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Two-photon imaging (2PI) is a fluorescence-based laser scanning microscopy technique commonly used in studies across

various fields of research, including neurobiology, embryology, and tissue engineering. In principle, it involves two infrared

photons simultaneously exciting a single fluorophore in a sample, thereby causing it to emit light in a specific wavelength

region, also called fluorescence emission spectrum. This fluorescence is normally detected in a wavelength region close

to the maximum of this spectrum, allowing the sample to be identified based on its specific fluorescent characteristics.
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1. Introduction

Compared to confocal single-photon microscopy, the main advantages of 2PI include reduced damage of tissues, allowing

intravital studies, greater penetration depth of up to 2 mm in the brain, and ex vivo deep tissue imaging. Simultaneously, it

maintains the typical characteristics of confocal microscopy, such as optical slicing capabilities with the possibility to

perform 3-dimensional (3D) structural visualization and quantification, and its high subcellular XY resolution of around 400

nanometers . We also note that, while many clinical techniques, such as ultrasound, CT, PET, and MRI, can

penetrate much deeper in tissues, their resolution is up to a factor 1000 worse and cannot image at a subcellular level. At

the moment, 2PI is mostly applied in biological research, but its potential is strongly underestimated and undervalued. Its

possibilities in 3D visualization and quantification deserve more attention. There are developments in the direction of

medical applications and endoscopy.

2. Two-Photon Imaging and Epilepsy

There is an enormous need to further understand the pathophysiology of epilepsy. Being one of the most common

neurological disorders, epilepsy accounts for the highest disability-adjusted life years , affecting around sixty million

people worldwide , of whom 30–40% are drug-resistant . The societal burden of chronic epilepsy is massive and

encompasses around 80% of total epilepsy-related costs .

In recent years, epilepsy research has made a shift toward a vascular-centered concept of epileptogenesis . This

has resulted in the identification of an important role of neurovascular alterations  and increased blood–brain barrier

permeability in the pathophysiology of epilepsy . Indeed, recent reports have emphasized similarities between

alterations in epilepsy and microvascular dysfunction . Additionally, oxidative stress has been implicated in

epilepsy—as this process has been shown to induce structural cell damage and to facilitate the formation of lipofuscin,

which itself also induces cellular damage . Nevertheless, further research into the different aspects of the

pathophysiology of epilepsy is needed to connect these areas.

In this regard, the application of 2PI in epilepsy research entails high potential to improve our understanding of seizure-

induced anatomical and pathophysiological changes across different scales, ranging from neuronal structures to neuronal

microcircuits and the neurovasculature . Moreover, advances in two-photon laser scanning have enabled in vivo

imaging of the brain while preserving the natural neuronal environment . Consequently, pathological activity in these in

vivo models may represent epileptic conditions more accurately . Furthermore, two-photon uncaging is a powerful

technique that is of significance in epilepsy research. It essentially involves the use of the two-photon excitation laser to

photolyse or activate certain biological compounds such as neurotransmitters while also allowing the visualization of the

immediate effects of this photochemical excitation without any other interference. In addition, fluorescence lifetime

imaging, a technique based on differences in the decay rates (on the nanoseconds time-scale) of fluorophores in samples

rather than intensity  can be advantageous when studying specific types of environments and the effects thereof on

fluorophore. Lifetime imaging can be used with two-photon excitation (2P-FLIM) as well as with confocal microscopy and

multiphoton tomography. When probing molecular environments wherein intensity-based measurements alone are often

insufficient, fluorescence lifetime-based measurements may be capable of yielding additional data . Finally, the
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development of a wide range of fluorescent markers has made it possible to study various aspects of the pathophysiology

of epilepsy, such as neurotransmitter levels , metabolism , pathological neuronal activity , and

hypersynchronous network firing .

Previous studies that employed 2PI to evaluate the mechanisms associated with epileptic seizures have indeed

contributed significantly to our understanding of this complex disorder.

Oxidative Stress

Oxidative stress plays an important pathophysiological role in intracellular mechanisms in all of the aforementioned cells

and processes . Most of the involved proteins and molecules in oxidative stress are difficult to assess due to their

short lifespan and rapid reactivity with redox state regulating components . Hence, a robust analysis of the role of

oxidative stress in epilepsy pathomechanisms using 2PI requires assessment of non-degradable fluorescent or

autofluorescent composites. In this regard, lipofuscin forms an interesting end-product of oxidative stress as it is a

nondegradable substance with strong and specific autofluorescent properties . It is most commonly found in the

cytoplasm of cells with a low rate of mitosis, such as neurons . Its aggregation is associated with the pathophysiology

of epilepsy as well as with neurodegenerative disorders . We recently associated lipofuscin with the pathophysiology

of epilepsy using 2PI in vascular and tissue samples of epilepsy patients that were harvested following surgical resection

of epileptic brain regions . We found that lipofuscin is present in the brain’s pial arterial wall and neocortical

parenchyma in young epilepsy patients and age-matched controls. In the three-dimensional reconstruction of the 2PI

image stack, the particles appeared to be mainly located within the adventitia and to a lesser extent in the tunica media

(shown in Figure 1) . Further quantitative analysis of lipofuscin particles suggested that progressive accumulation of

lipofuscin in the vascular wall may be related to the pathophysiology of epilepsy.

Figure 1. A representative two-photon 3D reconstruction image of lipofuscin autofluorescent particles. Scalebar: 70 μm.

Adapted from “Shedding light on human cerebral lipofuscin: An explorative study on identification and quantification”

(Hakvoort et al., Journal of Comparative Neurology, 2020 ). A license to reuse this figure from its original source was

acquired through RightsLink. (Reprinted with permission from ref. . Copyright 2020 IEEE).

Previous studies also reported on lipofuscin aggregation in association with human epilepsy. Liu et al.  described

excessive lipofuscin accumulation within dysmorphic neurons in young adult patients with focal frontal lobe epilepsy.

Furthermore, lipofuscin has been found in mesial temporal lobe structures of epilepsy patients. Here, oxidative damage

and neuronal degeneration induced by seizures seemed to contribute to the formation of lipofuscin in the hippocampus of

kainate-treated mouse epilepsy models . In patients with temporal lobe epilepsy, the hippocampal antioxidative system

was upregulated . This finding was most pronounced in patients with hippocampal sclerosis . Another article

reported on the identification of lipofuscin granules within the entorhinal regions and amygdala of epileptic tissue .

These findings provide a basis for understanding the potential involvement of oxidative alterations in the pathophysiology

of epilepsy. Analysis of lipofuscin could be a new method to detect and quantify oxidative stress. Using 2PI, lipofuscin is

recognized relatively easily based on its specific autofluorescent and lifetime characteristics . Furthermore, the finding

of lipofuscin accumulation within the vascular wall in addition to lipofuscin-accumulation in post-mitotic cells such as

neurons warrants further assessment.
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