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Serum starvation in HT-22 mouse hippocampal cells leads to the hyperpolarization of 

the mitochondrial membrane potential 

 

 

1. Introduction: 

 

The vital importance of mitochondrial function is striking in neurons, which display 

significantly higher energy demand than the rest of the tissues (Allen et al., 2018). These 

organelles are not only the main place of adenosine triphosphate (ATP) production through 

oxidative phosphorylation but are also crucial for Ca2+ homeostasis within the cell. Hence, 

neurons are highly vulnerable to any impairments in mitochondrial functioning and 

subsequent impairments in energy production, which lead to imbalance in neurotransmitter 

release, Ca2+ equilibrium, neuroplasticity, and inflammatory response (Chen et al., 2024). All 

these impairments were shown to be involved in the development of many neurodegenerative 

and neurodevelopmental diseases such as Alzheimer’s disease (AD) and Parkinson’s disease 

(PD). 

 

Measuring the mitochondrial membrane potential (Δψm) is crucial in assessing mitochondrial 

functioning and viability and its fluctuations are linked to cellular dysfunctions (Carrageta et 

al., 2022; Zorova et al., 2018). Δψm, described as the electrical difference between the 

mitochondrial matrix and cytosol, is maintained by properly functioning proton pumps in the 

mitochondrial electron transport chain (Aldana et al., 2021; Shao et al., 2018). Due to its 

critical importance in ATP production, fluctuations beyond the norm often result in cellular 

disruptions. The decrease in Δψm usually indicates impairments in bioenergetic balance and 
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can result in the release of apoptotic molecules, whereas a sudden increase in Δψm indicates 

higher rates of reactive oxygen species formation (Li et al., 2022; Gutiérrez et al., 2017). 

 

The effects of the serum starvation were investigated on the immortalised mouse HT-22 

hippocampal cell culture, which is used as a research model for research in cognitive 

functions impairment and AD (Lim et al., 2023). To assess the effects of stress induced by 

serum starvation, the fluorescent 5,5',6,6'-tetrachloro-1,1',3,3'- 

tetraethylbenzimidazolylcarbocyanine (JC-1) dye was used. JC-1 can accurately assess the 

Δψm in both healthy and apoptotic cells due to its varying fluorescent emissions in differing 

Δψm. Naturally, JC-1 exhibits green fluorescence, however, it can enter the mitochondria in 

healthy cells, forming J-aggregates, which exhibit red fluorescence (Sivandzade et al., 2019). 

Therefore, in healthy cells with normal Δψm JC-1 will exhibit red fluorescence, whereas the 

green fluorescence will be retained by JC-1 in the decreased Δψm in apoptotic cells. 

Therefore, in this study, the red-to-green fluorescence ratio was used to assess mitochondrial 

well-being and viability. 

 

Moreover, two different concentrations of leptin were used to investigate its effect on Δψm in 

serum-starved cells. Leptin is a hormone derived from adipose tissue, with an important role 

in the hypothalamic regulation of food intake and fat storage. Moreover, it was also 

demonstrated to have a central role in neural differentiation and maintenance of neuronal 

stem cells (Tan et al., 2023). These neuroprotective effects extend to the models of 

neurodegenerative diseases, such as AD, showing a strong link between increased neuronal 

survival and improved mitochondrial functioning (Cheng et al., 2020). Therefore, this study 

investigated the effects of leptin on the mitochondrial Δψm to explore the mechanism of its 

neuroprotective properties. 
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Lastly, to further assess the mitochondrial role in cellular functioning, the mitochondrial 

dynamics were assessed in the rat cells from enriched and standard environments. The Fis1 

and Mfn1 mitochondrial fission and fusion protein levels were investigated using Bradford 

assays and the enzyme-linked immunosorbent (ELISA) assays. Bradford was used to assess 

the initial levels of proteins in each of the samples whereas ELISA was used to establish the 

exact levels of Mitochondrial Fission Protein 1 (Fis1) and Mitochondrial Fusion Protein 1 

(Mfn1). Assessing the link between environmental enrichment and mitochondrial dynamics 

will provide insight into the underlying mechanisms of neuroprotective properties of enriched 

environments, investigating if observed difference arises due to the differing levels of fission 

and fusion proteins. 

 

1.1. Hypothesis 

 

It is hypothesized that the use of leptin in serum-starved HT-22 cells will result in inhibition 

of Δψm decrease after 2, 4 and 6 hours of serum withdrawal due to its neuroprotective 

properties. Moreover, based on the existing literature it is speculated that enriched 

environment will result in lower levels of Fis1 and higher levels of Mfn1 compared to the 

standard environment condition (Deng et al. 2022). 

 

 

2. Methods: 

 

2.1. JC-1 mitochondrial staining: 
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HT-22 mouse hippocampal cell line was cultured in 20% FCS medium (Dulbecco’s modified 

eagle medium), which contained 20% (v/v) iron-fortified fetal bovine calf serum, 4.5 g/l D-

glucose, 10 mg/m penicillin/streptomycin. The cells were counted using a hemocytometer 

and seeded at a density of 1*104 on a 96-well culture plate. Four different groups of cells 

were present: the control group G, consisting of the HT-22 cells with serum, group F with 

serum withdrawn, group E with serum withdrawn and 1nM of leptin treatment and group D 

with withdrawn serum and 10nM of leptin treatment. All treatments and controls were carried 

out in 12 replicates. 

 

Then, the cells were incubated for 2, 4 and 6 hours. After the incubation period, all the 

medium was removed, and the samples were washed with room-temperature phosphate 

buffered saline (PBS). After washing, fresh PBS and the 10µg JC-1 dye at the concentration 

of 1mg/1ml were added to all the wells, including the controls. The samples were incubated 

for 45 minutes, after which the medium was removed. The samples were washed in PBS, 

after which fresh PBS was added. The plates were covered with the tin foil until placed on the 

plate reader to avoid JC-1 photobleaching. The red fluorescence was measured first, as it 

fades quicker, at the excitation wavelength of 544 nm and emission wavelength of 575 nm. 

Subsequently, the green fluorescence was measured at the excitation wavelength of 485 nm 

and emission wavelength of 535 nm. 

 

2.2. Bradford Assay: 

 

In the second experiment, the rats' brain tissues obtained from Prof. James Ainge’s lab were 

used. The brain tissues obtained from animals 1, 3, 4, 5, 7, 9, 10, 11, 15, 17, 18, 19, 20, 21 

were used in Bradford and ELISA. 
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The initial protein concentration in all samples was assessed by conducting Bradford assays. 

Firstly, all the samples were homogenised in a lysis buffer to ensure uniform distribution of 

proteins across the sample. Next, a 10-fold serial dilution of bovine serum albumin (BSA), 

with concentration rage of 10mg/ml, 1mg/ml, 100µg/ml, 10µg/ml and 1µg/ml, was prepared 

by dilution in dH2O to form a standard curve. Then, 10 µl of the sample was mixed with 10µl 

of 1M NaOH, which allowed for membrane solubilization and systematised colour variation 

between proteins (Stoscheck, 1990). The negative controls were prepared by mixing 10 µl of 

lysis buffer with 10µl of 1M of NaOH. Next, the 500 µl of Bradfordt reagent (50 mg Brilliant 

Blue stain, 50ml methanol, 100ml 85% Phosphoric Acid, and 850 ml H2O) was added to each 

of the samples to assess their protein levels. The 100µl of each sample was subsequently 

transferred onto the Bradford plate in triplicate and covered with tin foil as Bradford reagent 

is photosensitive. After 5 minutes the absorbance was read at 570 nm and recorded. 

 

2.3. Enzyme-linked Immunosorbent Assay: 

 

ELISA assays were conducted on a microplate 96-well F-bottom ELISA high binding plate. 

Primary mouse monoclonal antibody Mfn1, primary monoclonal rabbit antibody Fis1 and 

alpha tubulin were diluted with three dilution factors: 1:20, 1:200 and 1:2000. The secondary 

antibodies of HRP-conjugated anti-mouse and HRP-conjugated anti-rabbit were used at the 

dilution factor of 1:10,000. The stock solutions were made of homogenized rat brain tissues 

and Tris-buffered saline (TBS) buffer. Next, they were transferred to the Eppendorfs, 

vortexed and denatured in 90°C water for 10 minutes. Subsequently, 50 µl of each solution 

was added to wells in triplicate. Three negative controls, containing the same solution as the 

treatment conditions, and three negative controls containing the extraction solution were 

added at the volume of 50 µl per well. The ELISA plates were placed on the rocker for 2 
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hours and were incubated overnight at 4°C.  

 

Next day, the liquid from the wells was removed and 200µl of 5% milk serum (2.5 g. Marvel 

milk powder, 47.5 ml TBS-T) was added to each well to block the non-specific antibody 

binding. The samples were incubated on the rocker for 2 hours at room temperature, with 

cover to prevent drying of the wells. Then, the 5% milk serum was pipetted out three wells at 

a time and the 100µl of Alpha-tubulin, Mnf1 and Fis1 primary antibody solutions were added 

to each well, except the controls. The 100 µl of 1% milk serum in TBS was added to all 

negative controls. The plate was covered to avoid wells drying out, placed on the rocker for 2 

hours and then incubated overnight in the 4°C.  

 

On the third day, the primary antibody solutions and 1% milk serum (3 ml 5% milk solution, 

12 ml TBS-T) were removed, and the wells were washed in the 200 µl of the TBS solution 

and incubated for 10 minutes on the rocker, covered. The procedure was repeated three times. 

The 50 µl/well of the secondary antibody was added to all the wells, including the controls. 

The HRP-conjugated anti-mouse was used as a secondary antibody for Mfn1 and Alpha 

tubulin whereas the HRP-conjugated anti-rabbit was used as a secondary antibody for Fis1. 

The plate was incubated on a rocker with a cover in the room temperature for an hour. After 

the incubation period, the secondary antibodies were removed and all the wells were washed 

three times in the TBS buffer, with 10-minute incubation periods on a rocker in between 

every wash. Then, the TBS buffer was removed and 3,3',5,5'-Tetramethylbenzidine (TMB) 

substrate was added to all the wells. The plate was covered with tin foil to avoid TMB 

photobleaching and the sample was left to develop blue colour. After the colour emerged or 

after 25 minutes, the reaction was stopped by adding 100µl of 0.1M of HCl. The absorbance 

values were read with the plate reader at 490 nm and the results were recorded. 
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2.4. Statistical Analysis 

 

The statistical analysis was performed using JASP. The normality of data was assessed using 

Q-Q plots and homogeneity of variance using Levene’s test. As all the assumptions for the 

parametric test were met, the one-way analysis of variance (ANOVA) test was conducted. A 

p value lower than 0.05 was considered as statistically significant. 

 

3. Results:  

 

In this experiment the assays with the fluorescent JC-1 dye were conducted to assess the 

viability and well-being of the serum-stressed HT-22 cells by assessing their Δψm. The effects 

of serum withdrawal duration and leptin were investigated. Hence, the difference in Δψm 

between 2, 4 and 6 hours from serum withdrawal was assessed, as well as the difference 

between the controls and treatments with 1nM and 10nM of leptin. As all the requirements 

for the parametric test were met, the one-way ANOVA analysis was used for all the statistical 

analysis. 

 

3.1. 6-hour serum withdrawal results in higher red-to-green fluorescent ratio than 2- and 

4- hours withdrawal periods 

 

The Bonferroni-corrected post-hoc pairwise contrast revealed that there was a significant 

difference in red-to-green fluorescence between the 2-hour condition (M = 0.644, SD = 

0.095) and 6 hour condition (M = 0.764, SD = 0.063) (p<0.001), and between 4-hour 

condition (M = 0.630, SD = 0.086) and 6-hour condition (M = 0.764, SD = 0.063) (p<0.001) 
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(see Fig.1). There was no significant difference between the 2-hour condition (M = 0.644, SD 

= 0.095) and 4-hour condition (M = 0.630, SD = 0.086). 

 

 

Fig. 1: Average red-to-green fluorescence ratio against time. The mean red-to-green 

fluorescence ratio stayed on the same level from 2 to 4 hours of serum deprivation. Then, the 

mean red-to-green fluorescence ratio increased from 4 to 6 hours of serum deprivation. 

Error bars represent standard error. 

 

3.2. There is no significant difference in red-to-green fluorescence ratio between leptin 

treatments and the controls 

 

To investigate if leptin exerts its neuroprotective properties via changes in Δψm the red-to-

green fluorescence ratio was calculated for 2-, 4-, and 6-hour withdrawal periods. HT-22 cells 

were treated with: no treatment with serum, no serum, no serum + 1nM of leptin and no 

serum and 10nM of leptin (see Fig. 2). The Bonferroni-corrected post-hoc pairwise contrast 
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revealed that there was no significant difference in red-to-green fluorescence ratio between 

any of the conditions 2 hours after the serum withdrawal. 

 

 

Fig. 2: Average red-to-green fluorescence ratio across different conditions after 2 hours of 

serum starvation. (G) control containing HT-22 cells and serum. (F) treatment condition 

with HT-22 cells and withdrawn serum. (E) treatment condition with HT-22 cells, withdrawn 

serum and 1nM leptin. (D)  treatment condition with HT-22 cells, withdrawn serum and 

10nM leptin. The error bars represent standard error. 

 

There was no also significant difference in red-to-green fluorescence ratio according to 

Bonferroni-corrected post hoc pairwise contrast between any of the conditions 4 hours after 

the serum withdrawal (see Fig. 3). 
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Fig. 3: Average red-to-green fluorescence ratio across different conditions after 4 hours of 

serum starvation. (G) control containing HT-22 cells and serum. (F) treatment condition 

with HT-22 cells and withdrawn serum. (E) treatment condition with HT-22 cells, withdrawn 

serum and 1nM leptin. (D)  treatment condition with HT-22 cells, withdrawn serum and 

10nM leptin. The error bars represent standard error. 

 

Lastly, there was no significant difference in red-to-green fluorescence ratio according to 

Bonferroni-corrected post hoc pairwise contrast between any of the conditions 6 hours after 

the serum withdrawal (see Fig. 4). 
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Fig. 4: Average red-to-green fluorescence ratio across different conditions after 6 hours of 

serum starvation. (G) control containing HT-22 cells and serum. (F) treatment condition 

with HT-22 cells and withdrawn serum. (E) treatment condition with HT-22 cells, withdrawn 

serum and 1nM leptin. (D)  treatment condition with HT-22 cells, withdrawn serum and 

10nM leptin. The error bars represent standard error. 

 

 

4. Discussion: 

 

The experiment investigated the effect of serum withdrawal and different leptin 

concentrations (1nM and 10nm) on Δψm in HT-22 mouse hippocampal cells. The results 

revealed that leptin didn’t have any significant effect on the Δψm. It was also demonstrated 

that the serum withdrawal time of 6 hours resulted in a significant increase in red-to-green 

fluorescence ratio compared to 2 and 4-hour withdrawal periods, suggesting an increase in 

Δψm after 6 hours from serum withdrawal. 
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In their paper, Ijima et al. demonstrated that hyperpolarization can be an intermediate stage in 

apoptosis in response to glucose and oxygen withdrawal (2003). In this study, the 

hippocampal cell cultures deprived of nutrients for 30 minutes demonstrated not only higher 

Δψm but also the release of cytochrome c release, which is an event characteristic of 

apoptosis. This hyperpolarization event might suggest impairment of the electron transport 

chain machinery, responsible for preventing fluctuations in Δψm. However, this study 

indicates that the hyperpolarization phase occurs shortly after the serum starvation, of around 

30 minutes, after which a decrease in Δψm takes place. Contrastingly, this experiment 

demonstrated that hyperpolarization occurs after 6 hours from the point of cell starvation. The 

observed difference might be due to the difference in the way cellular stress was induced.: 

Ijima et al. study starved the hippocampal cells of oxygen and glucose instead of serum, 

which might have accelerated the mitochondrial damage.  

 

Moreover, Colombaioni et al. demonstrated that serum-deprived cells were displaying 

apoptotic events such as Bax translocation to the mitochondria followed by cytochrome c 

release into the cytosol without any change in Δψm (2002). These results might indicate that 

the initiation of apoptosis can involve more than one pathway and doesn’t necessarily include 

a decrease in Δψm. 

 

On the other hand, previous studies conducted by Wadia et al. have shown that stress induced 

by serum withdrawal in neurons induces lower Δψm after 3 hours (1998). It was further 

demonstrated that these changes were due to the increased levels of intramitochondrial Ca2+ 

levels. Therefore, the contrasting evidence for the effect of nutrient starvation on Δψm is 

observed in the literature. To investigate if the apoptosis has been initiated, other apoptotic 
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events such as the levels of intracellular calcium, Bax translocation into the mitochondria, 

and cytochrome c release into the cytoplasm should be investigated alongside changes in Δψm 

after the serum starvation. 

 

Secondly, the investigation didn’t demonstrate any significant difference between control 

treatment and leptin treatments. In their study, Cheng et al. showed that leptin exerted its 

neuroprotective effects on the differentiated HT-22 hippocampal cell cultures deprived of the 

glucose and serum (OGD) (2020). It was demonstrated that these beneficial effects were 

underpinned by the regulatory role of leptin in fission and fusion protein expression and 

inhibition of Δψm decrease. These results were further confirmed by Zhang et al., who also 

demonstrated that neuroprotective effects of leptin are linked to improved mitochondrial 

function (2020). The increasing leptin concentrations resulted in the increased Δψm in the 

OGD neurons, inhibition of the key apoptotic stimulus, cytochrome c, and inhibition of 

apoptosis. These findings do not align with the findings of this study, which didn’t 

demonstrate any significant effect of leptin on the Δψm of serum-starved neurons. These 

differences might be due to the concentrations of leptin used in this study. It was 

demonstrated that leptin exerts the strongest neuroprotective effects at the concentration of 

0.1nM, whereas 1nM was the lowest concentration used in this study (Cheng et al., 2020). 

Therefore, lower leptin concentrations should be used to investigate its effect on the Δψm.  

 

The second objective of the experiment was to investigate the effects of enriched and 

standard environments on the fission and fusion proteins in rat hippocampal cells. However, 

no data was obtained due to the absence of a signal in the ELISA. The lack of signal might 

have been an effect of the lack of the protease inhibitor added during the homogenization of 

the cell cultures. During this process proteases, which are enzymes breaking down proteins, 
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are released (Burden, 2012). Therefore, lack of the inhibition of the proteases resulted in 

protein degradation, and hence the target proteins were not present and not detected by 

ELISA. In future studies, the addition of the appropriate protease inhibitor needs to be 

ensured to obtain accurate ELISA readings.  

 

However, even though part of the results was not obtained due to the factors mentioned 

above, the research on the involvement of mitochondria in neurodegenerative disorders 

should be further explored. For instance, it was demonstrated that the main component of 

neurotic plaques found in AD, Aβ, interacts with mitochondrial fission and fusion proteins, 

affecting mitochondrial functioning and morphology (Wang et al, 2009). It was found that 

AD patients have reduced levels of Fis1 and increased levels of Drp1 and Mnf1 in their 

hippocampi. Moreover, Tau protein, which is a main component in the neurofibrillary tangles 

found in AD pathology, was also found to negatively affect mitochondria in AD patients 

(Kopeikina et al, 2011). It was found that the accumulation of neurofibrillary tangles prevents 

the correct distribution of mitochondria along the neurons, and the possible interaction of Tau 

with the fission and fusion proteins was proposed (Manczak & Reddy, 2012). Therefore, even 

though the involvement of mitochondrial dysfunction in pathogenesis of neurodegeneration is 

undeniable, it is still not established if the mitochondrial damage and dysfunction play 

primary role in setting off the neurodegenerative cascade or are rather the effects of protein 

accumulation. Therefore, future studies should further explore the effects of inherited 

mtDNA mutations on the risk of developing neurodegenerative diseases. It would give 

insight into the causational relationship between mitochondrial dysfunction and 

neurodegenerative diseases, and hopefully would offer new opportunities of therapeutic 

targets. 
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