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Abstract

Intranuclear inclusions present in Fragile X-associated tremor/ataxia syndrome (FXTAS) patient 

brains have historically been difficult to study due to their location and scarcity. The recent finding 

that these particles autofluoresce has complicated the use of immunofluorescence techniques, but 

also offers new opportunities for purification. We have ascertained the features of the 

autofluorescence, including its excitation/emission spectrum, similarities and differences 

compared to lipofuscin autofluorescence, and its presence/absence under various fixation, 

mounting, and UV light exposure conditions. Immunofluorescence at various wavelengths was 

conducted to determine which conditions are ideal for minimizing autofluorescence confounds. 

We also present a technique for autofluorescence-based sorting of FXTAS inclusions using flow 

cytometry, which will allow the field to more successfully purify inclusions for unbiased analyses.

Method summary

The intranuclear inclusions of FXTAS are autofluorescent across a broad range of wavelengths. 

We performed experiments using fluorescence microscopy to define the characteristics of this 

autofluorescence and to determine what immunofluorescence conditions might overcome 

interference from inclusion autofluorescence. The inclusion-associated autofluorescence pattern 

was also used to develop a method for purifying inclusions through nuclear isolation, sucrose 

fractionation, and fluorescence activated cell sorting.

Challenges of studying FXTAS inclusions

Fragile X-associated tremor/ataxia syndrome (FXTAS) is an X-linked neurodegenerative 

disease caused by a premutation CGG-repeat expansion (55–200 repeats) in the 5′ 
untranslated region of the FMR1 gene. One of the hallmark features of this disease is the 
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formation of intranuclear inclusions [1,2]. Studies on inclusion composition in inclusion 

disorders have always been challenging due to the difficulty in cleanly isolating inclusions. 

For many neurodegenerative inclusion disorders, inclusion formation is likely late stage and 

limited to the brain [3,4], and in vitro inclusion formation can never fully recapitulate 

formation in vivo. Therefore, samples are limited to postmortem human brain samples which 

are non-renewable, precious, and subject to deterioration. FXTAS inclusions are particularly 

challenging, as they are exclusively intranuclear, solitary, and only form in 2–20% of 

neurons and astrocytes [2]. Previous studies have relied on immunofluorescence to 

determine their composition [5–7]. However, immunofluorescence biases protein discovery 

and is not an accurate way to quantify protein levels.

Recently, FXTAS inclusions have been found to emit autofluorescence throughout a wide 

range of spectra [8], which interferes with immunofluorescence measurements for many 

wavelengths. A better alternative would be to isolate FXTAS inclusions for analysis. This 

has been attempted for other inclusion disorders, but methods generally rely on either 

antibody-based sorting or sequential extraction using detergents and chaotropes [9–12]. 

Antibody-based sorting introduces bias in the isolation process whereas sequential 

extraction assumes that all insoluble material is inclusion material, which may be inaccurate. 

As an alternative, we propose that immunofluorescence on FXTAS inclusions be performed 

according to guidelines that minimize interference from autofluorescence, and that FXTAS 

inclusions be sorted using autofluorescence-based strategies for optimal purity.

Features of FXTAS inclusion autofluorescence

To ensure that the autofluorescent particles observed are specifically inclusions, three 

FXTAS cases were scored using autofluorescence alone for inclusion load in the frontal 

cortex. Each case had at least 500 nuclei scored for inclusion presence. Inclusion loads for 

the three cases were 8.7%, 10.3%, and 14%, well within the range of previously estimates 

[2].

Frontal cortical nuclear smears prepared as previously described [10] were exposed to no 

stains or antibodies other than DAPI and were viewed under an upright fluorescence light 

microscope (Leica DM5500 B, Leica Microsystems, Buffalo Grove, IL). DAPI staining was 

necessary to provide nuclear context to identify which autofluorescent particles were 

inclusions, as lipofuscin was abundant in these samples. Approximately ten FXTAS samples 

identified through immunohistochemistry as patients with high inclusion loads were 

examined, and each exhibited inclusions autofluorescing weakly at 360nm and 620nm and 

strongly at 480nm and 545nm (Figure 1A). Since inclusions do not strongly autofluoresce at 

the wavelength in which DAPI is viewed, we do not believe DAPI staining significantly 

affected inclusion characterization. No autofluorescent intranuclear inclusions have been 

observed for control cases. Images were taken at 545nm at various exposure levels and 

magnifications to determine the lower limits of visual detection of inclusion 

autofluorescence, which was found to be 11.2ms at 60x magnification and 25.5ms at 100x 

magnification. Since exposure and wavelength heavily affect the intensity of viewable 

autofluorescence, we feel that both should be cited in future studies.
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Identically prepared slides were also viewed on a stimulated emission depletion (STED) 

microscope with confocal capabilities (Leica SP8 STED 3x, Leica Microsystems, Buffalo 

Grove, IL), both to confirm that autofluorescence was visible using a separate microscope 

and to ascertain the specific excitation/emission properties of inclusion autofluorescence. 

Inclusion autofluorescence was apparent and was found to have maximal excitation/

emission at 490nm/560nm, with an emission range from 475nm to 740nm, where emissions 

above 590nm gradually taper off in intensity (Figure 1B). The excitation/emission spectra of 

extranuclear lipofuscin autofluorescent particles on the same slide showed the same pattern 

of autofluorescence (Figure 1B). However, quantification of fluorescence intensity reveals 

that lipofuscin is significantly more intense at 545nm and 620nm (Figure 1C). These 

measured emission values correlate well with what is observable using light microscopy.

Additional slides were prepared using multiple fixation techniques to ensure that inclusion 

autofluorescence is not an artifact of slide preparation. FXTAS slides fixed using 3:1 

methanol:acetic acid, 4% paraformaldehyde, Histochoice (VWR Amresco, Pennsylvania), 

and 70% methanol all exhibited autofluorescent inclusions (Figure 1D). Several different 

mountants have been tested, including Prolong Gold and Diamond Antifade Mountants and 

Slowfade Diamond Antifade Mountant (Thermo Fisher, Massachusetts), with no alterations 

in autofluorescent properties.

Inclusions were exposed to UV light to ascertain whether UV exposure could be used to 

remove the autofluorescence through photobleaching. FXTAS brain slides were incubated 

under long (365nm) and short wave (254nm) UV light for one hour then stained with DAPI 

and compared to untreated slides. Neither condition significantly altered the 

autofluorescence intensity of the inclusions, although the short-wave light damaged the 

DNA enough to preclude DAPI staining (Figure 1E). This indicates that UV exposure would 

not be a viable method to avoid autofluorescence interference.

Optimized strategies for performing immunofluorescence on FXTAS 

inclusions

To demonstrate the best combination of fluorophores and exposures that may be used to 

avoid autofluorescence interference, FXTAS frontal cortical nuclear slides were prepared 

using ubiquitin and SUMO 2/3 primary antibodies in combination with secondary antibodies 

bound to Alexa-488, Alexa-555, and Alexa-647 (Thermo Fisher, Massachusetts). Ubiquitin 

and SUMO 2/3 are present at high levels in FXTAS inclusions [8] and therefore have a 

higher chance of producing strong enough immunofluorescence signals to overcome the 

effect of autofluorescence. When inclusion immunofluorescence was performed using the 

ubiquitin antibody at 480nm, no difference in fluorescence intensity was seen in comparison 

to inclusion autofluorescence at 480nm (Figure 2A). SUMO 2/3 immunofluorescence at 

480nm produced the same result (Figure 2A). At 545nm, ubiquitin inclusion 

immunofluorescence did not display brighter intensity over inclusion autofluorescence. On 

the other hand, SUMO 2/3 immunofluorescence was significantly brighter than inclusion 

autofluorescence at the same wavelength (Figure 2B). (Figure 2B). The wavelength which 

best avoids interference from autofluorescence is 647nm, where both ubiquitin and SUMO 
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2/3 immunofluorescence produced a significantly brighter signal in comparison to 

autofluorescence at the same wavelength (Figure 2C). Whenever possible, 

immunofluorescence on FXTAS inclusions should be performed in this region of the 

spectrum.

The discrepancy between ubiquitin and SUMO 2/3 immunofluorescence at 545nm illustrates 

the need to validate each new antibody used for immunofluorescence, especially if the 

wavelength used is not in the far-red spectrum. Immunofluorescence results can vary widely 

depending on the amount of a protein present in inclusions, the quality of the antibody used, 

and the immunofluorescence protocol, so new conditions should always be re-determined. 

Secondary only controls should be presented alongside immunofluorescence images to serve 

as comparison, and exposure levels, gains, and wavelength should be reported for 

transparency. Inclusion proteins identified using immunofluorescence prior to the discovery 

of autofluorescence (i.e. lamin A/C, hnRNPs, SAM68, FMRpolyG, LAP2β, TRA2A, etc.) 

may have, in fact, been at least partially artifactual. However, given the limitations to 

conducting immunofluorescence on FXTAS inclusions, rather than use immunofluorescence 

to re-validate these proteins, we instead conducted mass spectrometry in a separate 

publication [8] to ascertain their presence and relative abundance. Most of these proteins 

were found to be present in inclusions, but some at extremely low abundance, which 

highlights the need to follow specific guidelines when conducting inclusion 

immunofluorescence.

Autofluorescence-based flow cytometry activated cell sorting (FACS) of 

inclusions

Although autofluorescence presents an impediment to conducting immunofluorescence, it 

provides a unique opportunity in terms of inclusion isolation. FACS based on the 

autofluorescence signal of the inclusions avoids the antibody-based bias and sequential 

extraction inaccuracies that have hampered previous isolation attempts. Since lipofuscin 

exhibits a similar pattern of autofluorescence, brain samples must first undergo a nuclear 

isolation to eliminate as much lipofuscin as possible. 1g of pulverized fresh frozen frontal 

cortex from FXTAS patients was Dounce homogenized with a loose pestle on ice using a 

modified protocol from Iwahashi 2006 [10], and ultracentrifugation in a sucrose buffer as 

described by McEwen and Zigmond 1972 [13] allowed for a sufficiently clean nuclear 

isolation. Nuclei were then placed on top of a continuous sucrose gradient and 

ultracentrifuged again, producing a band of inclusion-enriched particles at a density 

corresponding to about 1.30 g/ml. The band was absent in control samples.

The inclusion-enriched fractions from seven FXTAS samples were then used for FACS 

alongside four identically prepared control sample fractions. Inclusions were identified in 

FXTAS samples as particles that upon excitation using a 488nm laser, emitted strong green 

to orange fluorescence (500–565nm), but weak red fluorescence (>670nm) (Figure 3A). 

Other laser lines at 405nm, 561nm, and 640nm were also assessed before 488nm excitation 

was determined to be optimal. Since inclusions are smaller subcellular particles, logarithmic 

scaling was used on the detectors for laser light scattering, as is customary in the field of 
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flow cytometry [14], and larger aggregates with significantly longer laser dwell rates were 

eliminated. Sorted inclusions were viewed by fluorescence light microscopy and found to 

exhibit the same fluorescence pattern exhibited by in situ inclusions (Figure 3B). Sorted 

inclusion samples have an estimated purity level of 80–90%, and this technique was 

successfully used for mass spectrometry analysis of FXTAS inclusions [8].

Altogether, these results demonstrate that although inclusion autofluorescence calls for more 

stringent guidelines when performing immunofluorescence studies, it also generates new 

opportunities for cleanly purifying inclusions for unbiased analytical approaches. There are 

still improvements that can be made, as the method for purifying inclusions through FACS is 

time intensive, requires large amounts of brain, and does not produce samples of 100% 

purity. More work can also be done to evaluate the levels of proteins that must be present 

within an inclusion for immunofluorescence to produce a signal high enough to overcome 

autofluorescence. However, these methods pave the way to allow FXTAS researchers to 

delve deeper into the mechanics behind inclusion formation, which can offer insights into 

the pathogenesis of neurodegenerative inclusion disorders.

Ethical conduct of research
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Figure 1: 
A: FXTAS inclusions autofluoresce strongly at 480nm and 545nm and weakly at 
360nm and 620nm. Nuclei isolated from FXTAS post-mortem frontal cortex tissue were 

fixed using 70% methanol and stained with DAPI only then examined at various 

wavelengths. Images were taken at 100x. Orange arrows denote inclusions. Wavelength (nm) 

and exposure level (ms) used to create the images are indicated, respectively, in the upper 

left and upper right corners of the image.

B: FXTAS inclusions exhibit maximal excitation/emission spectra at 490nm/560nm. 

Lipofuscin exhibits similar maximal excitation/emission spectra, but higher relative emission 

intensities at far red wavelengths. FXTAS isolated brain nuclei slides stained with DAPI 

were analyzed on a stimulated emission depletion (STED) microscope for autofluorescence 

excitation/emission spectra. Inclusions were found to have maximal excitation/emission at 

490nm/560nm, with an emission range from 475nm to 740nm, where emissions above 

590nm gradually taper off in intensity. Autofluorescent lipofuscin particles on the same slide 

show similar patterns of autofluorescence, except they show higher intensities of emission in 

far red wavelengths. Orange arrows denote the object that is being measured. Figure adapted 

from Reference 8, 2019, with permission from Creative Commons Attribution 4.0 

International License https://creativecommons.org/licenses/by/4.0/.
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C: FXTAS inclusion and lipofuscin autofluorescence differ significantly in intensity. 

Mean autofluorescence intensities were measured for inclusions from four different FXTAS 

patients along with lipofuscin found in the same images. Lipofuscin displays significantly 

higher autofluorescence levels at both the 545nm and 620nm wavelengths. Figure adapted 

from Reference 8, 2019, with permission from Creative Commons Attribution 4.0 

International License https://creativecommons.org/licenses/by/4.0/.

D: FXTAS inclusions exhibit the same pattern of autofluorescence under all examined 
fixation methods. FXTAS isolated brain nuclei were fixed using four different fixation 

methods and stained with DAPI only, then examined at 545nm under fluorescent light 

microscope. Images were taken at 100x. DAPI staining is displayed in cyan and 

autofluorescence at 545nm is displayed in red. Orange arrows point to inclusions. 

Wavelength (nm) and exposure level (ms) used to create the images are indicated, 

respectively, in the upper left and upper right corners of the image.

E: FXTAS inclusions do not exhibit photobleaching after long and short-wave UV 
exposure. FXTAS isolated brain nuclei slides were exposed to either no UV light, long wave 

365nm UV light, or short wave 254nm UV light for 1 hour, then stained with DAPI before 

imaging at 480nm. Images were taken at 60x with an exposure of 208.1ms. No condition 

eradicated inclusion autofluorescence upon visual inspection or significantly decreased it.
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Figure 2: 
A: Ubiquitin staining and SUMO 2/3 staining at 480nm are not significantly brighter 
than inclusion autofluorescence. Orange arrows denote inclusions. No significant 

differences were found.

B: Ubiquitin staining at 545nm is not significantly brighter than inclusion 
autofluorescence, but SUMO 2/3 staining is. Orange arrows denote inclusions.

*Significant difference from the autofluorescence bar with p<0.05

C: Both ubiquitin staining and SUMO 2/3 staining at 647nm are significantly brighter 
than inclusion autofluorescence. Orange arrows denote inclusions.

*Significant difference from the autofluorescence bar with p<0.05

**p<0.005

***p<0.0005

****p<5×105
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Figure 3: 
A: Inclusion-enriched fractions used in FACS contain a population of FXTAS-specific 
particles identified by size and fluorescence properties. Logarithmic scaling was used on 

the detectors assigned to laser light scatter measurements (“Inclusion scatter”), and larger 

aggregates were removed by plotting the duration of 90° laser light scatter to remove objects 

with markedly increased laser dwell rates relative to the shorter transit times of single 

particles (“Single inclusions”). Sorted particles were identified as a population in FXTAS 

samples that was absent in control samples which exhibited strong green fluorescence 

emission and weak red fluorescence emission (gates in “Green autofluorescence” and “Red 

autofluorescence”, respectively). Figure reprinted from Reference 8, 2019, with permission 

from Creative Commons Attribution 4.0 International License https://creativecommons.org/

licenses/by/4.0/.

B: Flow sorted FXTAS inclusions are indistinguishable from in situ FXTAS inclusions 
as viewed by immunofluorescence. Inclusions sorted by flow cytometry were verified by 

microscopic analysis to confirm that sorted inclusions exhibit the same properties as FXTAS 
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inclusions viewed in situ. Mean autofluorescence intensities for in situ FXTAS inclusions 

and sorted inclusions were measured at 3 different wavelengths, and no significant 

difference was found for any of the wavelengths measured. Figure reprinted from Reference 

8, 2019, with permission from Creative Commons Attribution 4.0 International License 

https://creativecommons.org/licenses/by/4.0/.
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