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The N/C ratio representing binary intracellular location of HDAC4 was calculated 

using localization of HDAC4 immunofluorescence relative to propidium iodide (PI) 

fluorescence within MCF7 cells, as we had previously described . Briefly, propidium ions 

were bound to nucleic acids within cell nuclei, and cells had been fixed using 4 % 

paraformaldehyde at room temperature for 20 min before staining. Each of the resulting 

confocal images was background-corrected by subtracting its Gaussian blur image (sigma 

= 500) from the raw image. A binary mask was made from the PI channel to determine 

nuclei regions of interest (ROI). Two raw integrated densities were measured – the total of 

the background-corrected HDAC4 channel (RIDtotal) and the intensity of background-

corrected HDAC4 within the nuclei ROI (Fig 5-6). The amount of HDAC4 within the 

nuclei equaled the raw integrated density within the nuclei (RIDnuc). The amount of 

HDAC4 within the cytoplasm (RIDcyto) was calculated as: 

 𝑅𝐼𝐷𝑐𝑦𝑡𝑜 = 𝑅𝐼𝐷𝑡𝑜𝑡𝑎𝑙 − 𝑅𝐼𝐷𝑛𝑢𝑐 (4) 

Thus, the N/C ratio was calculated as:   

 𝑁 𝐶⁄ 𝑟𝑎𝑡𝑖𝑜 = 𝑅𝐼𝐷𝑛𝑢𝑐 𝑅𝐼𝐷𝑐𝑦𝑡𝑜⁄  (5) 

The HDAC4 IFA data at 2 h came from two repetitions per condition, except 

inhibitor results which were from one sample per condition. All data at 72 h represented 

one sample per condition.  

5.2.7 Statistical Analysis 

Statistical analysis of all results was performed in GraphPad Prism 10 (San Diego, 

CA, USA) using one-way Brown-Forsythe and Welch ANOVA with Dunnett’s T3 post-

hoc test for multiple comparisons. 
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Figure 5-6. IFA image channels and processing steps. Confocal fluorescence images of 

fixed MCF7 cells show stains using an antibody to HDAC4 (green) and PI (red) for nucleic 

acids, while overlap (yellow) occurs in the main and merge images. Nucleus selection gives 

ROI (yellow outlines in the far-right image) for measuring green fluorescence intensities 

outside and within the nuclear ROI, and these values are used to calculate N/C ratios. 

 

5.3 Results  

5.3.1 μsPEF Exposure Induces Cell Injury & Death in Breast Cancer Cells 

Quantification of Live/Dead assay images is reported as the percent of an image 

area occupied by calcein AM relative to the sum total area in the image of calcein AM plus 

EthD-III. The results indicate that increasing the number of applied pulses decreases the 

average percent of living cells (i.e., area of calcein AM) in CAF and SOS, except for 72 h 

after exposure to 10 pulses (10P) in CAF. At 2 h after µsPEF exposure, the percent of live 

cells decreases to 50 % given 10 pulses and is below 20 % given 50 pulses (50P). The 

differences are only significant for 72 h after 10P in SOS and for 50P (Fig 5-7A). 

Extracellular calcium does not appear to play a role in this effect at 2 h after exposure, as 

no significant differences appear between Live/Dead results from equivalent exposures in 

CAF and in SOS (Fig 5-8A). Corresponding representative images of the Live/Dead assay 
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show reduced calcein AM fluorescence in injured cells exposed to 50 pulses in CAF or 

SOS at 2 h and 72 h after exposure (Fig 5-9). Control cells and cells exposed in CAF to 10 

pulses retain healthy morphological characteristics and calcein fluorescence intensity. 

Cells exposed to 10 pulses in SOS shrink and some uptake EthD-III at 72 h. 

The density of adherent cells upon exposure is quantified in Fig 5-7B. At 2 h after 

exposure, sham control samples contain healthier cells with much higher percent area of 

acquired images covered with cells than exposed samples. Notably in representative 

images (Fig 5-9), when MCF7 cells are exposed to 50 pulses, cell density and count 

decreases, ostensibly due to decreased adhesion. Significant increases in cell coverage 

occurs between 2 h and 72 h, indicating growth of cell cultures over time. This expansion 

correlates with changes over time observed in the Live/Dead assay. Comparing Live/Dead 

results at 2 h and 72 h after exposure, the percent of live cells increases over time in all 

samples except 10P, which shows no significant change (Fig 5-7A, D).  

The MTT assay reveals significant decreases in MCF7 metabolic activity and thus 

viability with exposure of increasing number of pulses – 0 (sham control), 10 and 50 (Fig 

5-7C). Decrease in metabolism occurs with exposures in CAF and in SOS and is observed 

at 4, 24 and 72 h after exposure. The average viability of cells based on the MTT assay 

decreases dramatically from the sham controls to samples exposed to 50 pulses at 4, 24, 

and 72 h after exposure in CAF and in SOS solutions. The results also indicate that in CAF, 

viability of 10P samples decreases to approximately 30 % after 4 h and further to 17 % 

after 24 h, while increasing to 38 % at 72 h. However, for 50P in both SOS and CAF, 

viability drops below 10 % after exposure, and there are no significant changes over time. 

No significant difference based upon presence of extracellular Ca2+ is observed when 
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comparing MTT assay results within 10 or 50 pulse exposures in CAF or SOS among the 

various timepoints (Fig 5-8C). 

5.3.2 μsPEF Exposure-Induced Cell Death Correlates with Nuclear Accumulation of 

HDAC4 

We have shown here (Fig 7D) and in a previous publication [449] that μsPEF 

exposure induces accumulation of HDAC4 in the nuclei of MCF7 cells within 2 h in both 

CAF and SOS. At 72 h after exposure, N/C ratios significantly decrease to values similar 

to or less than the sham controls’, except for 10P in SOS which remains elevated (Fig 7D). 

The presence of extracellular Ca2+ significantly impacts the HDAC4 N/C ratio following 

exposure to 10 pulses (Fig 5-8D).  

To connect μsPEF exposure-induced HDAC4 translocation to cell death, trends in 

HDAC4 N/C ratio changes are compared with trends in cell death given 10 and 50 pulses. 

Increasing N/C ratio and hence HDAC4 accumulation in the nucleus correlates with 

decrease in relative area of calcein AM and thus a lower percent of living cells (Fig 5-7). 

Additionally, caspase activity plays an important role in μsPEF exposure-related cell death 

(Fig 5-11). 
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Figure 5-7. µsPEF exposure induces intracellular HDAC4 translocation and reduces MCF7 

cell viability. (A) Average Live/Dead assay, (B) cell confluency, (C) MTT viability assay, 

and (D) HDAC4 N/C ratio results after µsPEF exposure in CAF or in SOS reveal 

significant differences in cell state between experimental conditions. Each bar and value 

above it represent the arithmetic mean  one standard deviation of three independent 

samples for Live/Dead and MTT assays, including 6 – 9 images for Live/Dead and cell 

confluency and 6 – 9 wells for the MTT assay. HDAC4 N/C ratios at 2 h are computed 
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from two independent samples with 5 – 12 images, whereas N/C ratios at 72 h come from 

one sample with 5 – 9 images for each condition. Statistical significance tested by ANOVA 

is indicated as (ns) p < 0.1234, *p < 0.0332, **p < 0.0021, ***p < 0.0002 and ****p < 

0.0001. 

 

 

Figure 5-8. Effect of extracellular calcium on µsPEF exposure-induced MCF7 intracellular 

HDAC4 translocation, cell coverage, and cell viability. (A) Average Live/Dead assay, (B) 
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cell confluency, (C) MTT viability assay, and (D) HDAC4 N/C ratio results after µsPEF 

exposure in CAF or in SOS reveal few significant differences in cell state between 

experimental conditions. Each bar and value above it represent the arithmetic mean  one 

standard deviation of three independent samples for Live/Dead and MTT assays, including 

6 – 9 images for Live/Dead and cell confluency and 6 – 9 wells for the MTT assay. HDAC4 

N/C ratios at 2 h are computed from two independent samples with 5 – 12 images, whereas 

N/C ratios at 72 h come from one sample with 5 – 9 images for each condition. Statistical 

significance tested by ANOVA is indicated as (ns) p < 0.1234, *p < 0.0332, **p < 0.0021, 

***p < 0.0002 and ****p < 0.0001. 

 

 

Figure 5-9. Correlation between HDAC4 immunofluorescence and Live/Dead assays: 

impact of pulse number and duration on cell density in CAF and SOS. Representative 
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confocal fluorescence images from HDAC4 immunofluorescence (top) and from 

Live/Dead assays (bottom) in either CAF (left) or SOS (right) show decreases in cell 

density with increasing number of pulses and time. 

 

 

Figure 5-10. Quantifying the impact of pulse treatment on viability and cell coverage. 

Viability showed a consistent increase, while cell coverage demonstrated a corresponding 

decrease. This phenomenon can be characterized by a parameter denoted as T, which 

represents the disparity between the mean pulse of the experimental group and the mean 

control group, evaluated at both 2 hours and 72 hours. Specifically, ∆TTime, indicative of 

the pulse effect over time, is calculated as the difference between T at 72 hours and T at 2 

hours. T = Mean Pulse – Mean Control, ∆TTime = T 72h – T 2h . 
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Figure 5-11. Inhibition of caspases mitigates µsPEF exposure-induced cell death and 

nuclear accumulation of HDAC4. (A) Average Live/Dead assay, (B) cell confluency, and 

(C) HDAC4 N/C ratio results after µsPEF exposure of MCF7 cells treated with 50 µM Z-

VAD-FMK pan-caspase inhibitor in CAF or in SOS reveal the role of caspases in cellular 

responses. Each bar and value above it represent the arithmetic mean  one standard 

deviation of three independent samples for Live/Dead assays, including 6 – 9 images for 

Live/Dead and cell confluency results. HDAC4 N/C ratios from samples treated with Z-
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VAD-FMK are computed from 4 – 7 images from one sample for each condition. Statistical 

significance tested by ANOVA is indicated as (ns) p < 0.1234, *p < 0.0332, **p < 0.0021, 

***p < 0.0002 and ****p < 0.0001. 

 

5.3.3 Caspase Plays a Significant Role in Accumulation of HDAC4 in the Nucleus 

After μsPEF Exposure 

MCF7 cells treated with the caspase inhibitor, Z-VAD-FMK, show no significant 

differences in percent of living cells following μsPEF exposure, except for a decrease after 

72 h in SOS (Fig 5-11A). Adherent cell density significantly decreases relative to 

corresponding shams in caspase-inhibited samples in SOS at 72 h after exposure (Fig 5-

11B). There also are no significant differences in HDAC4 intracellular location between 

sham controls and 10P or 50P samples in CAF and SOS (Fig 5-11C). In CAF, an non-

significant increase in nuclear accumulation and hence average N/C ratio relative to 

corresponding sham samples is observed at both 2h and 72 h after exposure, except for a 

decrease after 72 h for the 50P-CAF samples (Fig 5-11C). Caspase-dependent μsPEF 

exposure-induced HDAC4 translocation is not sensitive to the presence of extracellular 

Ca2+ (Fig 5-13C). Caspase inhibition mitigates μsPEF exposure-induced HDAC4 

translocation and nuclear accumulation. There are no extracellular calcium-dependent 

significant differences between average percent living and N/C ratio values for a given 

condition with caspase inhibition (Fig 5-13A, C). Z-VAD-FMK treatment itself slightly 

but significantly increases the N/C ratio relative to untreated sham control cells without Z-

VAD-FMK (Fig 5-13D). 


