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ECgo: All-optical induction of single endothelial cell injury
and capillary occlusion in the brain
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e ability to induce endothelial cell (EC) damage in the mouse brain with high spa-

tial precision is invaluable for mechanistic studies of brain capillary injury and repaiSigni cance

Here, we introduce an optical method, termed Endothelial Cell guided obliteration

(ECgo), that utilizes a two-photon-excitable porphyrin-based photosensitizer (Ps2yain capillary injury is a

to selectively obliterate single ECs within the brain microvascular network. Using theommon feature of aging and
developed approach, we were able to induce occlusions of single capillaries with highny neurological disorders.
spatiotemporal control, while preserving the surrounding tissue. Combined with lonyhile a single capillary lesion
gitudinal two-photon imaging, ECgo enables studies of morphological and functionahay appear inconsequential, the
consequences of targeted single capillary EC injury in vivo under healthy and disea§§ai

o ulative effect of repeated
conditions.

and spatially dispersed capillary
insults can lead to substantial
brain dysfunction. Understanding

Brain capillaries constitute over 80% of the cerebral vasculature and are essentidPfofingle capillary injuries
maintaining proper brain function. While occlusions of penetrating arteries and ascendifgfribute cumulatively to
veins can disrupt blood supply and homeostasis in large brain tissud+8)githes (  long-term brain damage requires
impact of single capillary injury and subsequent occlusion remains understudied. Notéabhis that can precisely target
capillary occlusions have been observed in patients with cerebrovascular and neurolpgie&lual capillaries in the living
conditions, includ_ing strok&, ), cerebral microinfarc& 9), Type 1_diabete$((, 11), brain. Here, we introduce an
vascular dementiag), and Alzheimer's diseab® (4), underscoring the need for a = gptical method based on a
better understandlng of their pathophyS|_oIogy. Furthermore, mmrpyascular pathologyg&_activatame compound to
hypothesized to both precede and contribute to age-related cognitive decline and nesquetively injure single brain
degenerative conditiori$,(16). o L .

Multiple experimental approaches have been used to induce capillary occlusions, inéfﬂﬂua”es IR T SREIE]
ing vascular injection of small occlusive microsptigr8) @s well as optical methods, ~2ccuracy. Our method enables
such as laser-induced injury, 20, 21) and photothrombosis using Rose Be2ga24). detailed, longitudinal studies of
However, these approaches lack the ability to create microvascular lesions with su cf@pillary repair, blood flow
spatiotemporal accuracy, frequently leading to extensive nonlocal vascular injurigsvery, local oxygen dynamics,
Achieving precise, single-capillary occlusion in the living mouse brain remains technicalyglial responses following
challenging, hindering e orts to explore the molecular and cellular dynamics of capillafyrovascular injury.
injury and repair across the interconnected neuron—glia—vasculature network.

Here, we report the development of a technique termed Endothelial Cell guided oblit-
eration (ECgo) that allows targeting of single capillaries by inducing endothelial cegggﬁmters'f’gﬂf,”f;g&f'j'“C"_"Té‘_’;'_ﬁGﬁ;,'f’é‘_f’é*_'éf'é(‘s’:
damage with high spatiotemporal control. ECgo makes use of a two-photon-exeitalle and sAv. performed research; SRA, TV.E,
photosensitizer (termed Ps2P), based on the Zn complex of tetraa_rylphthalimidop0&@%?%OFI’S';Cj_'Cﬁ”5@?&??&1?“&?2’Tg_V’ TreTagf/I“tDs’
(TAPIP), which is closely related, both structurally and spectroscopically, to the two-phRetaR. analyzed data; and J.C, MT.W., MEA, SAV.,
(2P) oxygen probe Oxyphor 2P developed by us prev@Busiylike in disease-progressednd B-W. wrote the paper.
states, where multiple capillaries are already damaged, ECgo makes it possible td"eresbite dqclare no competing interest.
;Ilg?(:'?ytc))rfa\:\?idcei%y:% ?Igglgjlgrni rtug)ulrr;/vest|gate its early impact, while avoiding thelmizz Zy"fhf*:Eg;;sgi‘als;gjr'jf'°”» PJ.D.is a guest
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Development of the Two-Photon Photosensitizer Ps2P. Photosensitization processes ang . ... adaress: epartment of Chemistry, Loyola
associated cell damage underpin photodynamic therapy (PDT), an established clinical madalityhicago, chicago, IL 60660.
(26, 27). e photodynamic e ect Fig. 1A entails photoexcitation of a photosensitizéro whom correspondence may be addressed. Email:
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state is usually long-lived ( s), and, therefore, prior to its spontaneous deactivation (assm@iatmzﬁacs'uppmmentaL o '

with rate constant k ig. 14, it can undergo di usional encounters and subsequent reacti@nshed may 18, 2026.
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surrounding microvascular network was able to compensate foath@0 times lower concentrations than Rose Bengal to achieve the
local damage and maintain oxygen delivery to tissue. same excitation e ciency, potentially reducing the risk of systemic

Next, we examined how the occlusion of a single capillary impaictecal side e ects. Together, these features establish Ps2P as
hemodynamics in the surrounding capillary network. A selected aapful tool for manipulation of individual brain capillaries in the
illary was irradiated, anda¥ was measured in the adjacent capillaliving mouse brain in combination with long-term repeated imag-
ies. Following the occlusion, the blood ow in the directly connecied, complementing other approaches for inducing capillary injury.
branches (the two feeding capillaries and the single draining capillaigthe ECgo paradigm, capillary occlusion arises from a localized
was reduced (capillaries 1, 2, andHgidB. e analysis of the  EC injury rather than from a persistent intravasculaFigjo8(
ow in the wider capillary network surrounding the occlusion revealaghctional manipulations suggest that brin-based clotting does not
that overall g in the a ected area increadéd. @F, suggesting play a major role in ECgo-induced capillary occlusion, as neither
that upon a single capillary occlusion, the collateral ow compensat¢isoagulant nor brinolytic treatments prevented occlusion or
for the local perfusion de cit. Importantly, our data show that whitestored ow. Future studies incorporating brin visualization could
the blood ow ceased in the targeted capillary, neighboring vegseldde additional support for this conclusion.
remained patent, highlighting the robustness of the cortical capillarjogether, these observations raise the question: what properties ¢
network and suggesting the presence of a mechanism that sign&s2PReare responsible for its ability to induce such a precise single E
adjacent network to compensate for single capillary occlusion. injury? A separate study would be required to delineate the exac

Resident microglia are known to react rapidly to local cell dantagehanism of action of Ps2P; however, its relatively large aromati
(46-48) and vascular injurg, 21, 49). To test whether capillary structure and resulting hydrophobicity suggest that it could be par-
injury in our model led to a local in ammatory response and suligly distributed into the membranes and/or interiors of ECs that
guent microglial activation, we used CX3CR1-GFP transgemiake up capillary walls. is contrasts with smaller, more hydrophilic
reporter mice. We observed that microglia became locally actisgeditizers (e.g., Rose Bengal), which are presumably localized to
after the capillary injury, extended their processes to ensheatheagioellar lumen. Once associated with an EC and subjected to 2F
injured capillary, and internalized the leaked vascular prekeitation, Ps2P can operate via Type | and/or Type Il photodynamic
Qtracker655™, as indicated by coexpression of vascular andr@ERanism$ig. J), leading to selective destruction of the targeted
signalsHig. 4G. While we did not observe capillary rupture or extenell. Importantly, the excitation volume in which the triplet state of
sive bleeding, we occasionally detected spatially con ned extravafainis produced can be adjusted by regulating the phds@n ux (
of blood plasma tracers near the targeted capillary segment, consigtémthat at mild excitation uxes, the damage can be con ned to a
with transient barrier disturbances at the site of the injured EC. &ngle EC. On the other harl@), generated by Ps2P within the
microglial activation was seen both in cells directly next to dapillary lumen is expected to be scavenged by albumin molecule:
occluded capillar¥i¢y. 4G and nearby microglia that were not into which Ps2P is likely to be bound. ese partially damaged albumin
direct contact with it, suggesting that local in ammatory signalingplecules would be carried away and dispersed by the blood ow,
occurs in response to EC injury. not leading to the formation of a clot. e above scenario is specula-
tive at this point, but it suggests a potentially testable hypothesis
behind the highly selective action of Ps2P.

Capillary stalls are common for many cerebrovascular and neuro
Here, we have introduced a porphyrin-based photosensitizer leepienerative diseage8, (13, 14). However, the development of
and demonstrated its use for induction of single-EC injury argiable and precise techniques for inducing targeted single-capillar
capillary occlusion in the living brain under 2P excitation, atalls in the rodent brain has remained an unmet challenge. Current
approach termed ECgo. e most important feature of ECgo igpproaches to induce capillary occlusion rely on the use of smal
that it allows for a highly accurate single capillary occlusion, avoddiusive materials, such as polymeric micrabedds However,
ing vessel rupture and collateral damage to neighboring vessetsmethods do not permit targeting of a single capillary in a pre-
and tissue. Interestingly, the damaged capillaries were founskkected location. In contrast, the 2P photodynamic approach using
undergo fast repair and regain blood ow within 24 to 48 h aftBs2P makes it possible to induce multiple, precisely targeted capillar
injury. is time course is consistent with prior repofts, (L7, occlusions one at a time at de ned cortical depths, while avoiding
18), while the ECgo method extends these observations by widespread clot formation and/or systemic vascular damage, thereb
bling selective targeting of individual capillaries with well-de nedabling longitudinal in vivo imaging.
baseline measurements and longitudinal follow-up. Detailedrrom a hemodynamic point of view, single capillary occlusions
investigation of this remarkable endothelial-mediated capillaaye been previously modeled in ski8p emonstrating that
repair is the focus of a separate sé@lyJverall, ECgo provides changes in local capillary ow depend on baseline ow and local
a useful tool for studying the e ects of single capillary injury oapillary network topology. Occlusion of a capillary segment with
local blood ow, oxygenation, and neuroin ammatory responséso inlet and two outlet vessels has the most severe impact on loc:

Photodynamic methods have been used previously to crésgae perfusion. In that case, blood ow is reduced by more than
capillary occlusions. Perhaps the most-known photosensitiz80§$ in capillaries located within two branching orders from the
Rose Benga@), which is widely used for producing large vesselclusion sité8). Our current experimental results are in line with
occlusions1{ 3-5, 51). In a direct side-by-side comparisorthese modeling studies, showing that a single capillary occlusior
(matched excitation e ciency at 1040 nm), both Rose Bengal acalises redistribution of ow, suggesting that oxygen delivery is com-
Ps2P were found to be capable of inducing capillary occlusipessated by the local microvascular network. Indeed, while occlu-
However, Rose Bengal was cleared from the vasculature ragi@yof a single capillary led to a drop in the tissue oxygenation in
(within 5 to 10 min), limiting the e ective time window for the area surrounding the capillary, @@ not reach hypoxic levels.
capillary targeting to a few minutes after injection, consist8&ytexploiting the scalability of ECgo, which is one of its key advan-
with previous reportd?, 48). In contrast, Ps2P exhibited sub-tages, occlusions of multiple capillaries could be induced to caus
stantially longer vascular retention, enabling multiple independimimation of local hypoxic regions, leading to tissue damage. How
capillary occlusions to be performed within a single imaging gesse microvascular events might contribute to long-term cerebro-
sion without reinjection. In addition, Ps2P could be administeneaiscular impairment merits further investigation.

Discussion
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