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Abstract 47 

Background: Photoreceptor death and neurodegeneration is the leading cause 48 

of irreversible vision loss. The inflammatory response of microglia plays an 49 

important role in the process of neurodegeneration. In this study, we examined 50 

the involvement of myosin 1f as a key regulator of immune cell activation via 51 

the AKT and MAPK pathways in microglia.     52 

Methods: We chose retinal detachment as the model of photoreceptor 53 

degeneration. Immunofluorescence and Western Blot was performed to 54 

confirm the expression and location of myosin 1f in detached retina. The RD 55 

mouse model was induced in WT and myosin 1f-/- mice and confirmed by HE 56 

and TUNEL staining. The expression of inflammatory cytokine and downstream 57 

pathways was assessed via qPCR and WB. 58 

Results: Myosin 1f was upregulated after retinal detachment, and it was 59 

specifically expressed in microglia. Deficiency of myosin 1f protected against 60 

cell death by inhibiting microglia activation. The elimination of microglia can 61 

abolish the protective effect of myosin 1f deficiency. After stimulation by LPS, 62 
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microglia with myosin 1f deficiency showed downregulation of the MAPK and 63 

AKT pathways. 64 

Conclusions: Myosin 1f plays a crucial role in microglia-induced neuro-65 

inflammation after retinal injury and photoreceptor degeneration by regulating 66 

2 classic pathways, MAPK and AKT, and thereby decreasing the expression of 67 

inflammatory cytokines. Myosin 1f can be inhibited to prevent a decline in visual 68 

acuity after photoreceptor degeneration. 69 

Key Words: retinal detachment, photoreceptor degeneration. cell death, 70 

microglia, myosin 1f        71 
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Background 72 

   The loss of photoreceptors and retinal function disorder is the feature of 73 

photoreceptor degeneration, which leads to the irreversible vision loss [1]. The 74 

pathogenesis is involved in many retinal diseases, including retinal detachment, 75 

retinitis pigmentosa and age-related macular degeneration. In particular, retinal 76 

detachment is a kind of disease that photoreceptors lose nutritional support 77 

after being separated from the retinal pigment epithelium (RPE) layer and 78 

choroidal vessels, which leads to the death of photoreceptors [2]. 79 

Rhegmatogenous retinal detachment (RRD) is the most common form of retinal 80 

detachment (RD), with an incidence of 13 per 100,000 persons annually [3]. 81 

Although surgery can reattach the retina with a high success rate, a small 82 

portion of patients still experience vision loss due to photoreceptor death [4, 5]. 83 

Therefore, discovering the mechanisms of the process of cell death is crucial 84 

to neuroprotection and intervention. 85 

   Although many death effectors have been discovered and targeted to 86 

prevent the loss of photoreceptors, little progress on rescuing photoreceptor 87 
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function after retinal injury [6]. Recently, transcriptome analysis has revealed 88 

that inflammatory responses play an important role in the process of 89 

photoreceptor degeneration [1, 7]. Many chemokines—such as TNF-α, IL-1β, 90 

IL-6, IL-8, and MCP-1—can reach a high level after 1 hour following retinal 91 

detachment [8, 9]. These cytokines can activate microglia and recruit 92 

macrophages in the sub-retinal space [1]. In the meantime, the activated 93 

microglia can release MCP-1, which contributes to the increased expression of 94 

MCP-1 in Müller cells and macrophages [10]. The positive feedback aggravates 95 

immune response and maintains a high level of neuro-inflammation [1, 11], 96 

which can be harmful to photoreceptors [2]. 97 

   Microglia play a key role in the inflammatory feedback loop, which is a 98 

potential therapeutic target for neuroprotection in retinal degeneration. 99 

Activated microglia can express TNF- α  and IL-1 β, which are widely 100 

implicated in retinal degenerative disease. TNF-α  can combine with TNF 101 

receptors 1 and 2, which are distributed on the membranes of neurons, leading 102 

to cytotoxicity by causing mitochondrial dysfunction and oxidative stress. IL-1β103 

https://www.sciencedirect.com/topics/neuroscience/oxidative-stress
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 is able to combine with interleukin receptors and leads to cell death in a 104 

manner similar to TNF-α signaling [12, 13]. Meanwhile, it secretes MCP-1 to 105 

recruit and activates astrocytes and immune cells from circulation, aggravating 106 

the immune response [1, 11, 14]. Thus, it is important to discover the 107 

mechanisms by which microglia affect this loop in order to potentially inhibit the 108 

over-activation of microglia and the release of toxic cytokines. Mitogen-109 

activated protein kinases (MAPKs) regulates the expression of pro-110 

inflammatory cytokines such as TNF-α, IL-1β, and IL-6 [15]. Activated protein 111 

kinase B (PKB), also named as AKT, can regulate inflammatory response by 112 

downstream factors[16]. However, the upstream mechanism is not entirely 113 

understood.  114 

   The myosin family, as a component of the cytoskeleton, has been reported 115 

to play a crucial role in cell signaling [17, 18]. It is also a well-known component 116 

of skeletal muscle in particular, in which it facilitates contractions [19]. In 117 

addition, the delivery of intercellular material cannot occur without myosins; 118 

they help the vesicles transport materials along the actin filament tracks [20]. 119 
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Class 1 myosins have been revealed to be key components during pinocytosis 120 

[21], phagocytosis [22], cell motility [23], and secretion [24]. Therefore, the 121 

exploration of myosin function in microglia can lead to a better understanding 122 

of pathogenesis after retinal detachment. In this study, we have proven that 123 

myosin 1f is involved in the activation of microglia by regulating the MAPK and 124 

AKT pathways in mouse models of photoreceptor degeneration. 125 

 126 

Methods 127 

Sequencing data extraction and bioinformatics analysis 128 

   The sequencing data (GSE28133) were downloaded from GEO 129 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE28133), which is a 130 

public database of chips and microarrays. The data contain 38 human retinal 131 

samples, including 19 samples from RD patients and 19 control samples 132 

without RD.  133 

   The data were normalized first, then DEGs were analyzed by a limma 134 

algorithm using the R programming language. The log fold change cutoff and 135 
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adjusted p value were set as 1 and 0.05, respectively. Points without gene 136 

symbols were removed. 137 

   A GO enrichment analysis of DRGs was obtained using the online tool 138 

DAVID (https://david.ncifcrf.gov /home.jsp, version 6.8). The bubble maps were 139 

drawn using Hmisc and ggplot2 via the R programming language. The GSEA 140 

analysis was conducted using GSEA_4.0.1 software.  141 

 142 

Retinal detachment model animals 143 

   Myosin 1f-/- mice were purchased from Jackson Laboratory, then bred in 144 

the Shanghai General Hospital animal facility. All animal experiment protocols 145 

were in agreement with the Statement of the Association for Research in Vision 146 

and Ophthalmology for biomedical research. The animals were randomly 147 

assigned into 2 groups.  148 

   We used 1% atropine sulphate oculentum (Santen, Japan) and 0.5% 149 

tropicamide (Santen, Japan) on the ocular surface of mice to dilate the pupil. 150 

We applied 0.4% oxybuprocaine eye drops (Santen, Japan) as a surface 151 
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anesthesia. The mice were anesthetized using isoflurane gas (1.5% mixed with 152 

50% air and 50% O2). We applied 0.3% ofloxacin oculentum (Shanghai, China) 153 

as a magnifying lens to obtain a clearer view. 154 

   The examination of the RD model was conducted as previously described 155 

[25, 26]. The sclera was exposed and punctured at 2 mm posterior to the limbus 156 

with a 34-gauge needle. The vitreous humor was slowly aspirated with a 34G 157 

glass needle until the retina separated spontaneously from the underlying RPE 158 

layer. Then the 34G needle tip was inserted into the subretinal space through 159 

the same scleral hole, and sodium hyaluronate (HA, Shanghai, China) 160 

was gently injected. The fundus was observed and injection was halted after 161 

the retina was detached in every quadrant. The scleral hole was then sealed 162 

using cyanoacrylate surgical glue to prevent HA leakage. Finally, tobramycin 163 

and dexamethasone ointments (Alcon, USA) were applied to the ocular surface 164 

to prevent infection.   165 

 166 

Immunofluorescence 167 
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   The eyeballs were fixed in 4% paraformaldehyde and cut to a thickness of 168 

10 μm to fabricate eye sections. We removed the chamber and kept the entire 169 

retina to prepare for the retinal stretched preparation after fixation.  170 

   We stained for the following antibodies: IBA-1 (1:1,000, Wako, 019–19741), 171 

F4/80 (1: 1,000, Abcam, 6640), GFAP (1: 1,000, Abcam, 4674), and myosin 1f 172 

(1: 1,000, Abcam, ab197215). The immunofluorescence was observed under a 173 

confocal microscope (Leica TCS SP8 confocal 137 microscope, Germany) and 174 

quantitatively analyzed using ImageJ software (Fiji, NIH, USA).  175 

 176 

HE stains and ONL thickness 177 

   After being fixed in 4% paraformaldehyde, the eyeballs were embedded in 178 

paraffin and sectioned into 10-μm slices. The eye sections were stained with 179 

hematoxylin and eosin. We measured 10 points of thickness within the outer 180 

nuclear layer (ONL) on 1 section with the same spacing distance. The 181 

measurements were taken using ImageJ software (Fiji, NIH, USA).  182 

 183 
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TUNEL assay 184 

   In-Situ Cell Death Detection Kits (Roche, Germany) were applied to the eye 185 

sections to detect apoptosis. The sections were permeated with 0.1% Triton X-186 

100 in 1% sodium citrate for 10 minutes, then they were incubated with a 187 

TUNEL reaction mixture for 1 hour at 37 °C. The sections were observed under 188 

the confocal microscope, and all TUNEL-positive cells were counted. 189 

 190 

Cell culture and myosin 1f knockdown  191 

   We grew the immortalized murine microglial BV2 cell line at the same time 192 

because BV2 can be a good substitute for primary microglia in many 193 

experimental settings [27]. Small interfering RNA (siRNA) of myosin 1f (768: 194 

CCACAUCUACUACCAGCUUTT AAGCUGGUAGUAGAUGUGGTT; 1413: 195 

GCAGGAGGAGUAUGUGCAATT UUGCACAUACUCCUCCUGCTT; 2662: 196 

GCGGACAGCUUCUUAGAAATT UUUCUAAGAAGCUGUCCGCTT) and 197 

TransIT-2X (MIR 6000, Mirus) were chosen for the knockdown of myosin 1f. 198 
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For stimulation, 100 ng/ml of lipopolysaccharide (LPS, L2880, Sigma Aldrich, 199 

St. Louis, USA) was applied after 24 hours. 200 

 201 

Western blot analysis  202 

   Retina and cell samples were lysed in a lysis buffer containing 50 mM Tris‐203 

HCl (pH 8.0) and 0.1% SDS, as well as the complete Protease Inhibitor Cocktail 204 

(11697498001; Roche Applied Science), 150 mM NaCl, 1% Triton X‐100, and 205 

1% sodium deoxycholate. We incubated the primary antibodies overnight. The 206 

antibodies were as follows: GAPDH (Proteintech, 60004‐1‐Ig, RRID: 207 

AB_2107436; Proteintech, Chicago, IL, USA), AKT (C67E7, Rabbit mAb, CST), 208 

p-AKT (Ser473, D9E, XP, Rabbit mAb, CST), ERK1/2 (137F5, Rabbit mAb, 209 

CST), p-ERK1/2 (D13.14.4E, XP, Rabbit mAb), JNK (#9252, CST), p-JNK 210 

(81E11, Rabbit mAb #4668, CST). 211 

 212 

ELISA procedures 213 
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   TNF-α  and IL-1β  were detected by using ELISA kits according to the 214 

manufacturer’s protocols (MTA00B, MLB00C, R&D Systems, Minneapolis, 215 

USA). The tissue samples were lysed in PBS, and the supernatant was 216 

collected. The cell samples were then collected from the cultural supernatant. 217 

 218 

Quantitative real-time PCR 219 

   The primer sequences were acquired from Primerbank 220 

(bankhttps://pga.mgh.harvard.edu/primerbank/), including TNF- α  (F: 221 

CCCTCACACTCAGATCATCTTCT, R: GCTACGACGTGGGCTACAG), IL-1β 222 

(F: GAAATGCCACCTTTTGACAGTG, R: TGGATGCTCTCATCAGGACAG), 223 

IL-6 (F: TAGTCCTTCCTACCCCAATTTCC, R: 224 

TTGGTCCTTAGCCACTCCTTC), and myosin 1f (F: 225 

CTTTCACTGGCAGAGTCACAA, R: ATGAAGCGTTTGCGGAGGTT).  226 

 227 

Photography and optical coherence tomography (OCT) in vivo 228 
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   The mice were anesthetized before the operation. Fundus photography and 229 

optical coherence tomography were performed on eyes with dilated pupils. The 230 

equipments were purchased from Phoenix Research Labs, Inc. systems 231 

(Phoenix, USA).  232 

  233 

Data and statistical analysis 234 

  The statistical analysis was conducted using Prism8 software. The data are 235 

presented as mean±SEM, unpaired t-test, *p < 0.05, **p < 0.01, ***p < 0.001, 236 

****p < 0.0001; p > 0.05 was regarded as insignificant. 237 

 238 

Results 239 

Myosin 1f is upregulated after retinal detachment  240 

   We analyzed the data of GSE28133 from GEO datasets, which included 19 241 

retinal tissues from retinal detachment patients and 19 control samples without 242 

ocular disease. A differential expression analysis revealed that 990 genes were 243 

upregulated and 272 genes were downregulated (|FC| >1.5 and p<0.05) (Figure 244 
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1A). As we expected, GO analysis indicated that immune response was 245 

involved in the pathology of RD (Figure 1B, 1C). GSEA enrichment analysis 246 

also confirmed the results (Figure 1D) that immune response was positively 247 

correlated to the RD group (Supplementary 1, Figure A). To discover the 248 

expression pattern of myosins after RD, a heat map was examined and 249 

revealed that several myosins were upregulated, including MYO1F, MYO3A, 250 

and MYO5C, in the RD groups (Figure 1E), and MYO1F was the most 251 

upregulated among the 3, with an FC of 1.786 (Figure 1F). To figure out the 252 

expression pattern of MYO1F along with time, we divided the patients into 3 253 

groups according to the RD duration, including within one month, 1 month to 3 254 

months and more than 3 months. The fold change MYO1F is the highest among 255 

the patients with a RD duration within one month (FC=2.19493181) (Figure 1G), 256 

suggesting an upregulation of MYO1F in the early phase. 257 

   To verify the results of the RNA sequencing, we detected the expression of 258 

myosin 1f in mouse retina samples. A western blot revealed that myosin 1f was 259 

upregulated on the detached retina, and it reached the peak at day 3 after 260 
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detachment (Figure 2A). Retinal injury always occurs with inflammation 261 

because microglia can be activated after the injury. We examined the location 262 

of myosin 1f via immunofluorescence. Immunofluorescence confirmed that 263 

myosin 1f was upregulated within the retinal section after RD, and it was co-264 

located with microglia markers, including F4/80 and IBA1 (Figure 2B, C). Thus, 265 

myosin 1f is specifically expressed in microglia; there was no sign of co-location 266 

between myosin 1f and GFAP (Figure 2D).  267 

   We also confirmed the expression of myosin 1f in the other 2 models of 268 

photoreceptor degeneration. Rd1 mouse is a model for retinitis pigmentosa, 269 

which is also characterized by photoreceptor death and microglia activation [28]. 270 

Light damage is another model of photoreceptor degeneration [29, 30]. We 271 

discovered the same expression pattern of myosin 1f in both the rd1 mouse 272 

model (Figure 2E) and the light damage model (Figure 2F). Similarly, myosin 273 

1f was expressed on F4/80 positive cells within the retina sections of the rd1 274 

mouse model (Figure 2G) and the light-damaged eye (Figure 2H). 275 

 276 
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Myosin 1f deficiency protects against photoreceptor death 277 

   To further study the function of myosin 1f, we investigated its effect on 278 

photoreceptor death in a myosin 1f-/- mouse model [18, 31, 32]. To verify that 279 

myosin 1f deficiency does not contribute to retinal injury and photoreceptor 280 

death, we observed the structure and function of the retina. Twenty-week-old 281 

myosin 1f-/- mice were compared with age-matched wild types and showed 282 

normal structures on both optical coherence tomography (Supplementary 2, 283 

Figure A, B) and HE section (Supplementary 2, Figure C, D), and the amplitude 284 

of electroretinograms (ERGs) for both groups were within the normal range 285 

(Supplementary 2, Figure E).  286 

   We chose RD model as a representative model of photoreceptor 287 

degeneration, then observed the myosin 1f-/- mice at 3 days after RD (Figure 288 

3A) because it is reported that the apoptosis of photoreceptors is the most 289 

extensive at the 3rd day. Fundus photography and HE staining showed that the 290 

retina remained detached at the 3rd day (Supplementary 3, Figure A, B). To 291 

assess photoreceptor loss, we calculated the thickness of the outer nuclear 292 
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layer (ONL) (Figure 3B). Myosin 1f-/- mice exhibited thicker ONLs after RD 293 

(Figure 3C). In addition, there were fewer TUNEL-positive cells in the myosin 294 

1f-/- (Figure 3D, 3E), which suggests that myosin 1f deficiency can protect 295 

against photoreceptor apoptosis.  296 

 297 

Myosin 1f influences microglia activation 298 

   We analyzed the morphology of microglia 3 days after RD via stretched 299 

preparation and immunofluorescence. The microglia were more extended and 300 

had more branches in the retina of myosin 1f-/- mice, whereas the microglia of 301 

WT retina were more shrunken and tended to be round (Figure 4A). A 302 

quantitative skeleton analysis and a Sholl analysis showed more intersections 303 

in the myosin 1f-/- group (Figure 4B, 4C). This indicates that myosin 1f may 304 

contribute to microglia activation. We have also counted the IBA1+ cells of the 305 

stretched preparation and cell counts on the retina of myosin 1f-/- showed no 306 

difference (Supplementary 3, Figure C). Microglia can migrate to injury site after 307 
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RD, especially outer nuclear layer (ONL), however, we have not observed the 308 

difference in numbers of infiltrated microglia (Supplementary 3, Figure D).  309 

   To evaluate the inflammation status of the retina and the function of 310 

microglia in the myosin 1f-/- group after RD, we detected the expression levels 311 

of inflammation markers and signature cytokines. IL-1β, IL-6 and TNF- α are 312 

classic pro-inflammatory cytokines in activated microglia [33]. The ELISA 313 

analysis suggests IL-1 β (Figure 4D) and TNF-  α (Figure 4E) was also 314 

downregulated in myosin 1f-/- mice at day 3. The mRNA expression is in 315 

accordance with the protein expression pattern. We observed the 316 

downregulation of IL-1β, TNF-  α , and IL-6 in myosin 1f-/- mice at day 3, 317 

compared to WT mice (Figure 4F). In addition, CD68, a marker related to the 318 

degree of activation [34, 35], was lower at day 1 in myosin 1f-/- mice (Figure 319 

4G).  320 

 321 

Elimination of microglia can abolish the protective effect of myosin 1f deficiency 322 
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   To verify that myosin 1f deficiency can protect photoreceptors by regulating 323 

the activation of microglia, we administered PLX3397 [36] to mice via oral 324 

gavage to eliminate mononuclear phagocytes, including microglia. PLX3397 is 325 

an inhibitor of the CSF1R receptor, which is widely expressed in mononuclear 326 

phagocytes [37]. It is reported that PLX3397 can reduce tissue macrophages 327 

without affecting myeloid cells [38]. We started gavage at day 1, and a dose 328 

was delivered every day until day 7. We conducted the RD model experiment 329 

at day 4 and observed at day 7 (Figure 5A).  330 

   The retinal thickness and the TUNEL-positive cells were calculated to 331 

evaluate photoreceptor death. There was no difference in ONL thickness 332 

between the 2 groups after PLX3397. Likewise, there were no significant 333 

differences in TUNEL-positive cell counts between the 2 groups (Figure 5B, 334 

5C). We then detected mRNA expression after microglia elimination. 335 

Interestingly, the difference in CD68 between the 2 groups disappeared (Figure 336 

5D). Similarly, the mRNA expression of IL-1β and TNF-α also disappeared 337 
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(Figure 5E). That is to say, microglia elimination abolished the protective effect 338 

of myosin 1f deficiency.  339 

 340 

Myosin 1f affects microglia activation by regulating the MAPK/ AKT pathways 341 

   To further explore the molecular mechanism underlying myosin 1f –342 

mediated photoreceptor degeneration, we used lipopolysaccharide (LPS), a 343 

pathogen-associated molecular pattern (PAMP) to stimulate BV2 cell lines in 344 

vitro. BV2 is an immortalized cell line derived from mice [39]. We noticed the 345 

upregulation of myosin 1f after stimulation (Figure 6A). The transcription level 346 

of IL-1β rose 6 hours after stimulation. In addition, an ELISA analysis suggests 347 

that TNF-α rose after LPS stimulation (Figure 6B). Furthermore, we developed 348 

a siRNA knockdown system for myosin 1f. We designed 3 sequences of siRNA, 349 

including 768, 1413, and 2662; all of them led to a significant decrease of 350 

myosin 1f at the protein level (Figure 6C). We chose 2662 to detect the 351 

quantitative efficiency of the siRNA, and the efficiency reached about 80% 352 

(Figure 6D).  353 
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   We used LPS to stimulate the control and myosin 1f knockdown cells. Then 354 

we detected the expression of IL-1β and TNF-α in the cellular supernatant at 355 

hour 24 via ELISA, and we found that both cytokines went down in the 356 

knockdown group (Figure 6E).  357 

   Previous studies showed that MAPK and AKT signaling pathways have 358 

been implicated in the activation of microglia. We then detected the expression 359 

of proteins related to MAPK and AKT. The proportion of phospho-AKT 360 

decreases after 24 hours of LPS stimulation (Figure 6F). As the 2 main 361 

components of MAPK, phospho-ERK and phospho-JNK also showed 362 

significant decreases. In addition, we repeated western blot to detect the 363 

phosphorylation protein in the detached retina of WT and myosin 1f mice 364 

(Figure 6G). In vivo results may further verify the consequences of myosin 1f 365 

regulation of microglia activity through the MAPK and AKT pathways. 366 

 367 

Discussion  368 
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   In the current study, we have discovered that myosin 1f was significantly 369 

upregulated after photoreceptor degeneration in both human retina and mouse 370 

model. We further demonstrated that myosin 1f can regulate microglia 371 

activation, whereas the absence of myosin 1f can protect photoreceptors by 372 

inhibiting the MAPK and AKT pathways and decreasing the expression of 373 

inflammatory cytokines, such as TNF-α and IL-1β, in microglia. 374 

   The vision loss after RD is mainly due to photoreceptor death [40]. Various 375 

forms of cell death are involved in this pathology, including apoptosis, necrosis, 376 

and autophagy, which peak at 2 to 3 days after RD [41]. Despite the discovery 377 

and inhibition of downstream effectors in cell death, no current techniques can 378 

stop photoreceptor death completely [6]. This indicates that cell death is a 379 

complicated process involving different pathologies, including inflammation. 380 

The sequence of the human retina sample after RD demonstrated that immune 381 

response and neurodegeneration are 2 major biological processes involved in 382 

RD [7].  383 
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   Besides, we have discovered that myosin 1f was up-regulated after 384 

photoreceptor degeneration. Myosins, as a family of molecular motors, have 385 

various functions in the cell, including cell transformation, cell motility, material 386 

transportation within cells, and signal transduction [42]. Furthermore, myosin 1f, 387 

a class 1 myosin, can regulate the immune response [43, 44]. It is reported that 388 

myosin 1f is not only involved in the M1 polarization of macrophages by 389 

stimulating intercellular adhesion [45] but also influences neutrophil migration 390 

[32]. In our study, we found that myosin 1f was the most upregulated myosin 391 

by re-analyzing human RD sequence data, and we verified the results in a 392 

mouse RD model. We also found that myosin 1f is generally upregulated in rd1 393 

mutation mouse model and light-induced retinal injury. The rd1 mutation mouse 394 

is a classical model for retinitis pigmentosa, with the rod photoreceptor 395 

degeneration at postnatal day 8[46]. Microglia are activated and express 396 

inflammatory cytokines in rd1 mouse model retina. A similar pathology occurs 397 

in light-induced injury. Thus, we discovered that myosin 1f was also 398 

upregulated in the 2 latter cases, which suggests it could play a key role in 399 
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photoreceptor degeneration. It is reported that myosin 1f is also upregulated in 400 

brain neurodegeneration, such as Alzheimer’s disease (AD), Huntington’s 401 

disease (HD), and Parkinson’s disease (PD) [47], suggesting the upregulation 402 

of myosin 1f is a common phenomenon in neuro-inflammation.  403 

 We also discovered that myosin 1f is highly expressed in microglia. Via 404 

immunofluorescence, we found that myosin 1f displayed a strong co-405 

localization with mononuclear macrophages but not Müller cells, indicating a 406 

possible relationship between myosin 1f and microglia activation after retinal 407 

injury. Though myosin 1f is involved in the motility of neutrophils[31], it is 408 

surprising that myosin 1f does not affect the migration of microglia to injury site. 409 

Instead, it affects the morphology of microglia, suggesting that the function of 410 

myosin 1f could be various among different immune cell types.  411 

To further determine the function of myosin 1f, we used a myosin 1f KO 412 

mouse model to observe the difference. The KO mouse model showed a 413 

significant reduction in neuron death. It suggested that myosin 1f deficiency 414 
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could be protective to neurons and it is possible to work by affecting the 415 

activation of microglia. 416 

   Microglia, as a resident immune cell, is among the main effector cells of 417 

neuroinflammation after retinal injury [48]. In our study, we have discovered that 418 

myosin 1f deficiency have reduced the expression of inflammatory cytokines 419 

such as TNF-α and IL-1β. Besides, we found the morphological difference of 420 

microglia in myosin 1f KO retina and WT retina after RD. After the elimination 421 

of microglia, the protective effect of myosin 1f KO disappeared. Therefore, we 422 

think myosin 1f can regulate the activation of microglia and involved in neuro-423 

inflammation, which leads to the death of photoreceptors. In fact, the function 424 

of microglia in physiological and pathological conditions remains unclear [49]. 425 

It is a double-edged sword; although over-activated microglia can release 426 

cytotoxic factors that lead to neuron death [50, 51], it can also protect neurons 427 

by secreting neuroprotective factors and phagocytosing injured cells [52]. The 428 

state of microglia can be decided by the course of the disease, the immune 429 

microenvironment, and interactions with other cells. Still and all, the two states 430 
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of microglia are dynamic and coexist. Discovering a way to inhibit the 431 

inflammation pathway is still a promising target for retinal degeneration. 432 

   We discovered that myosin 1f can regulate the MAPK and AKT pathway to 433 

promote the transcription of pro-inflammatory cytokines and activate microglia. 434 

Mitogen-activated protein kinases (MAPK) signal the transduction pathway, 435 

which consists of ERKs, c-Jun NH2-terminal kinases (JNKs), and p38 MAPKs 436 

and is reported to be related to inflammation, cell proliferation, and apoptosis 437 

[53, 54]. It is also associated with microglia-induced neuro-inflammation and 438 

the secretion of neurotoxic cytokines [55, 56]. AKT is an important protein of 439 

signaling transduction, which is involved in multiple pathways[16], and it can 440 

promote the expression of pro-inflammatory cytokines [57]. AKT can also be an 441 

upstream regulator of NF- κ b pathway [58]. NF- κ b is a classic, crucial 442 

transcription factor in both innate and adaptive immune responses, and it 443 

participates in microglia induced neuro-inflammation [59, 60]. Our results reveal 444 

that myosin 1f could be the common upstream of MAPK and AKT pathways, 445 

making it a promising target for neuroprotective approaches.  446 
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   Myosins can influence signaling in several ways, through phosphorylation, 447 

receptor recycling, interaction with integrin, and so on [61, 62]. Class II myosin 448 

can increase the integrin β1 activity by clustering, and integrin β1 is required 449 

for the activation of AKT pathway[62]. Myosin 1C, myosin 1E and myosin 1G 450 

can regulate TGF- β signaling by regulating the recycling and redistribution of 451 

TGF- β receptors to cell membrane. Myosin 1f may work in a similar way, 452 

however, more future researches are needed to explore the interaction of 453 

myosin 1f and downstream pathways.  454 

   In this study, we have revealed the the function of myosin 1f in neuro-455 

inflammation, through the regulation of microglia activation. We wondered that 456 

the up-regulation of myosin 1f may be universal in other retinal degeneration 457 

models, such as light damage and rd1 mouse model, since microglia is usually 458 

activated when encountering retinal injury. Our finding may provide a new 459 

perspective for neuro-protection in photoreceptor degeneration. It is reported 460 

that several compounds have been discovered as the inhibitors of myosins, 461 

such as pentachloropseudilin (PCLP), a pseudilin derivative, which is a class 462 
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one myosin specific inhibitor [63, 64]; Blebbistatin [65], a myosin-2 inhibitor; 463 

Azidoblebbistatin, a photoreactive myosin inhibitor [44]. Our data suggest that 464 

myosin 1f may be a novel pharmacological target for protecting photoreceptors 465 

and preserving visual acuity. 466 

    467 

Conclusions 468 

   In summary, our results show that myosin 1f plays a crucial role in microglia-469 

induced neuro-inflammation after retinal injury and photoreceptor degeneration 470 

by regulating 2 classic pathways, MAPK and AKT, and thereby decreasing the 471 

expression of inflammatory cytokines. Knockout of myosin 1f reduces the 472 

intensity of the immune response and prevents cell death, suggesting that 473 

myosin 1f can be inhibited to prevent a decline in visual acuity after 474 

photoreceptor degeneration. 475 
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Figure legends 

Figure 1 

Transcriptome analysis of human retinal detachment. A. Identification of 

differential expressed genes (DRGs) were set as |FC|>1.5 and p<0.05. Red 

dots on the volcano plot (A) represent up-regulated genes while blue dots 

represent down-regulated genes. B-C. Gene ontology analysis. Cellular 

components analysis (B) and biological process analysis (C) showed possible 

functions of DEGs. D. Gene-set enrichment analysis (GSEA) also revealed 

possible pathways possibly correlated to RD, including inflammatory response. 

E-F. Expression pattern of myosins. Heatmap (E) demonstrated the most 

evaluated myosin, myosin 1f, with a FC=1.786 (F). G. The fold changes of at 

different RD duration. 

 

Figure 2 

Myosin 1f is up-regulated after mouse model of retinal detachment. A. The 

expression of myosin 1f at day 1, day 3, day 7, it reached to peak at day 3 (A). 
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The expression value is calculated by the optical density ration of myosin 1f 

and GAPDH. B. Representative image of eye sections stained for F4/80 (green), 

myosin 1f (red) and dapi (blue). The eyeballs were taken down at day 3 after 

RD. C. Representative image of eye sections stained for IBA1 (green), myosin 

1f (red) and dapi (blue) (day 3). D. Eye sections stained for GFAP (green), 

myosin 1f (red) and dapi (blue) (day 3). E-F. Myosin 1f is also up-regulated in 

rd1 mouse(E) (day 7 after birth) and light-injured retina(F) (day 5). G. Retinal 

sections of rd1 mice (day 7 after birth) stained for F4/80 (green), myosin 1f (red) 

and dapi (blue). H. Retinal sections of light-injured retina (day 5) stained for 

F4/80 (green), myosin 1f (red) and dapi (blue). 

 

Figure 3 

Observation of myosin 1f -/- mice after retinal detachment model. A. Two 

groups of mice, myosin 1f-/- and WT, were sacrificed at day 3. B-C. HE staining 

showed the thickness of ONL on detached retina (day 3) of two groups (B). 

Scale bar, 100𝛍𝐦. Measurements of ONL were taken by image J (C), and data 
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were presented as mean±SEM, unpaired t test, *P < 0.05, **P < 0.01, 

***P < 0.001, ****P < 0.0001. D-E. Representative tunel staining in ONL (in 

green) (3 days after induction of RD) showed apoptosis of photoreceptors, 

scale bar, 100𝛍𝐦(D), quantification of tunel positive cells in ONL (E) revealed 

the significance, data were presented as mean±SEM, unpaired t test, *P < 0.05, 

**P < 0.01, ***P < 0.001, ****P < 0.0001. 

 

Figure 4 

Knock out of myosin 1f affects the function of microglia. A. Flatmount of 

detached retina of WT and myosin 1f -/- mice, stained by IBA1 (in red), showed 

morphology of microglia. Scale bar, 25𝛍𝐦. B-C. Skeleton analysis (B) and sholl 

analysis (C) were conducted to quantify microglia morphology. The less 

average branch length is, the more activated microglia is; Similarly, the less 

interaction number is, the more activated microglia is. D-E. ELISA analysis of 

IL-1𝛃 (D) and TNF-α (E) in detached retina of WT and myo1f KO mice (day 3). 

F-G. Qpcr analysis of IL-1𝛃 and TNF-α in detached retina at day 3 (F) and 
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CD68 (G) at day 1. Data were presented as mean±SEM, unpaired t test, 

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 

 

Figure 5 

Elimination of microglia reverse the protective effect of myosin 1f deficiency. A. 

PLX3397 was given to WT and myosin 1f-/- mice everyday from day 1 to day 

6, the mice were sacrificed at day 7, 3 days after mouse model of retinal 

detachment (day 4). B. Representative HE staining showed the thickness of 

ONL on detached retina (scale bar, 50𝛍𝐦), representative tunel staining in ONL 

(in green) (3 days after induction of RD) (scale bar, 100𝛍𝐦) showed apoptosis 

of photoreceptors after microglia elimination. C. Quantification of ONL 

thickness and tunel positive cells in ONL between two groups. D-E. Qpcr 

analysis demonstrated the fold change of IL-1𝛃, TNF-α and CD68 (day 3), data 

were presented as mean±SEM, unpaired t test, *P < 0.05, **P < 0.01, 

***P < 0.001, ****P < 0.0001. 
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Figure 6 

Myosin 1f affects the activation of microglia by regulating NF-𝛋b and MAPK 

pathways. A. In vitro, western blot showed that myosin 1f is up-regulated after 

stimulated by LPS (100ng/ml) for 24 hours, the expression value is calculated 

by the optical density ration of myosin 1f and GAPDH. B. The expression of IL-

1𝛃 (qpcr) and TNF-α (ELISA) at every time point. C-D. After siRNA on BV2 cell 

lines, we detected the expression of myosin 1f by western blot (C). Three 

sequences of siRNA (768,1413,2772) were designed to knock down myosin 1f, 

2662 were chosen to further confirm the efficiency (D). E. ELISA analysis of IL-

1𝛃 and TNF-α after knock down myosin 1f. F. In vitro, wb analysis showed 

expression pattern of NF-𝛋b and MAPK pathways. All the quantification of 

phosphorylation protein is calculated by the optical density ration of 

phosphorylation protein and its corresponding protein. G. All the quantification 

of phosphorylation protein is calculated by the optical density ration of 

phosphorylation protein and GAPDH. Data were presented as mean±SEM, 

unpaired t test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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Supplementary figure 1 

A. Gene-set enrichment analysis (GSEA) also revealed possible pathways 

possibly correlated to RD, including interferon-gamma response, IL-6-STAT3 

signaling, complement, IL-2-STAT5 signaling. 

  

Supplementary figure 2 

Myosin 1f deficiency does not affect the structure and function of retina. A-D. 

OCT (A, B) and HE (C, D) staining reflects the thickness of WT and myosin 1f-

/- mouse retina. Data were presented as mean±SEM, unpaired t test, n.c. 

P >0.05.  E. Electroretinogram of WT and myosin 1f mice, more than 20 

weeks- year-old. 

Data were presented as mean±SEM, unpaired t test, *P < 0.05, **P < 0.01, 

***P < 0.001, ****P < 0.0001. 

 

Supplementary figure 3 
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A-B. Fundus photography (A) and HE (B) showed detachment of RPE and 

photoreceptor (day 3). C. IBA1+ cell counts of the stretched preparation of 

retina after retinal detachment. D The cell count of both F4/80+ and IBA1+ cells 

infiltrated into outer nuclear layer. Data were presented as mean±SEM, 

unpaired t test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 

 

 



Figures

Figure 1

Transcriptome analysis of human retinal detachment. A. Identi�cation of differential expressed genes
(DRGs) were set as |FC|>1.5 and p<0.05. Red dots on the volcano plot (A) represent up-regulated genes
while blue dots represent down-regulated genes. B-C. Gene ontology analysis. Cellular components



analysis (B) and biological process analysis (C) showed possible functions of DEGs. D. Gene-set
enrichment analysis (GSEA) also revealed possible pathways possibly correlated to RD, including
in�ammatory response. E-F. Expression pattern of myosins. Heatmap (E) demonstrated the most
evaluated myosin, myosin 1f, with a FC=1.786 (F). G. The fold changes of at different RD duration.

Figure 2



Myosin 1f is up-regulated after mouse model of retinal detachment. A. The expression of myosin 1f at
day 1, day 3, day 7, it reached to peak at day 3 (A). The expression value is calculated by the optical
density ration of myosin 1f and GAPDH. B. Representative image of eye sections stained for F4/80
(green), myosin 1f (red) and dapi (blue). The eyeballs were taken down at day 3 after RD. C.
Representative image of eye sections stained for IBA1 (green), myosin 1f (red) and dapi (blue) (day 3). D.
Eye sections stained for GFAP (green), myosin 1f (red) and dapi (blue) (day 3). E-F. Myosin 1f is also up-
regulated in rd1 mouse(E) (day 7 after birth) and light-injured retina(F) (day 5). G. Retinal sections of rd1
mice (day 7 after birth) stained for F4/80 (green), myosin 1f (red) and dapi (blue). H. Retinal sections of
light-injured retina (day 5) stained for F4/80 (green), myosin 1f (red) and dapi (blue).



Figure 3

Observation of myosin 1f -/- mice after retinal detachment model. A. Two groups of mice, myosin 1f-/-
and WT, were sacri�ced at day 3. B-C. HE staining showed the thickness of ONL on detached retina (day
3) of two groups (B). Scale bar, 100μm. Measurements of ONL were taken by image J (C), and data were
presented as mean±SEM, unpaired t test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. D-E.
Representative tunel staining in ONL (in green) (3 days after induction of RD) showed apoptosis of



photoreceptors, scale bar, 100μm(D), quanti�cation of tunel positive cells in ONL (E) revealed the
signi�cance, data were presented as mean±SEM, unpaired t test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P 
< 0.0001.

Figure 4

Knock out of myosin 1f affects the function of microglia. A. Flatmount of detached retina of WT and
myosin 1f -/- mice, stained by IBA1 (in red), showed morphology of microglia. Scale bar, 25μm. B-C.



Skeleton analysis (B) and sholl analysis (C) were conducted to quantify microglia morphology. The less
average branch length is, the more activated microglia is; Similarly, the less interaction number is, the
more activated microglia is. D-E. ELISA analysis of IL-1β (D) and TNF-α (E) in detached retina of WT and
myo1f KO mice (day 3). F-G. Qpcr analysis of IL-1β and TNF-α in detached retina at day 3 (F) and CD68
(G) at day 1. Data were presented as mean±SEM, unpaired t test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P 
< 0.0001.

Figure 5



Elimination of microglia reverse the protective effect of myosin 1f de�ciency. A. PLX3397 was given to
WT and myosin 1f-/- mice everyday from day 1 to day 6, the mice were sacri�ced at day 7, 3 days after
mouse model of retinal detachment (day 4). B. Representative HE staining showed the thickness of ONL
on detached retina (scale bar, 50μm), representative tunel staining in ONL (in green) (3 days after
induction of RD) (scale bar, 100μm) showed apoptosis of photoreceptors after microglia elimination. C.
Quanti�cation of ONL thickness and tunel positive cells in ONL between two groups. D-E. Qpcr analysis
demonstrated the fold change of IL-1β, TNF-α and CD68 (day 3), data were presented as mean±SEM,
unpaired t test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.



Figure 6

Myosin 1f affects the activation of microglia by regulating NF-κb and MAPK pathways. A. In vitro,
western blot showed that myosin 1f is up-regulated after stimulated by LPS (100ng/ml) for 24 hours, the
expression value is calculated by the optical density ration of myosin 1f and GAPDH. B. The expression
of IL-1β (qpcr) and TNF-α (ELISA) at every time point. C-D. After siRNA on BV2 cell lines, we detected the
expression of myosin 1f by western blot (C). Three sequences of siRNA (768,1413,2772) were designed to



knock down myosin 1f, 2662 were chosen to further con�rm the e�ciency (D). E. ELISA analysis of IL-1β
and TNF-α after knock down myosin 1f. F. In vitro, wb analysis showed expression pattern of NF-κb and
MAPK pathways. All the quanti�cation of phosphorylation protein is calculated by the optical density
ration of phosphorylation protein and its corresponding protein. G. All the quanti�cation of
phosphorylation protein is calculated by the optical density ration of phosphorylation protein and
GAPDH. Data were presented as mean±SEM, unpaired t test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001.
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