningeal receptive fields elic-
ited two separated responses (times to peak: < 30 ms and 
between 30 and 100 ms) in all recorded TCC neurons 
(Supplementary Fig. 3A and B), consistent with Aδ- and 
C-fiber-evoked responses. Such peripheral stimulations 
also produced an early and late responses in 42% of LC 
neurons (n = 8/19) (Supplementary Fig.  3C and D). The 
remaining LC neurons (n = 11/19) exhibited only the 
early response. Of note, early and late LC responses 
to dural stimulation (times to peak: 62.8 ± 3.9 ms, and 
129.6 ± 5.3 ms, respectively) were markedly delayed, com-
pared to TCC ones. This delay in LC activity could reflect 
an integration processing of trigeminal nociceptive infor-
mation along the TCC—LC pathway. In line with the 
occurrence of peripheral stimulation-evoked responses 
in the TCC as well as the LC, an acute dural IS infusion 
markedly increased action potential frequency in both 
areas (Fig. 3A, B and D, E).

As previously shown [7], repeated dural IS infusions 
led to TCC neuron sensitization, manifested as potenti-
ated responses and reduced electrical thresholds respec-
tively to inflammatory (Fig.  3A and B) and electrical 
stimulation of the meninges (Fig. 3C). On the other hand, 
LC neurons exhibited reduced, if not suppressed, IS 
application-induced neuronal activity (Fig. 3D and E) as 
well as dural electrical stimulation-evoked late responses 
(Fig.  3F). Thus, repeated dural IS infusions, while sen-
sitizing TCC neurons, appears to conversely attenuate 
LC responsiveness to meningeal stimulation. Together 
with our evidence that LC spontaneous activity remains 
unchanged following repeated dural IS infusions while 
TCC one increased (Supplementary Fig. 2A and B), this 
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Fig. 2 Alterations of trigemino‑coerulean spontaneous oscillatory in conditions of dural nociceptor sensitization. A Representative examples 
of spectrograms from LC and TCC LFP recordings (top) and quantification of their delta power (bottom) shown above LC spontaneous activity, 
presenting slow oscillations. B to E Z‑score of spikes phase preferences (mean ± SEM) calculated to obtain a pure time representation of probability 
of neuronal discharge, allowing to average across animals. Spikes phase preference (mean ± SEM) of TCC (red) and LC (blue) for intermediate (B, 
n = 12) and slow (C, n = 6) oscillations in naive rats. Spikes phase preference (mean ± SEM) of TCC (yellow) and LC (blue) for intermediate (D) and slow 
(E) oscillations in sensitized rats. F Precession of TCC preferred phase (slow oscillations) on LC preferred phase in naive (n = 6) versus sensitized 
animals after IS4 (n = 9)
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suggests a decoupling of LC and TCC networks under 
sensitized conditions through a disengagement of LC to 
meningeal stimulations (Supplementary Fig. 2C).

Propranolol treatment into the LC prevented TCC 
sensitization
We previously demonstrated that systemic adminis-
tration of the beta-blocker propranolol both prevents 
repeated IS-induced TCC sensitization and decreases 
stimulus-evoked neuronal activation within the LC [12]. 
Here, we microinjected propranolol directly into the LC 
before each IS infusion on the meninges.

Repeated IS-induced TCC sensitization can be behav-
iorally assessed by testing cutaneous sensitivity. As previ-
ously shown [7, 12], repeated dural IS infusions produced 
a gradual worsening of inflammation-induced cephalic 
cutaneous mechanical hypersensitivity (measured right 
after the  1st and  4th IS infusions or ictal) superimposed 
on a persistent cutaneous hypersensitivity (measured 
before the  4th IS infusion or inter-ictal). Such persistent 
static mechanical allodynia (measured using VF stimuli) 
appeared after the  3rd IS infusion (Fig.  4A). Dynamic 
mechanical allodynia (measured using air-puff stimuli) 
also progressively worsened with IS repetition but never 
became persistent (Fig. 4B). The  1st propranolol microin-
jection into the LC prevented the development of both 
static, at least in part (Fig.  4A), and dynamic (Fig.  4B) 
cutaneous mechanical hypersensitivities. Notably, the 

effectiveness of the preventive treatment improved with 
repeated propranolol microinjections (Fig.  4A, B). Con-
sistent with behavioral results, propranolol treatment 
also reduced the magnitude of the spontaneous activ-
ity (Fig.  4C), as well as electrophysiological responses 
of TCC neurons to innocuous mechanical stimula-
tions (Fig. 4D, E), compared with those in TCC neurons 
recorded in aCSF-microinjected animals. Thus, propran-
olol directly injected into the LC can prevent trigeminal 
sensitization.

Propranolol decreased LC neurons excitability, likely 
through beta‑2 adrenergic receptors
The robust effects of propranolol microinjections into 
the LC on TCC sensitization led us to investigate the 
underlying mechanisms. To address this issue, we 
assessed the electrophysiological changes in the LC and 
TCC produced by a single propranolol microinjection 
into the LC after one IS application onto the menin-
ges of naive rats (Fig. 5A). One microinjection of pro-
pranolol significantly decreased the ratio of LC to TCC 
neuronal activities evoked by cutaneous stimulation 
(Fig.  5B), that is, the same TCC output produced less 
activation of LC neurons. In the same time, LC MUA 
synchronization was also decreased (Fig. 5C).

To assess whether the propranolol has a direct and 
inhibitory effect on LC neurons, we have recorded LC 
neurons using ex  vivo whole-cell patch-clamp record-
ings in brainstem slices (Fig.  5D to F). In 75% of LC 

Fig. 3 Uncoupled integration of nociceptive information within trigemino‑coerulean network in sensitized (IS4) conditions. Individual example (A) 
and cumulative results (B) of the activity evoked in TCC by application of IS on the meninges (at t = 0s) of naive (red, n = 15) and sensitized (orange, 
n = 12) animals. C Mean number of spikes of the C response of TCC evoked by 50 successives electrical stimulations of the meninges in naive (n = 15) 
and sensitized (n = 12) animals. Individual example (D) and cumulative results (E) of the activity evoked in LC by application of IS on the meninges 
(at t = 0s) of naive (dark blue, n = 22) and sensitized (light blue, n = 14) animals. F Late component within LC evoked by 50 successives electrical 
stimulations of the meninges in naive (n = 16) and sensitized (n = 11) animals. Horizontal line in boxplots represents median, bottom and top edges 
25th and 75th percentiles respectively, and dots represent individual values. * P < 0.05, ** P < 0.01,  Mann–Whitney U test
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neurons, bath-applied propranolol reduced the num-
ber of action potentials (AP) triggered by depolarizing 
pulses, transforming regular spiking into single spiking 
neurons (Fig. 5D, after propranolol) and prevented the 
appearance of APs evoked by depolarizing ramp cur-
rents at 2 × the rheobase (Fig.  5E, after propranolol). 
Propranolol application also increased the rheobase 
(current necessary to obtain action potential in current 
clamp mode; Fig.  5F). In one neuron, a 30 min-long 
washout could reverse propranolol effects on LC neu-
rons (Fig. 5D and E, Wash). Thus, propranolol applica-
tion directly decreases the excitability of LC neurons.

To explore the potential receptors responsible for the 
effects of propranolol on LC neurons, we examined the 
expression of beta-1 and beta-2 AR using RNAscope 
in situ hybridization (Fig. 6).

As control, a third probe targeting adra2a (alpha-
2A AR) was used, as this latter receptor is known to 
be an auto-receptor of LC noradrenergic neurons 
[21]. As expected, we observed many alpha-2A AR 

mRNA-positive cells in LC. Because the RNAscope Fluo-
rescent Multiplex assay allows the detection of two tar-
gets at the same time, we co-incubated adrb2 and adra2a 
probes, as well as adrb1 and adrb2, and observed a num-
ber of cells co-expressing adrb2 and adra2a. Interest-
ingly, no labelling to adrb1 was found in LC cells.

Taken together, these findings demonstrate that pro-
pranolol decreases the responsiveness of LC neurons to 
afferent excitatory stimuli and consequently decreases 
the integration of TCC nociceptive information by LC 
neurons, likely through beta-2 AR.

Discussion
This study shows that the functional LC-TCC coupling, 
involving both LC tonic and phasic activities, is altered by 
repeated meningeal inflammation. Specifically, repeated 
dural inflammations decrease the phasic response of 
LC neurons, but increase the noxious-evoked activity of 
TCC neurons, leading to central sensitization. Further-
more, we show that dampening LC neuronal activity with 

Fig. 4 Propranolol microinjections in the LC prevents TCC sensitization and cutaneous allodynia. Left panels: techniques and treatments depicted 
in each line. A Time courses of static mechanical withdrawal thresholds and (B) dynamic mechanical scores (DMS) of the face after a 1st (unfilled 
symbols) or 4th IS (colored symbols) injection in vehicle (squares)‑ or propranolol‑treated rats (triangles). Cutaneous mechanical sensitivity 
was assessed before and at 30 min intervals for 3 h after IS injection (black arrows at t0). Static mechanical thresholds were measured with VF 
hairs applied on the face and dynamic mechanical scores by gentle air puffing. (C) to (E) Electrophysiological recordings (TCC) from the same 
animals as in (A) and (B). C Spontaneous, (D) VF‑evoked, and (E) brush‑evoked activities from IS4 + aCSF (left boxplots) and IS4 + propranolol rats 
(right boxplots). Horizontal line in boxplots represents median, bottom and top edges 25th and 75th percentiles respectively, and dots represent 
individual values. For all conditions, n = 5. * P < 0.05, ** P < 0.01, *** P < 0.001; two‑way ANOVA for (A) and (B) (aCSF vs propranolol microinjection, 
on 1st or 4th IS injection), Mann–Whitney U test for (C), Student’s t test for (D) and (E). IS1 = 1st IS injection (naive animals), IS4 = 4th IS injection 
(sensitized animals) and the corresponding experimental groups
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propranolol, most likely by acting on beta-2 AR, prevents 
sensitization of TCC neurons to meningeal and cutane-
ous stimulations.

Dural IS infusions as migraine model
Many animal models of migraine, such as the adminis-
tration of glyceryl trinitrate or isosorbide dinitrate, the 

Fig. 5 Propranolol dampens LC functioning. A Simultaneous recordings from the TCC and the LC were made from naïve rats; after baseline 
measures, they received either IS (meninges) + aCSF (LC) or IS (meninges) + propranolol (LC), and measures were repeated after 30min. B Ratio 
of LC early component (in percentage of response above BL normalized by BL) to TCC A response (total number of spikes for the train) evoked 
by cutaneous electrical stimulation after IS and then propranolol or aCSF microinjection in the same animals (n = 7). C Index of synchronisation 
among spontaneous LC MUA activity (normalized power in delta frequency) before and after IS and propranolol or aCSF microinjection (n = 8). 
D‑E Examples of firing patterns (current‑clamp mode) evoked by depolarizing (D) or ramp currents (E) before, during propranolol application 
and after washout. F Variation in rheobase before and after bath‑applied propranolol (n = 4). Symbols in the middle of graphs show values 
before and after propranolol for each individually recorded neuron. Horizontal line in boxplots represents median, bottom and top edges 25th 
and 75th percentiles respectively, and dots represent individual values. * P < 0.05, ** P < 0.01; paired Student’s t test for (B) and (C)

Fig. 6 Beta‑2 and alpha‑2A AR, but not beta‑1 AR are co‑expressed into LC. In situ hybridization was performed on brain slices from adult rats 
(n = 3) using probes for adra2a (alpha‑2A AR, red) and adrb2 (beta‑2 AR, magenta) in one set of slices, and adrb1 (beta‑1 AR, red) and adrb2 (beta‑2 
AR, magenta) in a second set of slices. Me: Mesencephalic nucleus; LC: Locus Coeruleus
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triggering of cortical spreading depression, or the appli-
cation of various substances or peptides on the meninges 
to induce neurogenic inflammation, have been developed 
and are currently used to study the pathophysiology of 
migraine [27–29]. Neurogenic inflammation, character-
ized by an acute sterile inflammation, would involve pro-
cesses like vasodilation, mast cell degranulation, platelet 
aggregation, and the participation of vasoactive peptides 
and inflammatory mediators such as CGRP, substance 
P, neurokinin A, along with prostaglandins [30]. How-
ever, besides CGRP, the role of other neuropeptides, 
mast cell degranulation, and plasma extravasation in 
migraine pathophysiology remains uncertain and needs 
further research [31]. Until now, evidence of inflamma-
tion during individual migraine episodes was limited 
[27], but PET/MRI brain scan studies have provided 
supporting evidence for the presence of parenchymal 
as well as meningeal inflammation in migraine patients 
[32, 33]. Additionally, supporting a role for neurogenic 
inflammation in migraineurs, elevated levels of plas-
matic IL-1β, prostaglandin  E2, tumor necrosis factor-α 
(TNF-α), IL-6, or nitrite were observed during migraine 
attacks [34–38]. Therefore, even though the dural neuro-
genenic inflammation model using repeated IS infusions 
could be more akin to meningitis than migraine itself, it 
allows us to study the consequences of applying inflam-
matory substances to the meninges in migraine context. 
Indeed, it has been demonstrated that the infusion of IS 
provokes an increase of face rubbing [39] and grooming 
[40] which are indicative of head pain and/or irritancy in 
rats. Furthermore, IS infusions increase rest and freezing 
behavior, and decrease exploratory behavior [41], which 
are behaviors also experienced by migraine patients. 
Consequently, this model enables us to investigate the 
impact of repeated stimulation of meningeal nociceptors, 
as it occurs during the headache phases in migraine, on 
peripheral and central sensitization.

The LC‑TCC dialog under physiological conditions
The LC plays key roles in sensory signal processing and 
notably modulates sensory-nociceptive integration, 
through both the bottom-up stream that directly conveys 
sensory information and the top-down control signals [9, 
42–44]. While studies showed that LC phasic activity is 
involved in pain modulation [45–48], none of them has 
investigated both tonic and phasic activities of LC, using 
multi-site electrophysiological recordings. Here we show 
that LC and TCC spontaneous activities are correlated. 
LC spontaneous spiking, i.e. tonic activity, and LFPs 
exhibited spontaneous oscillations in naive conditions, 
likely due to synchronization of LC neurons via gap-junc-
tions [49]. A model of the resulting electrotonic coupling 
predicts that such synchrony should disappear at higher 

discharge rates [50]. Consistently, LFP recordings exhib-
ited a delta synchrony, which decreased when LC spon-
taneous activity reached maximum values. That LC LFPs 
precede TCC ones and that LC oscillations are present 
even without TCC spontaneous activity suggest that LC 
drives TCC neuronal excitability.

In parallel to this descending modulation of TCC spon-
taneous activity, LC also integrates ascending trigeminal 
sensory information. In naive conditions, meningeal as 
well as cutaneous cephalic stimulations reliably evoked 
LC phasic discharges. However, for electrical stimula-
tions that consistently generated A and C fiber-evoked 
responses in TCC, a late response in the LC was less 
robustly observed. As LC cellular composition is het-
erogenous [51, 52], and can be segregated with respect 
to efferent targets function [53], we may have recorded 
different types of neurons within the LC, with variable 
sensitivity to cephalic peripheral inputs. The chemi-
cal meningeal stimulation activated also TCC as well 
as LC neurons. We and others have previously shown 
that this stimulation leads to TCC sensitization, mani-
fested as behavioral mechanical allodynia [7, 8, 54]. Here 
we addressed the role of the LC in such sensitization, 
knowing that the LC is involved in facilitating as well as 
inhibiting pain. Thus, increasing LC phasic activity by 
electrical [45–47], chemogenetic [48] or optogenetic [44, 
52] stimulations leads to an analgesic effect. On the other 
hand, intrathecal noradrenaline led to pain hypersensi-
tivity through activation of specific astrocytes [55]. Like-
wise, an acute lesion of the LC inhibits meningeal evoked 
TCC activation [56], as well as the selective destruction 
of noradrenergic neurons reduces formalin-induced 
nociception [57–59]. Our results are in line with these 
latter data since reducing LC activity by propranolol 
micro-injection dampened the development of cutane-
ous mechanical allodynia. This suggests that the noradr-
energic facilitating pathway prevails over the inhibiting 
one in acute conditions. Hence, as in other sensory sys-
tems, heightened noradrenergic transmission might 
amplify responses of meningeal nociceptive neurons, to 
facilitate the transfer of salient or task-relevant stimuli, 
such as noxious stimuli, to higher order-centers [60].

The LC‑TCC dialog under sensitized conditions
Under sensitized conditions, LC and TCC spontane-
ous activities were still positively synchronized, but only 
at the rising phase. Then, TCC one started to decrease 
while LC one continued to increase, as evidenced by the 
earlier peak of TCC spontaneous activity compared to 
LC. Importantly, although it was only very slightly, the 
same phenomenon was observed for the slow oscilla-
tions of LC and TCC spontaneous activities under naive 
conditions. Our hypothesis to account for this biphasic 
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interplay of LC and TCC spontaneous activities is that 
TCC spontaneous activity can only reach a maximum 
due to intrinsic properties of TCC neuronal circuits, and 
that such maximum occurs sooner in sensitized than in 
naive conditions as TCC spontaneous activity is then 
already potentiated.

Concerning the ascending trigeminal sensory informa-
tion, after repeated meningeal stimulations, responses 
to additional inflammatory or electrical stimulations of 
the meninges were increased in the TCC, in agreement 
with previous reports [7, 8], but decreased strongly in 
the LC. Therefore, TCC and LC responses to meningeal 
stimulation became uncoupled, TCC sensitization being 
associated with LC de-activation. In neuropathic rats 
too, sensory-evoked responses to noxious stimuli in the 
LC are significantly altered [61]. This habituation of LC 
response is not pain specific. Indeed, LC responses to 
sensory stimulations, such as auditory or visual stimuli, 
rapidly decrease or even disappear if the stimulus is not 
followed by reinforcement [62, 63]. It is thus plausible 
that such adaptation phenomena occur after repeated 
pain stimulations. But modulation of LC responsive-
ness to noxious inputs is expected to spill over to the 
TCC via norepinephrine release. Therefore, lowered LC 
excitability, following repetitive meningeal stimulations, 
would actively counteract such enhanced norepinephrine 
release, and by this fact would decrease the noradrener-
gic modulation of meningeal nociceptive information in 
the TCC. The mechanisms of such activity-dependent 
adaptive changes in the responsiveness of the LC to nox-
ious inputs remain to be determined.

Propranolol decreases LC responsiveness likely by blocking 
beta‑2 AR
Propranolol is a beta-blocker used as a prophylactic 
treatment for migraine. In our study, we showed that 
its direct application into the LC limited the devel-
opment of cutaneous allodynia induced by repeated 
meningeal stimulations. This effect appears to be medi-
ated by inhibition of LC activity, since ex-vivo elec-
trophysiological recordings showed that propranolol 
reduces the probability of LC neurons eliciting action 
potentials. This effect is very similar to what has been 
obtained with antidepressants, such as desipramine, 
whose systemic injection causes a decrease in the 
tonic and phasic activity of LC neurons in both sham 
and neuropathic animals [61]. Although more work is 
needed to clarify the underlying mechanism for these 
effects, desipramine may act by potentiating alpha-2 
AR [64], while propranolol is thought to act by blocking 
beta receptors [19, 20]. For the first time to our knowl-
edge, we show that the auto-receptors modulating 
noradrenergic neuron activity are not only of alpha-2 

AR type. Indeed, our RNAscope results highlighted co-
localization of alpha-2A and beta-2 AR mRNAs in LC 
neurons. So it seems that the tonic and phasic activities 
of these neurons might be regulated by the balance of 
these 2 types of receptors. Beta-1 AR mRNA was barely 
observed in the LC, or its expression is too low to be 
detected in naive conditions. Alpha-2A AR, associ-
ated with a Gi protein, have been implicated in regu-
lating the activity of LC neurons, by inhibiting them 
[21, 65, 66] and thus inhibiting noradrenaline secre-
tion. Intracellular beta ARs activates, via stimulatory G 
proteins, adenylate cyclase and increases production of 
intracellular cAMP [67]. In addition, beta ARs can also 
activate ERK through a G protein-independent mecha-
nism mediated by β-arrestin [68–70]. However so far, 
the role of Beta-2 AR is unknown in LC. In amygdala, 
beta-2 AR activation has been shown to increase neu-
ronal excitability [71], while this receptor enhances 
long term potentiation in hippocampus [72]. Beta-2 AR 
have been also involved in pain modulation, acting on 
different cell types to produce anti-nociceptive [73–76] 
or pro-nociceptive [77–81] effects. A key aspect of 
future studies will be to better understand the role of 
beta-2 AR in the LC.

In summary, our results demonstrate that LC activa-
tion, through modulating gain, facilitates the processing 
of afferent nociceptive information by TCC neurons in 
normal/physiological conditions, and promotes trigeminal 
sensitization under acute and repeated meningeal nocic-
eptors stimulations. If we extrapolate this data to the field 
of migraine, our study demonstrates a direct LC effect on 
TCC sensitization, in addition to its traditionally recog-
nized role on vasodilatory processes, which also lowers the 
headache threshold and facilitates induction of migraine 
attacks [82, 83]. This also adds to its well-established role 
in gating and modulating sensory information [84], which 
likely contributes to sensory hypersensitivity. Increased 
LC responsiveness may thus promote unpleasant sensory 
symptoms encompassing hallmark migraine symptoms 
such as photophobia and phonophobia as well as headache 
attacks in migraine patients. Our study also establishes 
an LC-dependent mechanism underlying the efficacy of 
propranolol, which has not been explained to this day. By 
blocking beta-2 AR, propranolol reduces LC responsive-
ness to different inputs output and as a result, LC facili-
tation over TCC. Taken together, our data support the 
conclusion that effectiveness of propranolol in treatment of 
migraine is mediated via decreasing LC output, by reducing 
both its responsiveness and its intrinsic synchronization.
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