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Photobleaching of immunofluorescence signal is a well-known phenomenon,

however, its impact on derived parameters characterizing number and shape of

different cell types in tissue sections is less understood. Our aim was to

determine whether the duration of illumination and the type of fluorophore

(Alexa Fluor 546 (A546), and Alexa Fluor 488 Plus (A488)) can influence the

acquired morphometric parameters of cells in the nervous system.

Immunofluorescent staining of microglia and neurons was performed on

mouse spinal cord sections. Mean color intensity in a field of view, number

of detectable neuronal cell profiles, partial coverage of microglial profiles, and

fractal geometrical parameters were determined. All measurements weremade

using epifluorescence microscopy with identical acquisition parameters. Most

of the measured parameters suffered significant alternation after 30–60 s of

illumination. The data-altering effect of photobleaching was most prominent in

the case of mean fluorescent intensity. Thus, while immunofluorescent staining

is useful for co-localizing different groups of cells, cell-specific quantitative

morphological measurements require photostable staining. Possibility of the

combination of these methods on the same section in order to achieve multi-

channel localization without photobleaching is exemplified.
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Introduction

Immunohistochemistry based on fluorescent immunostaining is now widely applied

method to localize cellular components either in basic research or in clinical practice [1].

The method uses specific fluorescently labelled antibody, which binds to the antigen of

interest, then its localization is determined by a fluorescent light microscope [2].

Compared to the alternative method, the chromogenic based immunohistochemistry,
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the immunofluorescence (IF) microscopy has an advantage of

multiple staining, providing the simultaneous visualization of up

to even 30 fluorophores [3]. Furthermore, recent development of

the high-throughput multiplexed immunofluorescence method

in combination with tissue clearing may provide the visualization

and in depth localization of hundreds of proteins [4, 5].

Parallel to that the IF microscopy became widely used, the

need to consider the quantitative aspects of the method emerged

[6]. In such experiments, the amount and distribution of specific

cellular components is aimed to be determined on the basis of the

strength of the emitted fluorescent signal, for example, osterix

and sclerostin during bone development, or chondroitin sulfate

proteoglycans in perineuronal nets of motoneurons, or IgG and

IgA in renal nephropathy [7–9]. However, such quantitative

evaluation is rather challenging due to photobleaching, which

is a phenomenon that occurs when fluorophores lose their ability

to emit fluorescence upon prolonged exposure to excitation light,

i.e., the fluorescent signal is fading over illumination time, and

eventually disappear, thus may alter the quantitative data after

image analysis [10]. Photobleaching is primarily attributed to the

irreversible damage and chemical alterations incurred by

fluorophores when subjected to high-energy excitation light

[11]. This weakening in fluorescence may particularly affect

the morphological characterization of objects with fine process

arborization, for example, microglia and astrocytes. Microglia,

the resident immune cells of the central nervous system (CNS),

are the first line of defense against harmful events happening in

the CNS, therefore the characterization of their size, shape and

distribution is at the frontline of research attempting to

understand the details of the degenerative processes affecting

the brain tissue [12].

In research focusing on assessing immune/inflammatory events

in diseases or in neuroprotection, measuring the morphological

changes of these cells provides key information. For example,

relative area coverage of microglia profile is routinely used to

determine the level of microgliosis, indicating inflammation and

possible neurodegenerative machinery in different anatomical areas

as a populational answer for harmful events, while morphometric

analysis on individual cell profiles offers a deeper insight into the

quick changes in the central nervous system [13]. Such population-

based area coverage measurements or individual microglia cell

morphometry methods based on Scholl analysis or fractal

geometry have a well-described literature, but as our repertoire of

advanced methodology is growing, more detailed descriptions with

new parameters to measure and new connections with function to

map are being developed [14, 15]. As researchers extract more

complex features from the cell profiles, the higher the chance of a

measurement error by using suboptimal staining, biased

measurement, or statistical methods that can easily lead to wrong

conclusions. Regardless of the computational systems such as digital

image processing methods, fractal geometry-based shape-

descriptors, and artificial intelligence which are valuable tools to

perform measurements, providing good quality and unmitigated

image input remained the most basic and crucial factor. Our aim

was to determine whether different illumination times (30–900 s)

and fluorophores with different levels of photostability can alter the

morphometric parameters measured on relatively simple shaped

neurons and complex shaped microglia in the CNS. A combination

of the fluorescent and the chromogenic labelling method, providing

the advantages of the photostable marker for quantification and the

fluorescent marker for identifying cell populations, is also presented.

Materials and methods

Animals and ethical considerations

Ethical approval for the animal experiments was given by (1)

The Government Office in Csongrád-Csanád County, Hungary and

(2) The Committee for Animal Experiments of the University of

Szeged, Szeged, Hungary XVI./2733/2022. All experiments were

carried out in accordance with the institutional guidelines for the use

and care of experimental animals and the governmental law for

animal protection (XXVIII. chapter IV. paragraph 31) which

conforms to international laws and policies (EEC Council

Directive 86/609, OJL 358 1 DEC. 12, 1987; NIH Guide for the

Care and Use of Laboratory Animals, United States National

Research Council, revised 1996). All efforts were made to

minimize animal suffering.

Sample preparation and immunolabelling

Under irreversible anesthesia with Avertin (Merck,

Darmstadt, Germany), 10-week-old male Balb/c mice were

transcardially perfused with 10 mM phosphate buffered saline

(PBS; pH 7.4) followed by 4% paraformaldehyde (Merck)

fixation in 10 mM PBS (pH 7.4). The lumbar spinal cord

was removed and fixed overnight in the same fixative at 4°C.

Then the samples were cryoprotected in 30% sucrose (Merck),

dissolved in 10 mM PBS, for 1 day at 4°C and embedded

in optimal cutting temperature (OCT) medium (Sakura

Finetek, CA, United States). 30 μm thick consecutive sections

were cut with a CM1860 cryostat (Leica, Wetzlar, Germany), and

collected individually in 10 mM PBS in wells of tissue culture

plates and stored at 4°C until processed for free-floating

immunohistochemical staining.

For immunofluorescent labelling, sections were rinsed with

10 mM PBS (three changes, 5 min each), then blocked with 3%

normal donkey serum (Sigma, St. Louis, MO, United States; Cat#

Abbreviations: Iba1, Ionized calcium-binding adaptor molecule 1; NeuN,
Neuronal Nuclei; A488, Alexa Fluor Plus 488; A546, Alexa Fluor 546; DAB,
diaminobenzidine tetrahydrochloride; PBS, Phosphate Buffered Saline;
TPBS, Phosphate Buffered Saline with 0.2% Triton X-100; CNS, Central
Nervous System; IPP, Image-Pro Plus; OCT, optimal cutting temperature.
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D9663, RRID: AB_2810235) in 10 mM Tris-Phosphate Buffer

Saline (TPBS) for 60 min was used to match the host species of

the secondary labeling. All primary antibodies were marked

either with donkey anti-rabbit Alexa Fluor 488 Plus with

increased photostability (A488; Invitrogen, Waltham, MA,

United States; Cat# A32790, RRID:AB_2762823) or Alexa

Fluor 546 (A546; Invitrogen, Cat# A11056; RRID:AB_

2534103) diluted to 1:400 in PBS for 60 min at room

temperature. Afterward, sections were washed in 10 mM PBS

(three changes, 5 min each), mounted on silane-coated glass

slides (10-15 sections per slide), and covered with Fluoromount-

G mounting media (Invitrogen, Cat# 00-4958-02) to match the

refractive index and to minimize the effect of photobleaching.

Lastly, samples were visualized under an Eclipse 80i microscope

(Nikon) equipped with a Lumen 200 mercury lamp (Prior

Scientific, Cambridge, United Kingdom).

For the combined diaminobenzidine (DAB) and fluorescent

labelling, sections were sections were blocked and rinsed as routinely

prepared in our laboratory. Then, a step was added to block the

endogenous peroxidase activity with incubation in 0.3% hydrogen

peroxide in 10mMTPBS for 60min. This was followed by overnight

incubation at 4°C with a primary antibody cocktail containing a

polyclonal rabbit-anti-rat antibody against Iba1 and a polyclonal

sheep-anti-ChAT antibody (Merck, Cat# AB144P, RRID:AB_

2079751) diluted to 1:250 and to 1:500, respectively, in 10 mM

TPBS. After washing in 10 mM PBS (3 changes, 5 min each),

sections were incubated at room temperature in a donkey-anti-sheep

A488 fluorescent secondary antibodies for 1 h, dissolved in 1:

100 dilution in 10 mM TPBS. Afterwards, non-specific stainings

were blocked for 1 h with a mixture of 1%–1% normal goat (Vector

Laboratories) and normal donkey serum (Sigma) in 10 mM TPBS,

for 1 h, then sections were incubated in a biotinylated goat-anti-

rabbit antibody. Next, all the sections were rinsed in 10 mM PBS

(3 changes, 5 min each), incubated in the avidin-biotin complex

diluted to 1:1600 in PBS for 1 h at room temperature. Next, after

washing in 10 mM PBS, the reactions were visualized by incubation

in 0.5% DAB as a non-bleaching staining (Merck, Cat#: 868272-85-

9) with 1.5% NiCl2 in 10 mM PBS for 15 min. Finally, sections were

washed in 10 mM PBS (3 changes, 5 min each), mounted on silane-

coated glass slides, covered with Gel/Mount (Biomeda, Foster City,

CA, United States).

Image capturing and image analysis

To avoid photobleaching before capturing the first image, a

dedicated section on the slide served as a control to set the

imaging parameters of the microscope and the Micropublisher

5.0 RTV camera (Teledyne QImaging, Surrey, Canada), then

uniformed image acquisition parameters (exposure time,

acquisition gain, -gamma, -offset, -resolution) were used

during capturing of whole time series. After setting the

parameters, an area with uniformly distributed cells was

selected and the focus was briefly adjusted before capturing

the first image. Then a single image was taken after 30, 60,

120, 300, 600, and 900 s of illumination (without changing the

parameters of the microscope or the imaging) to investigate the

effect of fluorescent fading bymeasuring the following parameters: i)

The mean color intensity of the whole microscopic images at

different observation times and staining methods were measured

with the Histogrammodule of the Photoshop program (Adobe, San

Jose, CA, United States). ii) Changes in the numbers of detectable

NeuN-positive cell profiles were determined: t cells which

discernable nucleus were counted at each time point, and

compared to the cell counts obtained at the initial image. Those

cells with detectable nucleus at the initial time point, but no

detectable nucleus at the observed illumination time point were

considered “faded”. iii) The value of pixels forming microglia/

macrophage cell profiles was determined using an automated

macro module developed in our laboratory for the Image-Pro

Plus (IPP) (Media Cybernetics, Rockville, MD, United States)

image analysis software [13]. Relative differences in the values

obtained at different observation times and staining methods

were measured to express the effect of fluorescent fading using

the background parameters obtained in the initial image. iv) Fractal

geometrical parameters were measured according to the work of

Fernández-Arjona and her colleagues [15]. Sections were screened

under the microscope at ×20 magnification with a Plan Fluor 20x/

0.50 DIC N2 objective (Nikon). Microglial cells were identified and

captured at different observation times and staining. The

segmentation requires a certain amount of detail visibility. For

this an endpoint of detection was determined based on mean

color intensity; cell profiles from A488 staining were segmented

after 0 and 900 s of illumination, while cell profiles from

A546 staining were segmented after 120 s of illumination.

Individual cell profiles completely in frame (one image contained

2-5 microglia), with visible soma and branch structure, clearly

distinguishable from the surrounding cells were selected and

converted to a binary image, then continuity errors were

corrected manually using Photoshop (Adobe) and ImageJ

(National Institute of Health, Bethesda, MA, United States).

From the segmented microglia profiles, cell area, cell perimeter,

fractal dimension, lacunarity, span ratio, density, and circularity

were extracted by the Box Counting Fractal Analysis method using

the FracLac plugin of ImageJ [16].

In general, higher fractal dimension means higher complexity;

in the case of microglia morphometry, fractal dimension helps to

identify intermediatemicroglia phenotypes. Lacunarity describes the

objects rotational and translational invariance; changes in the soma

can alter lacunarity. Cell area and perimeter are pixel-based

parameters used to map cell size changes, while span ratio,

density, and circularity are size-invariant descriptors of the

phenotype, and tools to measure morphological changes.

All measured parameters serve a standalone way of

comparison between photostable standards and also between

antibodies with “regular” and “enhanced” photostability.
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Statistical analysis

To determine the average intensity loss, the number of

NeuN-positive neurons and the relative changes in the

microglial area 15-15 sections were imaged from 0 s to 900 s of

illumination. Altogether 90 individual profiles, two from each image,

were selected and segmented from these sections (n = 15/group) and

were pooled according to the fluorophore and illumination time. To

measure the effect of fading during the illumination linear regression

was also conducted using the stats statistical package in Python

(version 3.10.9, python.org) on signal intensity loss measurements.

Before each comparison, Shapiro-Wilk normality test was used,

followed by the appropriate parametric/non-parametric statistical

test to assess the differences among multiple means of intensity loss,

the number of neurons, relative changes of microglial coverage and

changes in the fractal parameters. In each case, the statistical test is

specified in the figure legends. All data are presented as mean

values ± the standard error of the means (s.e.m.). All statistical

analyses were performed in Prism (version 8.0.1.244, GraphPad

Software, San Diego, CA, United States).

FIGURE 1
Neuronal (column (A, B)) and microglial (column (C, D)) staining using Alexa Fluor 488 Plus secondary antibody (column (A, C)) and Alexa Fluor
546 secondary antibody (column (B, D)) at 0 s exposition, after 30, 60, 120, 300, 600 s and 900 s excitation times. Qualitatively, both of the
fluorophores fading commenced as early as after 60 s illumination time, and by 900 s only faint staining (A488) if any visible signal (A546) is noticed.
Scalebar: 100 μm.
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Results

Changes in mean signal intensity

Fluorescent fading was first assessed qualitatively in large

field of view images after neuronal and microglial staining using

A488 and A546 fluorophores (Figure 1). Although the bleaching

dynamics of the fluorophores were somewhat different, we found

significant data loss as early as 30 s of illumination time in the

case of the neuronal staining (Figure 2). The intensity of both

fluorophores was reduced by more than 10% after 60 s, and the

intensity loss was doubled after 120 s of continuous illumination,

regardless of the primary antibodies. The two secondary

antibodies showed a different photobleaching dynamic. By the

900 s illumination time, since mean signal intensity represented

the whole image, some background intensity remained, but

almost all microglia and neuron profiles disappeared. At the

end of the illumination series, A488 showed a 45% decrease

compared to the initial intensity; furthermore, in the case of the

A546 fluorophore, this intensity loss reached 65%.

Changes in the number of
detectable neurons

Neurons in the sections were counted in the same area with

different illumination times if their nuclei could be identified.

The number of detectable neuronal profiles was reduced by

approximately 10% after 60 s of illumination of samples,

regardless of the fluorophore (Figure 3). The number of

neuronal profiles faded relatively slowly if samples were

stained with A488 fluorophore; however, the photobleaching

was more prominent in the case of A546, where the decrease

in the number of NeuN-positive profiles after 120 s of

illumination reaches 20%. At the end of the experiment,

A488 showed relatively good preservation, with a 22%

decrease in the number of detectable neurons, but more than

FIGURE 2
Quantitative determination of mean color intensity revealed that photobleaching lead to significant decrease of the fluorescent light as early as
after 30–60 s compared to values at 0 s illumination time of microglial (A) and neuronal staining (B). Alexa Fluor 546 (A546) shows a higher mean
intensity loss dynamic than Alexa Fluor 488 Plus (A488) resulting in a significant difference at 90 s illumination time and 60 s time points in case of
microglial and neuronal staining, respectively. Statistical evaluation was carried out using parametric one-way analysis of the variance
(A488 neuronal staining, A546 microglial staining) and Kruskal-Wallis test (A546 neuronal staining, A488microglial staining) with the Dunn’s multiple
comparison test (*: p < 0.05, **: p < 0.01, ***: p < 0.001, ns: not significant). Second-degree polynomial curvewas fitted to estimate the temporality of
photobleaching.

FIGURE 3
Photobleaching has a significant effect on quantifiable
neuronal number (stained neurons with discernible nucleus) even
after 60 s of illumination time using Alexa Fluor 546 (A546) and
Alexa Fluor 488 Plus (A488) compared to the values
measured at zero sec illumination time. Statistical evaluation was
determined using Kruskal-Wallis test with Dunn’s multiple
comparison test (*: p < 0.05, **: p < 0.01, ***: p < 0.001, ns: not
significant).
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half of the initial number of neuronal profiles disappeared if

samples were stained with A546.

Changes in relative area coverage of
microglial cells

The relative microglial cell profile area coverage

measurement maps the background density and standard

deviation of the background to provide a cut-off value of the

image of interest for segmentation. The same area at different

time points was segmented and the relative differences between

the actual image and the initial image was calculated. Notable

changes occurred already after 60 s of illumination (Figure 4).

Even after such a brief illumination, approximately 55% changes

in the relative area occupied by microglia were observed

regardless of the fluorophores. This change scaled up to a

90% loss after 300 s of illumination regardless of the fluorophore.

Changes in fractal parameters

Size-, outline-, and shape-based morphometric parameters

were compared between individual cell profiles segmented from

microscopic images taken at different time points (Figure 5).

Based on the mean intensity changes and considering the time-

consuming process of semi-manual segmentation cell profiles

were segmented at the 0-time point and at a determined endpoint

of illumination time where the binarization process still could be

done. This time was 120 s for A546 and 900 s for A488. The most

prominent changes were observable in two of the cell-sized-based

parameters (area (18% loss in the case of both conjugates) and

density (15% loss in the case of A488% and 24% in the case of

A546)), but the shape-based parameters also suffered significant

information losses showing 4% (A488) and 6% (A546) change in

fractal dimension, 9% (A488) and 15% (A546) in lacunarity, 10%

(A488) and 8% (A546) in span ration, 8% (both conjugates) in

perimeter and 8% (both conjugates) in circularity. In conclusion,

pooled fractal parameters showed 10% (A488) and 12% (A546)

information change at the endpoint of detection.

Combination of the DAB-Based and the
fluorescent based immunohistochemistry

For a reproducible morphological quantification within

identified anatomical structure the DAB-based and the

fluorescent based immunohistochemistry in a single section

was combined. This method combines the advantages of the

photostable DAB-staining for quantification and the cell-type

specificity of the fluorescent staining. For illustration purposes,

sections from the hypoglossal nucleus were used, since this motor

nucleus displays easily identifiable borders compared to that of

the ventrolateral motor neurons. In Figure 6, the fluorescently

stained motor neurons are used to identify the border of the

hypoglossal nucleus, which borderline is then copied to the DAB-

stained microglial stained image, and the microglial area

coverage could be determined within this border. For

illustration of the co-distribution, the two images are overlaid.

Discussion

The physical-chemical process of photobleaching is a well-

described phenomenon, however, its effect on the

trustworthiness of measured morphological data of biological

samples is less investigated [17, 18]. In this study, the data-

altering effect of photobleaching was examined on various

quantification approaches to microglial and neuronal

parameters in the CNS. Photobleaching has not only severely

affected the fine morphological details of microglial cells, but also

impacted the more rudimentary intensity- and area-based

measurements and even neuronal cell counting. The various

parameters were affected to an increasing extent in a time-

dependent manner, with mean signal intensity and area

coverage already showing altered parameters after 30 and 60 s

of illumination, respectively.

Mean signal intensity measurement of immunofluorescent

stainings is a widely usedmethod for the quantification of protein

expression [19]. Even with highly standardized settings (arc lamp

intensity, detector settings, imaging features), due to the required

pre-imaging adjustments (e.g., focus/z-range settings, region of

FIGURE 4
Photobleaching has a significant effect on microglial area
coverage measurements even after 60 s of illumination time using
Alexa Fluor 546 (A546) and Alexa Fluor 488 Plus (A488) compared
to area coverage measured at zero time point. Statistical
evaluation was determined using Kruskal-Wallis test with Dunn’s
multiple comparison test (*: p < 0.05, **: p < 0.01, ***: p < 0.001,
ns: not significant).
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interest selection), there is an unavoidable variability in

illumination time, even with the exclusion of user-to-user and

staining-to-staining variability. In our experiments, mean

intensity was one of the most sensitive parameters affected by

photobleaching, already showing significant data loss at the

earliest measurement point (30 s of illumination). In practical

settings, this short timeframe is comparable to the delays

occurring due to the above-mentioned pre-imaging settings,

suggesting that this widely used approach is inherently biased.

Another widely used quantification method is neuronal cell

count, which is often applied as a primary readout parameter in

characterizing CNS pathologies or evaluating the efficacy of

FIGURE 5
Photobleaching has a significant effect on morphological parameters of individual microglial cell profiles ((A): initial image, (B): faded image)
using Alexa Fluor 546 (A546; red bars on panel (C)) and Alexa Fluor 488 Plus (A488; green bars on panel (C)). Qualitative analysis reveals significant
changes of all observed parameters (C). Statistical evaluation was determined using the one sample t-test (A546 density, A546 fractal dimension) or
Wilcoxon Signed Rank Test (all other parameters) on data retrieved at the point of detection limit (900 s of illumination in the case of A488 and
120 s in the case of A546). p < 0.001. D: Fractal dimension. Scalebar: 100 μm.
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therapeutic interventions [20]. While this method is generally

viewed as a basic, yet robust technique, we also observed

significant data loss regarding the number of identifiable

neuronal cells. On the other hand, with the A488 secondary

antibody, roughly 80% of neuronal cells remained identifiable

even at the latest time point, suggesting that with sufficient

optimization, this approach can be less affected by

photobleaching, especially in comparison to intensity- and

area-based methods.

While intensity- and cell counting-based approaches are also

used to characterize microglial activity in the CNS, these do not

encapsulate the change in microglial morphology–a key feature

of microglial activation [21]. Thus, as a rudimentary approach to

quantify microglial morphology, area-based analysis is often

utilized. Our results show that the area coverage of microglial

cells was already reduced by 55% at the second measurement

point (60 s), indicating drastic data loss. Consequently, fine

microglial morphological parameters (that are derived from

the segmented cell profiles–which are closely linked to the

area coverage of the staining) were also affected by

photobleaching. The primary aim of quantifying these fine

morphometric parameters is to provide a more detailed, in-

depth characterization of microglial cells, as they are able to

detect subtle alterations of microglial structure and network,

which can be further utilized for microglial clustering and

phenotype analysis [22]. However, due to the unique and

largely irregular shape of microglial cells and branches, these

images are often captured and processed as z-stack projections.

This means an even longer illumination period, which will affect

the retrievable data to an even greater extent. Furthermore, the

illumination time during examination can vary based on the

expertise of the person performing the microscope parameter

setting and the image acquisition. In case of an unexperienced

user, or unfamiliarity with the particular sample and anatomic

structure, the potential examination time cannot be

predicted–along with the degree of information loss. This is

represented by the dynamic area coverage change, where lower

illumination time reflects an expert, while higher illumination

times represent a more unexperienced user (Figure 7).

In neuroscientific research, in order to increase the resolution

and image quality, and to better characterize the microglial

network, laser-based imaging systems are often utilized. As

the illumination intensity is often higher in scanning confocal

and especially in super-resolution techniques, the effect of

FIGURE 6
Hypoglossal nucleus double stained for motor neurons (A) andmicroglial cells (B). The fluorescently stainedmotor neurons are used to identify
the border of the hypoglossal nucleus (A), which borderline is copied to the DAB-stained microglial stained image (B), and the microglial area
coverage could be determined within this border. For illustration of the co-distribution the two images are overlaid (C). Scale bar: 50 μm.

FIGURE 7
Photobleaching has a significant effect on microglial area
coverage even after 30 s of illumination using Alexa Fluor 546
(A546) and Alexa Fluor 488 Plus (A488) compared to area coverage
measured at zero time point, however, the information losses
are not strictly monotonically increasing by illumination time.
Lower time point acquisitions are representing an “expert” in the
technical settings of the microscope or the anatomy of the
particular sample, while higher illumination times representing an
unexperienced user. Statistical evaluation was determined using
Kruskal-Wallis test with the Dunn’s multiple comparison test. **:
p < 0.01, ***: p < 0.001.
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photobleaching on the derived parameters characterizing the

number and shape of different cell types can be even more

prominent than what we report here, with a traditional arc

lamp epifluorescent solution [23]; however, the comparison

between different imaging platforms and mounting media is

warranted in the future. Nevertheless, our results regarding rapid

loss of mean fluorescent intensity even after 30 s of illumination

strongly suggest a similar quantification bias on other imaging

systems as well.

In our experimental setup, we detected significant information

loss relatively early in all attributes and conjugates, however, the

dynamics of the information loss were different between the two

commonly used fluorescent conjugates, A488 and A546. This

difference might stem from the different features of the

secondary antibodies, as in the case of the A488 antibody, the

Alexa Fluor Plus reagent is expected to yield superior signal-to-noise

ratio, in comparison to the conventional Alexa Fluor reagent (A546).

Even though in this study we did not include additional secondary

antibodies, literature suggests that photobleaching in far-red,

carboxyfluorescein diacetate succinimidyl ester, CellTrace Violet,

and CellVue Claret markers is a general phenomenon and affects

wide variety of methods [24, 25]. Nevertheless, selection and

optimization of the secondary antibody can not only improve the

quality of the staining but might impact or mitigate the effect of

photobleaching as well.

Reducing photobleaching in general has as wide of a literature as

the tips and recommendations found on the information websites of

the producers of the markers, but the issue is far from being

completely solved [26, 27]. In our study, we gave an example of

a combination of fluorescent and photostable information

visualization that can be used with multiple fluorophore labeling

for localization and a DAB-based solution for morphological

evaluation. Moreover, we focused only on the impact of

photobleaching on two major cell types of the CNS, as changes

in population and individual microglial cell morphology and the

number of neuronal cells are important and widely investigated

attributes in CNS pathologies [22, 28]. The results based on the

“bulky” appearance of the neurons and the “bushy”, fine structure of

microglia indicate that our conclusions might also be applied to

other cell types. In order to mimic routine experiments using IHC

and epifluorescent imaging, we only used one illumination

power–the one that was most optimal for the first section on the

slide; however, investigating the effect of illumination power on the

degree of photobleaching could provide further insight into the

dynamics of photobleaching. Nevertheless, the suggestions based on

our results can be extrapolated to any experiment where intensity,

cell number, cell area, or fine morphological measurements are

being done, as photobleaching universally affects various tissues

and stainings.

Photobleaching significantly altered the retrievable data used to

characterize microglial and neuronal morphology in the central

nervous system.While some of the quantificationmethods were less

affected by photobleaching (e.g., neuronal cell count and certain

fractal parameters), more rudimentary techniques (e.g., area

coverage and intensity measurement) were drastically altered by

fluorophore degradation. Some of these changes were already

evident after 30 and 60 s of illumination time, suggesting that

this bias effect the majority of imaging techniques and users.

“Mimicking” unexperienced and professional users showed the

instability caused by photobleaching, while the fitted curves on

the intensity loss plots show the temporality of photobleaching. The

combination of photostable and fluorescent labelling is a potential

alternative to classical multiplex fluorescent labelling, which can

overcome this data-altering issue.
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