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Systemic phospho-defective and phospho-mimetic
Drp1 mice exhibit normal growth and development
with altered anxiety-like behavior

Arisa Ikeda,1 Miho Iijima,1,* and Hiromi Sesaki1,2,*
SUMMARY

Mitochondrial division controls the size, distribution, and turnover of this essential organelle. A dynamin-
relatedGTPase, Drp1, drivesmembrane division as a force-generatingmechano-chemical enzyme. Drp1 is
regulated by multiple mechanisms, including phosphorylation at two primary sites: serine 579 and serine
600.While previous studies in cell culture systems have shown that Drp1 S579 phosphorylation promotes
mitochondrial division, its physiological functions remained unclear. Here, we generated phospho-
mimetic Drp1 S579D and phospho-defective Drp1 S579R mice using the CRISPR-Cas system. Both mouse
models exhibited normal growth, development, and breeding. We found that Drp1 is highly phosphory-
lated at S579 in brain neurons. Notably, the Drp1 S579D mice showed decreased anxiety-like behaviors,
whereas the Drp1 S579Rmice displayed increased anxiety-like behaviors. These findings suggest a critical
role for Drp1 S579 phosphorylation in brain function. The Drp1 S579D and S579Rmice thus offer valuable
in vivo models for specific analysis of Drp1 S579 phosphorylation.

INTRODUCTION

Mitochondrial division controls their number, size, and connectivity, coordinating with the opposing activity of mitochondrial fusion.1–3 De-

fects in mitochondrial division have been linked to various human diseases and conditions, particularly affecting energy-demanding tissues

such as the brain and heart.4–8 Mitochondrial division is also crucial for remodeling energymetabolism in tumorigenesis.7,9 Drp1, amember of

the dynamin family, plays a vital role in mitochondrial division as a force-generating mechano-chemical GTPase. Drp1 is a cytosolic soluble

protein that is recruited to the mitochondrial outer membrane through interactions with receptor proteins such as Mff, MiD49, MiD51, and

Fis1.10 Additionally, the actin cytoskeleton formed on mitochondria enhances Drp1’s mitochondrial localization.11 On the outer membrane,

Drp1 oligomerizes into spiral filaments and wraps aroundmitochondria. The force drivingmembrane scission is generated by conformational

changes in the Drp1 filaments, stimulated by GTP hydrolysis.12 This key step is facilitated by multiple mechanisms, including its oligomeriza-

tion, as well as interaction with the receptors, the actin cytoskeleton, and the mitochondria-specific phospholipid cardiolipin.1,2,11,12 In

contrast, association with another phospholipid, phosphatidic acid, suppresses Drp1’s function on the outer membrane.1,2,13

Drp1 undergoes phosphorylation at two primary sites. In the mouse Drp1 (isoform 3, most widely expressed14,15), phosphorylation occurs

at serine 579 (S579), located in its unstructured variable domain, and serine 600 (S600), situated in the stalk domain that mediates both intra-

and intermolecular interactions16,17 (Figures 1A and 1B). In human Drp1 (isoform 1), the corresponding serine residues are serine 616 and

serine 63716,17 (Figures 1A and 1B). Hereafter, we use the mouse Drp1 nomenclature. Phosphorylation at S579 has been shown to predom-

inantly promote mitochondrial division, while S600 phosphorylation exhibits both inhibitory and stimulatory roles.18–32 Interestingly, a recent

biochemical study using purified Drp1 revealed that S579 phosphorylation does not enhance Drp1’s activity but rather suppresses its activa-

tion by actin, receptors, and cardiolipin.33 It has been proposed that the regulatory mechanism of mitochondrial division via S579 phosphor-

ylationmay involve isoform-specific effects, as Drp1 generates various isoforms in different cell types and tissues,14,15,34 and other factors such

as nucleoside diphosphate kinases, which could supply GTP to dynamin and dynamin-related GTPase family proteins.33,35–37 Moreover, this

phosphorylationmight coordinate and orchestrate thesemultiple regulatory processes with other post-translational signalingmechanisms of

Drp1, such as ubiquitination, SUMOylation, O-GlcNAcylation, and S-nitrosylation.16

S579 phosphorylation of Drp1 occurs in various cellular contexts, optimizing mitochondrial size, cell death, and energy production by

orchestrating mitochondrial dynamics and cellular activities. During mitosis in cultured cell lines, for example, Cdk1/cyclin B phosphorylates

Drp1 at S579, a process further regulated by the small Ras-like GTPase RALA and its effector RALBP1.38,39 This phosphorylation promotes

mitochondrial division, leading to the creation of many small mitochondria, which facilitates equal mitochondrial inheritance in daughter

cells.38,39 Additionally, S579 phosphorylation by Erk2, crucial in KRAS-driven transformation and tumorigenesis, remodels energymetabolism
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Figure 1. Drp1 S579 is strongly phosphorylated in neurons

(A) A table shows the UniProt ID, amino acid length, alternative exons, and phosphorylation sites of mouse Drp1 (isoform 3, the most widely expressed)14,15 and

human Drp1 (canonical isoform 1).

(B) The domain architecture of mouse and human Drp1 is depicted. The two conserved phosphorylation sites, located in the variable domain, are S579 and S600

for mouse Drp1, and S616 and S637 for human Drp1. The four alternative exons are also shown (A–D).

(C)Mouse tissues and brain subregions were analyzed by western blotting using antibodies to Drp1, pDrp1 (S579), themitochondrial protein PDH, andGAPDH. A

total of 10 mg of protein was loaded per lane.

(D) Western blotting of the indicatedmouse tissues was performed, loading 10 mg of protein for the cerebellum, while the loading amounts for the heart, muscle,

and liver were adjusted to equalize the Drp1 band intensities across these tissues.

(E) The ratios of pDrp1 to Drp1 were quantified and normalized relative to that of the cerebellum. Bars represent means G SD (n = 3).

(F) Drp1-KO MEFs transduced with lentiviruses carrying different Drp1 isoforms, such as Drp1 short, phospho-defective Drp1 short (S579A), Drp1 BCD, or Drp1

CD, were subjected to western blotting alongside the cerebellum of WT mice.
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Figure 1. Continued

(G) The pDrp1/Drp1 ratios of the three isoforms were quantified relative to that of the cerebellum. Bars represent means G SD (n = 3). Statistical analysis was

performed using one-way ANOVA with post hoc Tukey test in (E and G); **p < 0.01, ***p < 0.001, ****p < 0.0001.

(H–J) Immunofluorescence microscopy of the cerebellum (H), the substantia nigra (I), and hippocampal CA2 region (J) in WT and Drp1 S579R mice. 7 mm frozen

sections were cut and stained with antibodies to pDrp1 (S579) together with the Purkinje neuron marker Car8 (H), the dopaminergic neuron marker tyrosine

hydroxylase (TH) (I), and the post-mitotic neuron marker NeuN (J).
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and ensures effective mitochondrial inheritance in dividing cancer cells.40,41 Similarly, during the reprogramming of mouse embryonic fibro-

blasts (MEFs) to pluripotent stem cells, and in hypoxia-induced mitochondrial division, Erk1/2 mediates S579 phosphorylation.42,43 In an Alz-

heimer’s disease model using cultured mouse neurons, Cdk5 phosphorylates Drp1 at S579 to stimulate mitochondrial division, a mechanism

also linked to cell death induced by NMDA.44 Moreover, RIPK1 phosphorylates Drp1 at S579 upon swine influenza virus infection, activating

the NLRP3 inflammasome.45 These studies collectively highlight the pivotal roles of S579 phosphorylation in mitochondrial division and

cellular activities in vitro. Given these findings, investigating the physiological role of S579 phosphorylation in vivo, particularly in animal

models, is both significant and necessary.

The physiological role of Drp1 has been extensively studied in various cell types and tissues, including cardiomyocytes in the heart, he-

patocytes in the liver, and neurons in the brain, through the employment of both systemic and conditional knockout (KO) of Drp1 in

mice.1,2 Systemic KO of Drp1 results in embryonic lethality, while cardiomyocyte-specific Drp1-KO mice exhibit cardiac dysfunction and pre-

mature death post-birth.46–49 In the liver, hepatocytes with Drp1 KO lose mitochondrial division activity and exhibit enlarged mitochondria,

leading to impaired mitophagy.50 Furthermore, Drp1 KO in Purkinje and dopaminergic neurons triggers their degeneration, and its KO in

hippocampal neurons resulted in bioenergetic deficits and memory defects.51–53 These findings have highlighted the critical physiological

importance of Drp1 in vivo. However, the physiological significance of Drp1’s S579 phosphorylation in vivo has not been thoroughly investi-

gated, primarily due to the lack of suitable model systems. To address this gap, in this study, we utilized the CRISPR-Cas genome editing

strategy to generate and characterize two novel mouse models: one with a phospho-defective variant of Drp1 (S579 replaced with arginine,

S579R) and another with a phospho-mimetic variant (S579 replaced with aspartic acid, S579D).
RESULTS

Drp1 S579 is highly phosphorylated in the brain

We analyzed the phosphorylation level of Drp1 at S579, denoted as pDrp1(S579), in various mouse tissues using western blotting with the

same amounts of proteins loaded per lane (Figures 1A and 1B). Higher levels of pDrp1(S579) were observed in the brain compared to other

tissues such as the heart, skeletal muscle, liver, kidney, lung, and spleen (Figure 1C). This strong phosphorylation of Drp1 was noted in all six

subregions analyzed: the pons/medulla, midbrain, cerebral cortex, hippocampus, olfactory bulb, and cerebellum.We also observed that the

expression levels of Drp1were higher in the brain and heart (Figure 1C). To accurately compare the ratio of pDrp1(S579) to the total Drp1 level,

we adjusted the loading amount to equalize the total Drp1 levels in the cerebellum, heart, muscle, and liver (Figure 1D). Even after this adjust-

ment of Drp1 amounts, the phosphorylation level in the cerebellum was significantly higher than in the other tissues (Figure 1E). The level of

pDrp1(S579) in the heart was slightly higher than in the liver and muscle, but markedly lower than in the cerebellum. Therefore, Drp1 S579 is

highly phosphorylated in the brain in mice.

Drp1 has four alternative exons, A–D (Figure 1A, 1B, S1A, and S1B), which generate 10 different isoforms in mice.14,15 Exons A and B are

located in the GTPase domain, while exons C and D reside in the variable domain containing the S579 phosphorylation site. To investigate

whether the observed differences in S579 phosphorylation levels are due to the expression of different isoforms in various tissues, we

compared the S579 phosphorylation levels of three specific isoforms. These include the short isoform (Drp1 short, 699 aa) lacking all four alter-

native exons, which is ubiquitously expressed inmany tissues, and the Drp1 isoforms with exon B, C, and D (Drp1 BCD, 749 aa) and with exons

C andD (Drp1CD, 736 aa), both predominantly found in the brain.14,15 As a negative control, we used a phospho-defectivemutant of the short

isoform (S579A). These four isoforms were expressed in Drp1-KO MEFs using a lentivirus and analyzed by western blotting with antibodies

specific to Drp1 and pDrp1(S579). The results revealed no significant differences in the S579 phosphorylation levels among these three iso-

forms expressed in MEFs (Figures 1F and 1G). This suggests that different isoforms can be phosphorylated at similar levels, irrespective of

their alternative exon composition.

When comparing the phosphorylation level in theseMEFs to that in the cerebellum, we found a stronger S579 phosphorylation signal with

equivalent amounts of total Drp1 in the cerebellum (Figures 1F and 1G). Therefore, it seems the brain has more active kinase activities or less

phosphatase activities for Drp1 S579 compared to MEFs.
Drp1 S579 is highly phosphorylated in neurons

Given the diversity of cell types in the brain, including neurons and glial cells, we sought to identify the specific cells where Drp1 is phosphor-

ylated at S579. We performed laser confocal immunofluorescence microscopy on frozen sections of the wild-type (WT) mouse brain, using

antibodies against pDrp1(S579) and various neuronal markers (Figures 1H–1J). We used Car8, a Purkinje neuron marker in the cerebellum

(Figure 1H); tyrosine hydroxylase (TH), a marker for dopaminergic neurons in the substantia nigra of the midbrain (Figure 1I); and NeuN, a

marker for post-mitotic neurons, in the hippocampus (Figure 1J).
iScience 27, 109874, June 21, 2024 3
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Figure 2. Behavior analysis of Drp1 S579D and S579R mice

(A) Drp1 S579D and S579Rmice were generated using the CRISPR-Cas system. The gRNA target site is indicated in green. In the genetic modification, Drp1 S579

(AGT) was substituted with aspartic acid (D, GAC) and arginine (R, CGT).

(B) Western blot analysis of the cerebellum isolated from WT, Drp1 S579D, and Drp1 S579R mice was performed using the indicated antibodies.

(C) Representative images are shown of female WT, phospho-mimetic Drp1 S579D, and phospho-defective Drp1 S579R mice at 10 weeks of age.

(D) The body weight of 10-week-old mice is presented. Bars represent means G SD (n = 5–7).

(E) Survival of mice is shown (n = 14 for WT mice, 13 for Drp1 S579D mice, and 16 for Drp1 S579R mice). Male and female mice are roughly equally represented.

(F) Representative images of brains dissected from female WT, Drp1 S579D, and Drp1 S579R mice at the age of 10 weeks are depicted.
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Figure 2. Continued

(G) The relative ratios of brain weight to body weight in 10-week-old mice are shown. Bars represent meansG SD (n = 4). Statistical analysis was performed using

one-way ANOVA in (D and G).

(H–N) Behavior tests were performed: (H and I) Open field test, where (H) locomotor activity was determined based on the total number of beam breaks in the

central and peripheral regions, and (I) the percentages of beam breaks in the central region are presented. (J and K) Elevated plus maze test, with

(J) representative track plots for each genotype, and (K) the percentages of entries into open arms.

(L) Rotarod test, measuring the latency to fall from the accelerating rotarod, with the average of three individual trials per mouse shown.

(M and N) Y-maze test, assessing the frequency of spontaneous alternation behavior (M) and entries into a novel arm (N). Bars represent meansG SD (n = 12–16

mice, with equal numbers of males and females analyzed). Statistical analysis was performed using one-way ANOVA with post hoc Tukey test in (H, I, K, L, M, and

N), and p values are indicated.

ll
OPEN ACCESS

iScience
Article
In the cerebellum, a high level of pDrp1(S579) was co-localized with the Car8 signal, indicating that Drp1 S579 is highly phosphorylated in

Purkinje neurons (Figure 1H). In the substantia nigra, a strong signal of pDrp1(S579) was observed in TH-positive dopaminergic neurons (Fig-

ure 1I). Similarly, in the hippocampus CA2 region, we noted colocalization of pDrp1(S579) with the NeuN signal (Figure 1J). To confirm the

specificity of the pDrp1(S579) antibodies, we used a negative control: mice with a CRISPR-Cas-mediated mutation of the Drp1 gene (S579

changed to arginine, S579R). In these Drp1 S579R mice, pDrp1(S579) was not detected in the brain’s frozen sections (Figures 1H–1J). These

results collectively demonstrate that neurons, particularly in these regions of the brain, experience high levels of S579 phosphorylation.

Further details on the generation of the phospho-defective Drp1 S579R mice and the phospho-mimetic S579D mice are provided in the

following section.

Drp1 S579D and S579R mice have altered anxiety-related behaviors

To investigate the physiological role of S579 phosphorylated Drp1, we generated two mouse models: a Drp1 phospho-mimetic mutant

(S579D) and a phospho-defectivemutant (S579R), using the CRISPR-Cas system (Figures 2A and S1A).We used single-strandedDNA to intro-

duce the S579D mutation, which changed the AGT codon (serine) to GAC (aspartic acid), resulting in the creation of phospho-mimetic Drp1

S579D mice (Figure 2A, S579D). Additionally, non-homologous end joining caused a single base pair change from A to C within the AGT

codon. This alteration led to a substitution of serine (AGT) with arginine (CGT) in the phospho-defective Drp1 mice (Figure 2A, S579R). In

Drp1 S579R mice, the loss of S579 phosphorylation in the brain was confirmed using western blotting (Figure 2B). Additionally, we observed

that the anti-pDrp1(S579) antibodies did not recognize the Drp1 S579D protein in Drp1 S579D mice (Figure 2B). Physiological assessments

revealed that both the Drp1 S579D and S579R mice maintained normal body weight (Figures 2C and 2D) and showed normal survival (Fig-

ure 2E). In addition, their brains developed to a size comparable to those ofWTmice (Figures 2F and 2G). We also observed normal breeding

in Drp1 S579D and S579R mice.

Given the high phosphorylation of S579 in brain neurons, we conducted five behavioral tests to assess how alterations in Drp1 S579 phos-

phorylation impact animal behaviors (Figures 2H–2N). In the open field test, both Drp1 S579D and S579R mice exhibited locomotor activities

comparable toWTmice (Figure 2H). Notably, Drp1 S579Dmice spent significantlymore time in the central region thanWTmice, suggesting a

lower level of anxiety in the Drp1 S579D mice (Figure 2I). To further explore this observation, we conducted an elevated plus maze test to

evaluate anxiety-like behaviors (Figures 2J and 2K). Consistent with the open field test results, Drp1 S579D mice spent more time in the

open arm compared toWTmice, indicating potentially decreased anxiety, although this difference wasmodest and not statistically significant

(Figures 2J and 2K). Interestingly, a comparison between Drp1 S579D and S579R mice showed that Drp1 S579R mice spent significantly less

time in the open arm than Drp1 S579D mice (Figure 2K). In the rotarod test, both Drp1 S579D and S579R mice displayed normal motor co-

ordination and balance (Figure 2L). Their performance in working memory (Figure 2M) and spatial recognition memory (Figure 2N) was also

normal in Y-maze tests. These results suggest that Drp1 phosphorylation may play a role in regulating anxiety but does not appear to affect

locomotion, coordination, or memory.

Mitochondrial morphology in neurons of Drp1 S579D and S579R mice

To investigate the impact of Drp1 S579D and S579Rmutations onmitochondrial morphology, we utilized laser confocal immunofluorescence

microscopy with antibodies to a mitochondrial matrix protein, Aco2, along with neuron-specific markers. These included Car8 for Purkinje

neurons in the cerebellum (Figures 3A and 3B), TH for dopaminergic neurons in the substantia nigra (Figures 3C and 3D), and NeuN for neu-

rons in the hippocampus (Figures 3E and 3F). Our observations revealed that the mitochondrial size was similar in WT, Drp1 S579D, and Drp1

S579Rmice across neurons in all three examined regions. This indicates that phosphorylation at S579 does not significantly influence the over-

all mitochondrial size in these neuronal populations of mice under basal conditions.

S579 phosphorylation is increased during mitosis in the liver, heart, and skeletal muscle

It has been previously reported that Drp1 is phosphorylated at S579 during mitosis in in vitro culture systems.38–41,43,44,54 To determine if

S579 undergoes similar phosphorylation during mitosis in vivo, we analyzed S579 phosphorylation in mitotic cells of mouse

tissues, including the liver, heart, and skeletal muscle. This analysis was performed using laser confocal immunofluorescence

microscopy with antibodies to pDrp1(S579) and the mitotic marker phospho-histone H3 (pHistoneH3) (Figure 4A). For these experi-

ments, we examined the livers of adult mice (aged 6–7 weeks) due to their relatively high mitotic capacity. In contrast, the heart and
iScience 27, 109874, June 21, 2024 5
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Figure 3. Mitochondrial morphology in neurons in WT, Drp1 S579D, and Drp1 S579R mice

(A–F) Immunofluorescence microscopy was performed on frozen brain sections of WT, Drp1 S579D, and Drp1 S579R mice. Antibodies against the mitochondrial

protein Aco2 were used, alongside a Purkinje cell marker (Car8) in the cerebellum (A), a dopaminergic neuronal marker (TH) in the substantia nigra of themidbrain

(C), and a post-mitotic neuron marker (NeuN) in the hippocampal CA2 region (E). (B, D, F) Quantification of mitochondrial size in Purkinje cells (n = 751–965

mitochondria from 3 mice) (B), dopaminergic neurons (n = 396–527 mitochondria from 3 mice) (D), and hippocampal neurons (n = 600–660 mitochondria

from 3 mice) (F). Statistical analysis was performed using one-way ANOVA.
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skeletal muscle were analyzed in younger mice (approximately 1.5 weeks old) as these tissues exhibit a lower frequency of mitosis

compared to the liver in adult mice. We observed increased S579 phosphorylation in mitotic cells across the liver, heart, and skeletal

muscle in WT mice (Figure 4A). Quantification confirmed significant increases in pDrp1(S579) signals in pHistoneH3-positive mitotic cells

relative to pHistoneH3-negative interphase cells in the liver (Figure 4B). As a negative control, we utilized Drp1 S579R mouse and

observed no S579 phosphorylation (Figures 4A and 4B). These findings suggest that Drp1 undergoes S579 phosphorylation during

mitosis in vivo.

To determine if S579 phosphorylation is maintained throughout mitosis or is phase specific, we assessed S579 phosphorylation levels at

prophase, metaphase, and telophase in WT MEFs. Laser confocal immunofluorescence microscopy was used, employing antibodies against

pDrp1(S579) and pHistoneH3, along with DAPI staining. pHistoneH3 identified mitotic cells, while DAPI staining delineated the specific

mitotic phase by chromosomal organization. Notably, anti-pDrp1(S579) antibodies revealed increased signals in both the cytoplasm and nu-

cleus in mitotic cells (Figures 4A and 4B). In Drp1-KOMEFs, the cytoplasmic signal was absent, but the nuclear staining remained (Figures 4C

and 4D), suggesting that nuclear staining does not reflect pDrp1(S579). The pDrp1(S579) signal was similarly elevated across all three phases

(Figures 4C and 4D). Drp1 levels remained consistent in interphase andmitosis (Figures 4E and 4F), indicating that the increased pDrp1(S579)

signal did not result from higher Drp1 expression.
Mitochondrial morphology in mitotic cells in Drp1 S579D and S579R mice

To assess whether the S579D and S579Rmutations influencemitochondrial morphology inmitotic cells in vivo, we performed immunostaining

on frozen liver sections from WT, Drp1 S579D, and S579R mice with antibodies targeting a mitochondrial matrix protein, Hsp60, and
6 iScience 27, 109874, June 21, 2024
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Figure 4. Drp1 S579 phosphorylation during mitosis in vivo

(A and B) Immunofluorescence analysis of Drp1 S579 phosphorylation in vivo was performed. (A) Frozen sections of the liver, heart, and skeletal muscle fromWT

andDrp1 S579Rmice were immunostained with anti-pDrp1 S579 and -pHistoneH3 antibodies. (B) The intensity of pDrp1 S579 signal in the cytosol of pHistoneH3-

negative interphase cells and pHistoneH3-positive mitotic cells in the liver was measured. Bars represent meansG SD (n = 3 mice, with 5 cells analyzed in each

mouse).

(C and D) A comparison of Drp1 phosphorylation levels in MEFs during the interphase and mitotic phases was conducted. (C) Representative images of

immunofluorescence staining with pDrp1 S579, pHistoneH3, and DAPI in WT and Drp1-KO MEFs are shown. (D) The intensity of pDrp1 S579 signal was

quantified. Bars represent means G SD (n = 20 cells).

(E and F) Drp1 levels in MEFs during the interphase and mitotic phases were compared. (E) A representative image shows immunofluorescence staining of Drp1

and pHistoneH3 inWTMEFs. (F) The intensity of Drp1 signal in the cytosol of interphase andmitotic cells was quantified inWTMEFs. Bars represent meansG SD

(n = 20 cells). Statistical analysis was performed using one-way ANOVA with post hoc Tukey test in (B, D) and Student’s t test in (F); ****p < 0.0001.
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pHistoneH3.We found similar mitochondrial sizes in both interphase cells and pHistoneH3-positivemitotic cells across all three types of mice

(Figures 5A and 5B). These observations suggest that mitochondrial morphology remains largely unchanged duringmitosis in the liver. Addi-

tionally, despite the phosphorylation at S579, this modification does not seem to significantly affect mitochondrial morphology. Corrobo-

rating these in vivo results, mitochondria in Drp1-KO MEFs expressing WT Drp1, phospho-mimetic Drp1 (S579D), or phospho-defective

Drp1 (S579A) also displayed similar sizes (Figure 5C). Moreover, the association of Drp1 with mitochondria appeared consistent regardless

of the mutations (Figure 5C).
iScience 27, 109874, June 21, 2024 7



C

A

B

Figure 5. Mitochondrial morphology during mitosis in vivo

(A and B) Immunofluorescence analysis was performed to assess mitochondrial size in the liver of WT, Drp1 S579D, and Drp1 S579R mice during the interphase

andmitotic phases. (A) Representative images show immunofluorescence staining of themitochondrial marker Hsp60 and pHistoneH3. (B) Themitochondrial size

was quantified in the interphase and mitotic cells in the liver. Dotted lines represent medians and quartiles (n = 403–533 mitochondria in 3 mice).

(C) Representative images illustrate immunofluorescence staining of the mitochondrial marker TOM20 and Drp1. Boxed areas in the images are enlarged.

Elongated mitochondria in Drp1-KO MEFs became short tubules following the expression of WT Drp1, Drp1 S579D, and Drp1 S579A. Statistical analysis was

performed using one-way ANOVA in (B).
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DISCUSSION

Previous studies have extensively explored the mechanism and function of Drp1 S579 phosphorylation using cell culture systems and purified

proteins.33,38–41,43,44,54 In this current study, we have for the first time systematically analyzedDrp1 S579 phosphorylation in mouse tissues.We

also examined the whole-body, physiological impact of this phosphorylation by generating Drp1 S579 phospho-mimetic (S579D) and phos-

pho-defective (S579R) mice using the CRISPR-Cas genome-editing system.

We observed that Drp1 is highly phosphorylated at S579 in neurons throughout the brain. Given that neurons are primarily post-mitotic,

these results imply that Drp1 S579 phosphorylation may have functions beyond mitosis. Indeed, we found that while the changes were
8 iScience 27, 109874, June 21, 2024
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relatively modest, phospho-mimetic Drp1 S579D mice exhibited decreased anxiety-like behaviors, whereas phospho-defective Drp1 S579R

mice displayed increased anxiety-like behaviors. Therefore, Drp1 phosphorylation at S579 may play a crucial role in neurons associated with

anxiety control circuits, including the cortex, amygdala, hippocampus, and striatum.55 A previous study reported that S-palmitoylation of Drp1

affects anxiety-like behaviors in mice.56 Therefore, multiple post-translational modifications of Drp1 might be involved in regulating complex

animal behaviors such as anxiety. Our findings also raise the possibility that pharmacological stimulation of Drp1 S579 phosphorylation could

be a potential therapeutic strategy for treating anxiety-related disorders.

During embryonic development, neuronal stem cells are mitotic and actively proliferate to support brain growth.57–59 The mitosis of

neuronal stem cells is important for the proper regulation of cell fate determination in the developing brain.58–60 At the same time, neuronal

stem cells differentiate into specific types of neurons and glial cells in neurogenesis.57–59 It is possible that the mitotic regulation of mitochon-

drial division is crucial in such neuronal stem cells for proper neurogenesis and thereby establishing neural circuits. In addition tomitotic regu-

lation, mitochondrial division and fusion are important for cell fate determination in neurogenesis in post-mitotic neuronal stem cells.59,61 We

hypothesize that Drp1 phosphorylation regulatesmitochondrial division during themitosis of neural stem cells for brain development, and/or

in post-mitotic neural stem cells for neurogenesis.We envision that a delicate balance betweenmitochondrial division and fusion plays critical

roles in both processes, and alterations in these processes lead to altered animal behaviors, observed as changes in anxiety behaviors. It

would be important and exciting to analyze the landscape of the neural population, their connectivity, and brain circuits in phospho-mimetic

and phospho-defective Drp1 mice.

Previous research has demonstrated that Drp1 S579 phosphorylation intensifies under stress and in pathological conditions.38–41,43,44,54

Our Drp1 S579D and S579R mice provide valuable in vivo models to explore the role of S579 phosphorylation in these scenarios. As

mentioned in the Introduction, KRAS-driven transformation and tumorigenesis have been shown to rely on S579 phosphorylation of

Drp1.40,41 Additionally, Drp1 S579 phosphorylation has been linked to cell death induced byNMDA in cultured neurons.44 Investigating these

processes with theDrp1 S579D and S579Rmice could significantly deepen our understanding of these pathological mechanisms at the animal

level and potentially aid in developing Drp1 phosphorylation-targeted therapeutic strategies.

Contrary to Drp1-KO mice, which exhibit embryonic lethality,46 Drp1 S579D and S579R mice appeared to grow, develop, and breed nor-

mally. This outcome was surprising, given that Drp1 S579 phosphorylation is known to regulate mitochondrial size during mitosis. Addition-

ally, we observed that themitochondrial morphology in mitotic cells of the liver, heart, and skeletal muscle in thesemice remained consistent.

This suggests that the requirement for mitochondrial fragmentation during mitosis might be cell type specific, and the cells in our study may

undergo mitosis without activating mitochondrial division. This idea aligns with findings that Drp1-KOMEFs continue to grow and distribute

mitochondria into daughter cells normally.13,48,62 Similarly, it has been shown that evenwithoutmitochondrial division in hepatocytes, the liver

in Drp1-KO mice can attain a normal size, though some tissue damage was observed.50 Alternatively, the absence of S579 phosphorylation

might be counterbalanced by other regulatory mechanisms during development, as Drp1 is also subject to additional phosphorylation at

S600, as well as other post-translational modifications like ubiquitination, SUMOylation, and O-GlcNAcylation.16 Investigating the effects

of Drp1 S579D and S579R mutations acutely in adult mice would be an intriguing and important future study, as it could bypass potential

compensatory mechanisms that may occur during embryonic development.

Finally, mutations in Drp1 and its receptor Mff lead to human conditions characterized by neurodevelopmental defects, microcephaly, re-

fractory epilepsy, hypotonia, ataxia, seizures, and optic atrophy.63–68 Therefore, it is crucial to decipher the regulation of Drp1-mediatedmito-

chondrial division and translate this fundamental knowledge into therapeutic interventions to treat mitochondrial division-associated dis-

eases and improve human health.
Limitations of the study

In the present study, our investigation was limited to examining Drp1 S579D and S579Rmice under physiological conditions, where we found

no significant changes in mitochondrial morphology and animal survival. Since Drp1 activity undergoes various regulations and alterations in

response to mitochondrial stress and pathological conditions, it would be of great interest to examine how Drp1 phosphorylation changes

and how thesemice respond to different stressors and disease inducers in future studies. Such investigations potentially underscore the path-

ophysiological role of Drp1 regulation in vivo.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-Drp1 BD Biosciences Cat#611113; RRID: AB_398424

Rabbit polyclonal anti-phospho-Drp1 (human Ser616/mouse S579) Cell Signaling Technology Cat#3455; RRID: AB_2085352

Mouse monoclonal anti-Pyruvate dehydrogenase E2/E3bp Abcam Cat#ab110333; RRID: AB_10862029

Mouse monoclonal anti-GAPDH Thermo Fisher Scientific Cat#MA5-15738; RRID: AB_10977387

Goat polyclonal anti-Car8 Frontier Institute Cat#Car8-Go-Af780; RRID: AB_2571668

Goat polyclonal anti-Tyrosine Hydroxylase Abcam Cat#ab101853; RRID: AB_10710873

Mouse monoclonal anti-NeuN Sigma-Aldrich Cat#MAB377; RRID: AB_2298772

Mouse monoclonal anti-phospho-Histone H3 (Ser10) Invitrogen Cat#MA6-15220; RRID: AB_11008586

Rabbit monoclonal anti-HSP60 Cell Signaling Technology Cat#12165; RRID: AB_2636980

Rabbit polyclonal anti-Aconitase 2 Proteintech Cat#11134-1-AP; RRID: AB_2289288

Mouse monoclonal anti-Drp1 Cell Signaling Technology Cat#8570; RRID: AB_10950498

Rabbit polyclonal anti-TOM20 Proteintech Cat#11802-1-AP; RRID: AB_2207530

Alexa 488 anti-rabbit IgG Invitrogen Cat#A21206; RRID: AB_2535792

Alexa 488 anti-mouse IgG Invitrogen Cat#A21202; RRID: AB_141607

Alexa 568 anti-rabbit IgG Invitrogen Cat#A10042; RRID: AB_2534017

Alexa 568 anti-mouse IgG Invitrogen Cat#A10037; RRID: AB_2534013

Alexa 568 anti-goat IgG Invitrogen Cat#A11057; RRID: AB_2534104

Chemicals, peptides, and recombinant proteins

2-Methyl-2-butanol Sigma-Aldrich Cat#240486

2,2,2-Tribromoethanol Sigma-Aldrich Cat#T48402

Paraformaldehyde Sigma-Aldrich Cat#P6148

PBS (10X) Quality Biological Cat#119-069-131

cOmplete, Mini, EDTA-free Protease Inhibitor Cocktail Roche Cat#11836170001

Phosphatase Inhibitor Cocktail 2 Sigma-Aldrich Cat#P5726

Phosphatase Inhibitor Cocktail 3 Sigma-Aldrich Cat#P0044

Bio-Rad Protein Assay Dye Reagent Concentrate Bio-Rad Cat#5000006

Immobilon-FL PVDF Membrane Millipore Cat#IPFL00010

IMDM Gibco Cat#12440053

Dulbecco’s Modified Eagle’s Medium – high glucose Sigma-Aldrich Cat#D5796

Dulbecco’s Phosphate Buffered Saline Sigma-Aldrich Cat#D8537

Fetal Bovine Serum Sigma-Aldrich Cat#F6178

Lipofectamine 3000 Transfection Reagent Invitrogen Cat#L3000001

Tissue-Tek O.C.T. Compound Sakura Finetech Cat#4583

RIPA Buffer (10X) Cell Signaling Technology Cat#9806

Experimental models: Cell lines

Mouse embryonic fibroblasts (MEFs) Wakabayashi et al., 200946 N/A

Drp1 KO MEFs Wakabayashi et al., 200946 N/A

HEK293T cells ATCC CRL-3216

Experimental models: Organisms/strains

Mouse: Drp1 S579D This paper N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse: Drp1 S579R This paper N/A

Recombinant DNA

pHR-SIN Drp1 short (Drp1 short isoform;

UniProt ID: Q8K1M6-3; 699 aa), see Figure S1A

This paper N/A

pHR-SIN Drp1 short S579D This paper N/A

pHR-SIN Drp1 short S579A This paper N/A

pHR-SIN Drp1 BCD (Drp1 isoform with

alternative exon B, C, and D; 749 aa),

see Figures S1A and S1B

This paper N/A

pHR-SIN Drp1 CD (Drp1 isoform with

alternative exon C and D; 736 aa),

see Figures S1A and S1B

This paper N/A

pHR-CMV8.2DR Stewart et al., 200369 Addgene Plasmid#8455

pCMV-VSVG Stewart et al., 200369 Addgene Plasmid#8454

Software and algorithms

ImageJ NIH https://imagej.nih.gov/ij/index.html

Prism GraphPad https://www.graphpad.com/

scientific-software/prism/

ANY-maze Stoelting https://www.any-maze.com/
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Hiromi Sesaki (hsesaki@

jhmi.edu).
Materials availability

Mouse and cell lines and plasmids constructed in this study are available from the lead contact upon request.
Data and code availability

� All data reported in this paper will be shared by the lead contact upon request.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

All experimental work involving animals was conducted in accordance with the guidelines set by the Johns Hopkins University Committee on

Animal Care and Use (Protocol number: MO23M109). To create Drp1 S579D and S579R mice using the CRISPR/Cas system, we procured

crRNA (50-UGGCCUUUCUGUGGACUUGCGUUUUAGAGCUAUGCU-30) and homology-directed repair ssDNA oligonucleotides (50-AGAAT

TACTTGCTGAAGAAAAATCAAAACCAATTCCAATTATGCCTGCAGACCCACAGAAAGGCCATGCTGTCAATTTGCTAGATGTGGTAAGC

CACCAC-30) from Integrated DNA Technologies. The targeted gRNA site is depicted in Figures 2A and S1A. A mixture containing Cas9 pro-

tein, tracrRNA, crRNA, and ssDNA oligonucleotide in injection buffer (10 mM Tris-HCl, 0.1 mM EDTA) was injected into the pronuclei of zy-

gotes from B6SJLF1/J mice (sourced from Jackson Laboratory; stock#100012) at the Johns Hopkins University Transgenic Facility. The em-

bryos were then cultured at 37�C in a CO2 incubator for 2 hours before being transferred into the oviducts of pseudopregnant ICR

females purchased from Envigo. The genotypes of the resulting pups were determined through DNA sequencing, using the primers

50-GTCCCATCTGCAGGTGGTGGGATT-30 and 50-TAAACAGAATTGTGGTGGCTTACC-30. The ssDNA oligonucleotides were designed to

generate S579D. DNA sequencing revealed that, while some of the mice carry mutations resulting in S579D, others have mutations leading

to S579R (Figure 2A). Mice aged from 1.5 weeks to 7 months were used for experiments. Male and female mice were represented approx-

imately equally.
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Cells

WT and Drp1-KO MEFs were cultured in IMDM medium supplemented with 10% FBS.62 HEK293T cells were maintained in DMEM medium

supplemented with 10% FBS.

METHOD DETAILS

Lentiviruses

To produce lentiviruses, pHR-SIN plasmids containing each isoformof Drp1 were co-transfected into HEK293T cells alongwith two additional

plasmids, pHR-CMV8.2DR and pCMV-VSVG using Lipofectamine 3000 (Invitrogen).62,69 Two days post-transfection, the medium containing

released viruses was collected. These viruses were then rapidly frozen in liquid nitrogen and stored at�80�C for later use. For lentiviral trans-

duction, MEFs were plated at a density of 83 104 cells/well in a 6-well plate and allowed to culture for 24 hours. Subsequently, the cells were

incubated with the lentivirus in IMDM supplemented with 10% FBS and 7.5 mg/mL polybrene for an additional 24 hours.

Western blotting

Mouse tissues were harvested, rapidly frozen in liquid nitrogen, and then homogenized in RIPA buffer (Cell Signaling Technology, 9806) sup-

plemented with cOmplete Mini Protease Inhibitor (Roche, 11836170001), Phosphatase Inhibitor Cocktail 2 (Sigma-Aldrich, P5726), and Phos-

phatase Inhibitor Cocktail 3 (Sigma-Aldrich, P0044). Similarly, MEFs were lysed in the same RIPA buffer containing the protease and phospha-

tase inhibitors. The lysates were then centrifuged at 14,0003 g for 10minutes, and the supernatants were collected. Protein concentrations in

these supernatants were determined using the Bradford method with a Bio-Rad protein assay. Proteins were separated by SDS-PAGE and

subsequently transferred onto Immobilon-FL membranes (Millipore). These membranes were blocked with 3% BSA in PBS-T (PBS containing

0.05% Tween-20) at room temperature for 1 hour. Overnight incubation at 4�Cwith primary antibodies followed, in a solution of 3% BSA/PBS-

T. The antibodies used includedDrp1 (BD Biosciences, 611113; 1:2,000 dilution), pDrp1 human S616/mouse S579 (Cell Signaling Technology,

3455; 1:1,000 dilution), PDH subunit E2/E3bp (Abcam, ab110333; 1:2,000 dilution), andGAPDH (ThermoFisher Scientific,MA5-15738; 1:10,000

dilution). The membranes were washed three times in PBS-T and incubated with fluorescently labeled secondary antibodies at a 1:4,000 dilu-

tion in 3% BSA/PBS-T at room temperature for 1 hour. After three additional washes in PBS-T, fluorescence signals were detected using a

Typhoon laser-scanner platform (Amersham). The band intensity was quantified using NIH ImageJ software.

Immunofluorescence microscopy on mouse tissue sections

Mice were anesthetized via intraperitoneal injection of Avertin and subsequently fixed through cardiac perfusion using ice-cold 4% parafor-

maldehyde in PBS.50,70 The tissues were then dissected and further fixed in 4% paraformaldehyde in PBS at 4�C for 2 hours. Afterward, the

samples were incubated overnight in PBS containing 30% sucrose at 4�C and subsequently frozen in OCT compound (Sakura Finetek). Frozen

sections were cut to a thickness of 7 mm, and antigen retrieval was performed using 1 mM EDTA with microwave heating. Following PBS

washes, the sections were blocked and permeabilized with 10% chicken serum and 0.2% Triton X-100 in PBS for 1 hour at room temperature.

The sections were then incubated overnight at 4�C with primary antibodies in PBS-T, followed by a 1-hour incubation with fluorescently

labeled secondary antibodies in PBS at room temperature. The primary antibodies used included pDrp1 human Ser616/mouse S579

(1:400 dilution), Car8 (Frontier Institute, Car8-Go-Af780; 1:200 dilution), tyrosine hydroxylase (Abcam, ab101853; 1:400 dilution), NeuN

(Sigma-Aldrich, MAB377; 1:400 dilution), pHistone H3 (Invitrogen, MA6-15220; 1:400 dilution), Hsp60 (Cell Signaling Technology, 12165;

1:400 dilution), and aconitase 2 (Proteintech, 11134-1-AP; 1:200 dilution). Secondary antibodies, purchased from Invitrogen and used at a

1:200 dilution, included Alexa 488 anti-rabbit IgG (A21206), Alexa 568 anti-goat IgG (A11057), and Alexa 568 anti-mouse IgG (A10037). Im-

aging was performed using a Zeiss LSM800 GaAsP laser scanning confocal microscope equipped with a 633 objective lens. Image analysis

was conducted using NIH ImageJ software.

Immunofluorescence microscopy on MEFs

MEFs were fixed in pre-warmed 4% paraformaldehyde in PBS at room temperature for 20 minutes on an 8-well chambered cover glass.13,62,71

They were then permeabilized using PBS containing 0.1% Triton X-100 at room temperature for 8 minutes. Following permeabilization, the

cells were blocked in 0.5% BSA/PBS at room temperature for 30 minutes. Overnight incubation with primary antibodies in 0.5% BSA/PBS was

conducted at 4�C, which was followed by a 1-hour incubation with fluorescently labeled secondary antibodies in PBS at room temperature.

The primary antibodies used included pDrp1 S579 (1:200 dilution), pHistone H3 (1:200 dilution), Drp1 (Cell Signaling Technology, 8570; 1:200

dilution) for Figure 4E, Drp1 (BD Biosciences, 611113; 1:200 dilution) for Figure 5C, and TOM20 (Proteintech, 11802-1-AP; 1:300 dilution). The

secondary antibodies (Invitrogen), used at a 1:400 dilution, were Alexa 488 anti-rabbit IgG, Alexa 568 anti-mouse IgG, Alexa 488 anti-mouse

IgG (A21202), and Alexa 568 anti-Rabbit IgG (A10042). Imaging was performed using a Zeiss LSM800 GaAsP laser scanning confocal micro-

scope with a 633 objective. NIH ImageJ software was used for image analysis.

Behavior analysis

Behavioral tests were conducted on mice aged between 1.5 and 7 months at the Johns Hopkins University School of Medicine’s Behavior

Core.15 In the open field test, mice were placed in a Photo-beam Activity System Open Field (San Diego Instruments) for 30 minutes, and

their movements were recorded. The chamber, a clear Plexiglas box measuring 45 3 45 cm, was equipped with 16 horizontal photo beams
iScience 27, 109874, June 21, 2024 15
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to measure locomotion and location preferences, assessed by counting beam breaks. During the rotarod tests, mice were placed on a 3.0 cm

diameter rod in the Rotamex-5 system (Columbus Instruments). The rod’s speed began at 4.0 rpm and increased by 0.6 rpm every 5 seconds.

The duration eachmouse remainedon the rod before fallingwas noted. This was repeated in three consecutive trials, and the average time for

eachmousewas calculated. For the elevated plusmaze test, micewere positioned in the center of amaze with two open and two closed arms.

They were allowed to explore for 5 minutes, with their behavior recorded on video. Entries into both the open and closed arms were tracked

using theANY-Maze Video Tracking System (Stoelting). In the Y-maze spontaneous alternation test, micewere placed at the endof one armof

the maze. They had 5 minutes of free exploration, recorded on video. Spontaneous alternation, defined as consecutive entries into three

different arms, was calculated as a percentage using the ANY-Maze Video Tracking System. Lastly, the Y-maze spatial recognition test,

divided into training and testing phases with a 30-minute interval, started with one arm blocked during training. Mice were placed at the

end of the two open arms for 5 minutes, then returned to their home cage. Post-interval, the block was removed, and during the test phase,

mice were placed at the end of a previously open arm and allowed another 5minutes of exploration. The number of entries into both new and

familiar arms was recorded using the ANY-Maze Video Tracking System.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis is performed using GraphPad Prism 7 and described in corresponding figure legends.
16 iScience 27, 109874, June 21, 2024
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