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The trigeminovascular pathway explains the complexity of migraine
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Peripheral and central sensitization role

in migraine pathophysiology



Peripheral sensitization mediates the throbbing pain
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Central sensitization in the spinal cord mediates skin
hypersensitivity and muscle tenderness
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Sensitization of thalamic trigeminovascular neurons mediates

whole-body allodynia
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Summary
Peripheral sensitization mediates the throbbing pain of migraine
Sensitization of central trigeminovascular neurons in the spinal
cord mediates cephalic allodynia and muscle tenderness

Sensitization of thalamic trigeminovascular neurons mediates

whole-body allodynia.



Topical application of lidocaine onto the dura inhibits ongoing activity in
sensitized peripheral but not central trigeminovascular neurons
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Progression of disease: chronic state of central sensitization leads to
interictal allodynia and background headache

Episodic migraine  Chronic migraine
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Lessons learned from triptan therapy — Treat Early
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Bridging the gap between aura and
headache or CSD and activation of
meningeal nociceptors:

Activation of pial and dural macrophages
and dendritic cells by CSD


Presenter Notes
Presentation Notes
So we are asking, How does the inflammatory environment of the brain get transferred to the dura?  To answer this question, we thought  it would be helpful to ask, can we visualize evidence of inflammation both inside and outside the brain?  This may help answer our questions of how and when the two environments get connected.


Macrophages form monolayers in the dura and pia
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Dural macrophages are Pial macrophages are
activated after a delay activated immediately
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In contrast, dural macrophages became did not become circular and activated until about 20 minutes post CSD. This timing matches perfectly with the time between the CSD and the firing of dural nociceptors!


Multiphoton in vivo imaging of dendritic cells in CSD

Schain et al., (2018) Ann. Neurol. 83:508-521
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Presentation Notes
Next I looked at CD11c-YFP dendritic cells. These are important cells for bridging tissue-to-blood barriers, as they are antigen-presenting cells and signal to T or B cells in the blood, potentially recruiting them into tissue. In the brain and meninges, these cells are fewer in number than macrophages, and are not only found in the pia, and dura, but within the SAS as well.  Interestingly we did observe at least one DC physically move from the pia to the dura.  But could we find a way to visualize the activation of these cells as well?
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Presentation Notes
With time lapse multiphoton images, we can actually see how dynamic these cells are. A subset, about 15% of DC are highly migratory at baseline as they presumably survey the meninges for dangerous or toxic substances.  So how can we tell when they get activated?
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CSD causes a strong coordinated cessation of migration to all migrating DC.

2015-01-26--cdy-16moM

Activated DC stop moving


Pial and dural DC are activated after a short delay
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I quantified this by comparing migrating cells’ speed before and after sham or CSD.  DC stopped moving around 12 minutes after CSD, or somewhere between 6 and 18 minutes, and, in contrast to the macrophages the timing of their activation was the same no matter if the cells were in the pia, subarachnoid space, or dura. 

2015-03-03--cdy-14moF-pinCSD-m1-325169


Macrophages and DC are in close proximity to
dural TRPV1-positive fibers

Baseline j Baseline

_'-""’ - ‘

30um . 15um
P

45m post CSD 30m post LPS

&

-

Schain et al., (2018) Ann. Neurol. 83:508-521


Presenter Notes
Presentation Notes
Because I am trying to connect CSD with the activation of pain fibers, the last thing I will show you is the anatomical relationship between these activated immune cells and dural pain fibers. 

 I crossed both transgenic mice with one that expresses tdTomato red fluorescent protein under the TRPV1 promoter, and observed that activated macrophages and dendritic cells can potentially be near or in contact with TRPV1+ axons in the dura. Whether the neurons are activating the cells or the cells part of a process that activates the neurons is an area for future study.


SUMMARY

Macrophages form monolayers in the dura and pia
Activated meningeal macrophages retract their processes
and become circular; activated meningeal Dendritic cells
(DCs) stop migrating

Dendritic cells are antigen-presenting cells capable of
transferring inflammatory reactions from inside the BBB to
the outside where they stimulate and attract T cells

CSD activates pial macrophages instantaneously, pial,
subarachnoid, and dural DCs 6-12 minutes later, and dural

macrophages 20 minutes later.



Migraine and the Glymphatic System

Cortical spreading depression closes the
paravascular space and impairs

glymphatic flow
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The glymphatic system consists of tunnels that follow pial, dural and
cortical blood vessels — called the paravascular space

Parenchyma

Schain et al., (2017) J. Neurosci. 7:2904-2915



Paravascular space labeled with dye following
intracortical injection
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Another way to visualize the glymphatic system is to inject dye into the PVS.
We can also inject dye into the cortex of the animal, which diffuses preferentially within paravascular space, allowing us to label the PVS red, while leaving the arterial lumen dark.
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CSD produces a rapid closure of the PVS around
pial arteries and veins.
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So now we have a system to visualize the blood vessel, paravascular space, and surrounding brain continuously while we induce CSD.  Here is a gfp fluorescent mouse with a red dye injected to label the PVS.  The top row is a top view of a pial surface artery, the next row is a perpendicular view of the same artery that shows the relationship between the artery, the PVS, the subarachnoid space, and the skull. The bottom graphs are a quantification of the arterial lumen size and the arterial PVS size. The characteristic constriction of the artery, followed by this dilation lets us know the CSD was successful.  Amazingly, the paravascular space completely disappears and seals shut within minutes of the CSD. When we quantified this, the PVS remains closed for around five to six minutes before gradually opening back to its previous state.  
Looking at this, you might think, well, when the artery dilates, that’s why the PVS gets forced closed.  However, the timing of the closure does not support this.  The PVS starts closing when the artery is constricting, and continues closing while the artery dilates and constricts again.


Clearance of interstitial fluid (molecular waste) from the brain parenchyma,
through the PVS to cervical lymph nodes

(CSD causes reduction in flow of interstitial fluid within the PVS)
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Plasma protein extravasation
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Plasma protein extravasation during CSD in the rat
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Schain et al., (2020) J. Neurosci.


Presenter Notes
Presentation Notes
Finally, as you may recall I mentioned a previous study showing that CSD produces dural PPE, and in this paper they suggest that PPE may introduce inflammatory molecules that may act on nociceptors.  With our imaging setup, we wanted to study this further, and here we can look at PPE in vivo, and observe PPE as it is happening during CSD in the dura of a rat.



Plasma protein extravasation and dilatation of
dural arteries
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With this technique, we can identify when PPE is happening post CSD, and where exactly on the dura, for example, these events are not simply happening along the major artery, but along the smaller dural blood vessels. Additionally PPE events are clustered at the beginning of the dural dilation. 

-------
Comment- now with the CGRPmabs we think the PPE although powerful, is not related to the act of pain fibers.  Because drugs that block act of nociceptors do not affect PPE CAN affect. Suggesting that PPE does not play a large role in act of pain fibers.


Vascular responses
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CGRP-mAbs effects on meningeal blood vessels and plasma protein
extravasation
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OnabotulinumtoxinA does not affect vascular responses to CSD
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WDR
neurons

CSD-induced immediate activation of C-class meningeal
nociceptor and WDR trigeminovascular neuron
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CSD-induced delayed activation of Ao-meningeal nociceptor
and high-threshold trigeminovascular neuron
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OnabotulinumtoxinA prevents activation and sensitization
of C- but not Ad-fibers
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CGRP monoclonal antibodies and small molecule CGRP receptor
antagonists prevent activation of Ad- but not C-fibers

Option 1. Drugs that neutralize the peptide Option 2. Drugs that block the receptor
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Proposed mechanism for prevention of migraine by Atogepant
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Blocking Adé-fibers with onabotulinumtoxinA and C-fibers with atogepant
attenuate activation and sensitization
of HT and WDR neurons
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Scientific Rationale for combination therapy in migraine prevention
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Proposed equence of events

Dural (C-fiber) nociceptors firing*

CGRP release

Paravascular space closed?
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The next steps will be to strategically interfere with some of these events and see which ones are causally related.


Opportunities:

Centrally-acting drugs that reverse central sensitization

Peripherally-acting drugs that attenuate activation of meningeal

macrophages

Peripherally-acting drugs that attenuate activation of meningeal

dendritic cells

Central, peripheral, or vascular acting drugs that prevent closure

of the glymphatic system
Drugs that prevent CSD (reduced impact on the nociceptors)

Drugs that block activation of all nociceptors by all scenarios
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