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Abstract

Introduction: Hyalocytes have been recognized as resident tissue macrophages of the vitreous 

body since the mid-19th century. Despite this, knowledge about their origin, turnover, and 

dynamics is limited.

Areas covered: Historically, initial studies on the origin of hyalocytes used light and electron 

microscopy. Modern investigations across species including rodents and humans will be described. 
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Novel imaging is now available to study human hyalocytes in vivo. The shared ontogeny with 

retinal microglia and their eventual interdependence as well as differences will be discussed.

Expert opinion: Owing to a common origin as myeloid cells, hyalocytes and retinal microglia 

have similarities, but hyalocytes appear to be distinct as resident macrophages of the vitreous 

body.
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1. Introduction

Vitreous (Fig 1) is an enigmatic structure [1] with important relevance to ocular health and 

disease [2]. Hyalocytes are mononuclear phagocytes (macrophages) of the vitreous body that 

derive from myeloid precursors (Fig 2). During the past decades the origin and turnover 

of macrophages in development and adulthood has been intensively investigated throughout 

the body, fueled by the availability of novel fate mapping approaches labeling myeloid 

precursor cells at narrow and defined time frames [3–11]. Studies in highly complex 

organs that contain distinct compartments (each having its own anatomical barriers and 

molecular characteristics) have found a differential origin and turnover of myeloid cells 

[7,10,12,13]. This is particularly notable in the brain and its associated tissues including 

the meninges, the perivascular Virchow-Robin-spaces, the choroid plexus [7,14,15], and the 

circumventricular organs which lack a blood-brain-barrier [16]. The eye has comparably 

complex compartmentalization that was recently found (similarly to the brain) to result in 

differential origin and turnover of myeloid cells. A mouse study comparing retinal microglia 

with macrophages residing in the ciliary body and cornea employed single-cell analysis 

combined with fate mapping and parabiosis to characterize heterogeneity of myeloid subsets 

and their dynamics in the eye [10].

Vitreous macrophages, known as hyalocytes, are found in 3 distinct locations within the 

vitreous body: posteriorly, close to the inner limiting membrane (ILM) separating the 

vitreous from the retina [17]; anteriorly, close to the ciliary body epithelium where aqueous 

is produced [18]; and as free cells in the vitreous body, although in far fewer numbers 

compared to preretinal hyalocytes [19,20]. The origin, structure, and imaging of hyalocytes 

will be discussed in this first review article on hyalocytes. The second article will focus on 

the functional role during development and in the adult complemented by a broad picture 

of the immunological role of hyalocytes in health and vitreo-retinal immune diseases. The 

third article will close the special issue with a strong focus on proliferative vitreo-retinal 

diseases such as proliferative diabetic retinopathy, highlighting the importance of a deeper 

understanding of all aspects of the nature of hyalocytes as an attractive target in novel 

therapeutic approaches of the future.

1.1 History

There is a long history of scientific investigation seeking to identify the true nature and 

origin of hyalocytes, with contradictory results and interpretations. Hannover is often 

Wieghofer et al. Page 2

Expert Rev Ophthalmol. Author manuscript; available in PMC 2023 January 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



credited as being the first to identify hyalocytes in 1840 [21]. In 1852 Rudolf Virchow 

described these as nucleated cells with granular inclusions in the vitreous body [22]. He 

investigated the “mucoid tissue” of the eye during embryonic development that reminded 

him of the umbilical cord, and proposed that these cells produce the vitreous body [22]. 

Other microscopic studies of the adult vitreous body during the 19th century brought 

more attention to hyalocytes but their true cellular identity became the subject of debate 

[23]. Only in 1874 were hyalocytes recognized as macrophages on the basis of their 

morphological resemblance to leukocytes [24,25] and their increase in numbers after 

inoculation of foreign antigen [25]. The hypothesis of a close developmental relationship 

between hyalocytes and retinal microglia, also termed Hortega cells at that time, was first 

proposed in 1931 [23,26]. In fact, the interdependence of hyalocytes, microglia and later 

also monocytes [27], was experimentally addressed with a variety of methods and models 

but still remains elusive today as will be discussed beow.

The following will also discuss how the localization, structure, and expression profiles of 

hyalocytes have been investigated with dark-field slit, light, phase contrast, and electron 

microscopies, immunhistochemistry, immunofluorescent labeling, transgenic reporter lines 

with fluorescent microscopy, and confocal microscopy, finally peaking with the use of 

imaging mass cytometry [28–32]. As a result of these studies, hyalocytes can now be 

reliably regarded as members of the mononuclear phagocyte system, established in the 

1970’s [33,34]. Since then, the investigation of the development and homeostasis of tissue-

resident macrophages has experienced a rejuvenation fueled by the availability of transgenic 

mice suitable for fate mapping approaches and, more recently, RNA-sequencing of purified 

cell populations, including human hyalocytes [30], or at single-cell level [3,7,8,10]. While 

these techniques have provided valuable insights into hyalocytes, the advent of optical 

coherence tomography, scanning light ophthalmoscopy, and adaptive optics, ushers in a new 

era opening the possibility to follow individual hyalocytes over time in vivo in humans 

[35–37].

2 Origin of hyalocytes

2.1 Historical perspective

Original studies investigating the origin of hyalocytes employed cell labeling by ink or 

vital dyes due to the lack of superior methodologies and the ready availability of light 

microscopy for analysis. Confounding this approach is the fact that apoptotic cells can 

also release dyes that are then taken up by resident macrophages [38] leading to false 

interpretations. Several different dyes were used in the past, such as Pyrrol, that lead to the 

term “Pyrrolzellen” to refer to all cells that displayed positive staining with this particular 

vital dye [39]. As part of the reticulo-endothelial system that includes cells capable of 

ingesting extracellular components, the presence of the morphologically defined tissue-

resident macrophages termed “histiocytes” with granular dye inclusions, was investigated 

in the different compartments of the eye. Besides Pyrrol, other dyes like Trypan Blue were 

used to gain more insight into the biology of the vitreous body [40,41]. Interestingly, after 

intravenous trypan blue injection in adult rabbits no labeling was observed in hyalocytes, 

while the iris and sclera turned blue rapidly [40]. In another study, the same observations 
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were made leading to the conclusion that the vitreous, retina, and optic nerve were devoid 

of labeled histiocytes, even after several repeat trypan blue injections [41]. This lack of 

dye labeling by hyalocytes was interpreted as evidence against cell turnover and suggested 

the existence of a tightly sealed blood-ocular barrier that did not allow the dye to access 

the vitreous body. These findings were further corroborated by using the incorporation of 
3H-Thymidine that only occurs during cell cycle progression.

Long-lived macrophages (such as brain and retinal microglia) undergo cell divisions at 

a comparably low frequency that only accelerates during pathologic conditons [10,42]. 

The rapid turnover of monocytes (circulating half-life of less than 24 hours) has to be 

considered when it comes to the use of radioactive 3H-Thymidine or thymidin analogues 

like 5′-bromo-2′-deoxyuridine (BrdU) or 5-ethynyl-2’-deoxyuridine) (EdU) [43,44], since 

there can be confounding effects resulting from labeling of progenitor cells during their 

development in the bone marrow leading eventually to labeled cells in various tissues. The 

labeling pattern of hyalocytes treated with 3H-Thymidine and the rare observance of mitotic 

figures favor a long-lived nature of these cells, rather than a continuous replenishment with 

peripheral blood monocytes as previously suggested [19,45,46]. In contrast, after intravitreal 

injection of radio-labeled peritoneal macrophages into rabbit eyes, a turnover rate of less 

than a week was suggested [47]. However, the injected macrophages clearly acted as sole 

surrogates for local vitreous body macrophages, so these results should be interpreted with 

care.

From a historical point of view, these techniques provided valuable insights in the past, 

but are no longer performed today. Only the azo dye Evan’s blue labeling of circulating 

Albumin is occasionally used to investigate barrier functions in different organs including 

the retina [48,49], but there are alternative methods to visualize leakage of serum albumin 

into tissues after barrier breakdown [50,51]. Nevertheless, the absence of vital dye and 

radiolabeling in hyalocytes suggests self-maintenance comparable to other long-lived 

macrophages, pointing to a pre- or perinatal origin, before the barrier functions of the eye 

are established.

2.2 Hematopoiesis

Hematopoiesis can be subdivided into primitive hematopiesis that is restricted to early 

embryonic development, and defintive hematopiesis that takes place at later stages of 

development in the aorto-gonad-mesonephros (AGM) and the fetal liver (FL) as well as 

in the bone marrow established at the perinatal stages that remains active throughout life 

[52,53]. Primitive hematopoiesis is established in the hemogenic endothelium/hemangioblast 

of the extra-embryonic yolk sac that provides the blood island where precursors of 

both nucleated embryonic erythrocytes and primitive macrophages are created via the 

erythro-myeloid precursors (EMP) [54]. During development, EMPs further differentiate 

and their descendants colonize organs such as the brain or eye, before the intrinsic blood-

brain or blood-retina-barriers are formed, to become local tissue-resident macrophages 

including microglia [7,8,10,11,53,54]. Besides the developing organs that are reached via 

the embryonic circulation [3], they transiently colonize the fetal liver where progenitors 

of definitive hematopoiesis, derived from the AGM, can be found and establish the bone 
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marrow later, prior to birth [53,55,56]. With regard to ciliary body macrophages, primitive 

hematopoiesis has been identified as the main source with only limited contribution from 

other hematopoietic organs including the fetal liver and the bone marrow [10]. With respect 

to hyalocytes, no embryonic fate mapping has been performed to date. However, human 

embryonic developmental stages have been investigated with respect to the local leukocyte 

populations by immunophenotyping [57]. The results suggest the presence of several 

markers that were attributed to hemangioblasts and suggested the existence of local blood 

islands remote from their well described localization in the yolk sac. Future experiments 

involving more contemporary methods including transcriptional profiling would help to 

decipher the former microscopic observations.

Despite the scarce body of literature involving modern mouse models and the existence 

of only a limited number of transcriptional studies of human hyalocytes, conclusive 

experiments have been performed to study the degree of longevity of hyalocytes in mice and 

humans, as will be discussed below. Resident tissue macrophages of embryonic origin tend 

to be long-lived and a self-maintained population, not necessarily excluding a replenishment 

after birth by bone marrow-derived cells. Microglia in the brain and retina, as well as 

CNS-associated macrophages have clearly been determined to be long-lived [7,8,10,11,14]. 

In certain other organs or specialized niches in such organs including the cornea, resident 

macrophages are continuously renewed over time and can be regarded as short-lived 

[10,58,59]. The first experiments addressing hyalocyte longevity used the persistence or 

accessability of dyes in hyalocytes or the vitreous body respectively. These are still relevant 

to the ongoing discussion about the origin and turnover of hyalocytes.

2.3 Retinal microglia and hyalocytes in the zebrafish

The zebrafish represents a model organism that is suitable for the investigation of 

macrophage development with the advantage of live imaging approaches using fluorescent 

reporter strains, specifically labeling macrophages or vessels [60–62]. Such experiments 

were conducted in the past to study the nature of brain microglia (precursors) during 

development [63–65]. Regarding the eye, previous studies investigated the development of 

the hyaloid vasculature [66] but also of retinal microglia in the context of gene expression 

patterns [67] or phagocytosis and apoptosis [68].

The first descriptions of hyalocytes in fish go back to the 1850’s [69]. More recently, the 

eyes of zebrafish with labeled macrophages and endothelial cells during development were 

found to have intimate contacts between both cell types, as expected [26,60]. This finding 

led to the assumption that increasing numbers of microglial precursors enter the eye via the 

bloodstream, in line with the need of a functional circulation observed in mice [3,62]. After 

entry of the microglial precursors, they moved posteriorly to colonize the developing retina, 

with no further connection to the hyaloid vasculature [62]. The proliferation rate was low in 

this study suggesting a migratory colonization rather than a local expansion of few cells, at 

least in the zebrafish [62]. This conclusion re-opens the question if microglia and hyalocytes 

actually share a common precursor entering the eye that distributes to its respective tissue 

environment directed by local cues, determining the final cell identity [26,70,71] [70,71]. 

In support of this postulate, the deletion of interferon-regulatory factor 8 (key to microglial 
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development and homeostasis) in mice affected the distribution of retinal microglia already 

during development leading to reduced numbers of retinal microglia specifically in the 

outer plexiform layer but not in the inner plexiform layer [72]. The significant reduction 

in purinergic receptor expression has led to the hypothesis that at this stage the immature 

microglia can’t detect signals from deeper retinal layers during postnatal stratification, as 

was previously shown in the quail [73], suggesting a shared precursor following specific 

environmental cues to finally colonize distinct niches in the vitreous body and retina.

3 Turnover of hyalocytes

The turnover of macrophages can be investigated by two different experimental approaches: 

labeling of the resident macrophage population in the tissue of interest or labeling of the 

putative progenitor such as peripheral blood monocytes. Each strategy can be conducted by 

several different ways including immunolabeling of differential surface receptor expression, 

cell type-specific fluorescent protein labeling or fate mapping in transgenic mice, transfer of 

labeled bone marrow after lethal irradiation distinguishable from the recipients bone marrow 

or a shared circulation between a wildtype mouse, and fluorescently labeled partner mouse 

in the parabiosis model [74,75]. All of these experimental approaches were used in the past 

to decipher the nature of eye macrophages regarding their turnover characteristics and will 

be discussed below in the context of hyalocyte research.

3.1 Bone marrow chimeras

The use of mice expressing a fluorescent protein under a defined and well-known promotor 

were mainly used to distinguish myeloid cells from other immune cells. As an example, 

the Cx3cr1GFP/+ model was frequently used for that approach but the wide expression of 

Cx3cr1 across myeloid cells renders this model unsuitable to distinguish between central 

and peripheral myeloid cells in the context of the eye, except when additional markers 

are used [76]. Therefore, fluorescently labeled cells from transgenic mice were used in 

another fashion to use their full potential at a time when more advanced transgenic mice 

were rare and not commonly used. The transfer of full bone marrow from Cx3cr1GFP/+ 

mice labeling mostly myeloid cells or Acta1GFP/+ mice labeling all cells of the body 

was intended to label peripheral blood cells but spare resident tissue-macrophages [48,77]. 

An essential prerequisite is the depletion of the recipients’ bone marrow to create a free 

niche for the labeled and transfered bone marrow from the donor mice. Unfortunately, 

the lethal irradiation that was frequently used for the depletion created severe side effects 

affecting the interpretation of the experimental outcomes. The strong irradiation led to a 

breakdown of the intrinsic barrier function of exposed organs including the blood-brain 

and blood-retinal barriers by affecting the tight junctions. Only head-shielding prevented 

the observed effects in previous studies of the retina [78,79]. It is important to note that 

the intravenous application of full bone marrow introduces artifact due to the artificial 

presence of exogenous hematopoietic stem cells and myeloid progenitors that would not 

enter the circulation under homeostatic circumstances. This would result in infiltration of the 

(damaged) tissues and the erroneous interpretation that they originated directly from mature 

monocytes. Furthermore, the turnover itself is likely to be accelerated by the irradiation-

induced local expression of the chemokine ligand 2 (CCL2) promoting the attraction and 
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extravasation of peripheral blood monocytes expressing chemokine receptor 2 (CCR2) [51]. 

Interestingly, first experiments of irradiating newborns rabbits and cats showed a radiation-

induced depletion of hyalocytes that were observed to be quickly replenished which suggests 

monocyte dependence [46].

In the context of the eye, lethally irradiated bone marrow reconstituted rodents were 

employed in several studies investigating ocular macrophages [78–92] but only few 

investigated hyalocytes [29,93]. In the first study taking advantage of labeling peripheral 

cells by bone marrow reconstitution with transgenic mice expressing GFP under the 

beta-Actin promotor [80], GFP+ hyalocytes were quantified across all stained nuclei in 

the vitreous body [93]. Within 7 months, a turnover of >90% was reported, evaluated 

by histological assessment [93]. Comparable to the observation in the brain [51], CCL2 

plays in important role in the recruitment of peripherally-derived cells in the retina 

after low-grade inflammation induced by irradiation followed bone marrow reconstitution 

peaking into an observed turnover or resident CD11b+ cells within 6 months [89]. 

Under pathologic conditions, in streptotocozin-induced diabetic Cx3cr1GFP/+ mice, an 

accumulation of morphologically distinct macrophages could be observed including highly 

ramified microglia, hyalocytes with an amoeboid shape, and circular cells resembling 

monocytes [94]. The same observation was made after intraocular injection of CCL2 and 

was absent in diabetic Cx3cr1GFP/+Ccl2−/− mice, corroborating the role for CCL2 in the 

retina and but also in the vitreous body after preconditioning [94]. The authors concluded 

that the vascular damage prior to entering the retina was more dependent on the CCL2-

dependent recruitment than on CCL2 alone acting on endothelial cells building the bood-

retinal barrier. Also in humans, increased number of cells resembling macrophages were 

found in patients suffering from proliferative diabetic retinopathy suggesting a translational 

relevance of the findings made in mice to the human condition [95].

Infiltrating cells can aquire features that resemble the original resident tissue macrophage 

population including the morphology, longevity, and radio-resistance in the case of microglia 

[10,29,85,96,97]. Care should be taken when it comes to expression profiles and the 

chromatin landscape where resident cells could be clearly separated from infiltrating cells 

in the tissue [97]. In the context of hyalocytes, bone marrow from Cx3cr1GFP/+ mice was 

transplanted into BALB/c or C57BL/6J wild type and allowed the identification of GFP+ 

cells [29]. Moreover, GFP-expressing hyalocytes showed strong morphologic resemblance 

to native (resident) hyalocytes, some expressing MHCII (indicative of turnover), with the 

aforementioned technical limitations [29]. The expression of MHCII is an important finding 

due to the fact that MHCII+ hyalocytes are usually not found in healthy mice but were 

observed to be more numerous after lipopolysaccharide challenge at the junction between 

retina and ciliary body [17], speaking against a physiological environment after irradiation 

and bone marrow reconstitution.

3.2 Parabiosis

The model of parabiosis is conducted by establishing a shared circulation between two 

individual mice [77,98]. After the surgery, the parabiotic partners remain connected for up to 

several months and leukocytes can shuttle between the mice via the anastomotic connections 
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[77]. Comparable to bone marrow chimerism, a wildtype and a transgenic reporter mouse 

were used in the past but also other modes exist, e.g. diseased and non-diseased [77,96] or 

heterochronic using young and old mice [98,99]. Analogously, the specificity is determined 

by the properties of the transgenic mice labeling mostly myeloid cells (Cx3cr1GFP/+) or all 

leukocytes (Acta1GFP/+) [48,77,96]. Two advantages should be considered in comparison to 

the use of bone marrow chimeras. First, parabiosis can be regarded as an experimental setup 

closer to the physiological condition without the need for lethal irradiation. Second, the 

only source of labeled cells found in the blood or tissue of the wildtype parabiotic partner 

is the peripheral blood of the transgenic reporter mouse. At no time do immature myeloid 

cells artificially enter the blood stream as it does during bone marrow reconstitution. In 

the context of the eye, parabiosis was only rarely used under homeostatic conditions [10], 

in depletion [48] or disease models including optic nerve crush [100] and experimental 

autoimmune uveitis [101]. Unfortunately, none of these studies considered hyalocytes and 

the contribution of peripheral cells to the local vitreous body macrophage pool. In contrast 

to the findings made with bone marrow chimeras showing a contribution of peripheral 

blood myeloid cells to retinal microglia, no replenishement could be observed by using 

parabiotic mice. Given analogous artificial turnover of both retinal microglia and hyalocytes 

in irradiated and bone marrow reconstituted mice, it can be tentatively suggested that the 

findings made for retinal microglia made in parabiotic mice could also apply to hyalocytes 

[10,29,86,89,91,93].

3.3 Conditional transgenic reporter mouse lines

In the recent years, several transgenic mouse models were created that allow inducible 

removal of a certain gene sequence that is flanked by loxP-sites using tamoxifen-mediated 

activity of a bacteriophage Cre recombinase fused to a mutated estrogen receptor (ER) 

with an increased affinity to tamoxifen over estrogen [74,75,102]. Besides the possibility to 

create cell type-specific CreER-mediated conditional knock-out mice [6], the induction of 

fluorescent reporters allowed the investigation of the turnover of resident macrophages in 

any organ, tissue, or compartment of interest [6–8,10,11,44,59,103]. The broadly expressed 

Cx3cr1CreER-T2 model has been widely used to investigate macrophages in general, but also 

specifically retinal and brain microglia [6–8,10]. Other models took advantage of genes 

more specific for microglia including spalt-like transcription factor 1 (Sall1), transmembrane 

protein 119 (Tmem119), and purinergic receptor P2Y12 (P2ry12) driving CreER expression 

[104–106]. With regard to hyalocytes, these novel models were not applied to further 

investigate the turnover under steady or diseased conditions until now. To date, it is 

even unknown if hyalocytes express markers considered microglia-specific like SALL1, 

TMEM119 and P2RY12. This would be helpful to delineate the yet elusive relationship 

between retinal microglia, hyalocytes, and other tissue macrophages. Regarding the close 

morphologic resemblance of hyalocytes to epiplexus cells in the choroid plexus of the 

brain, the exclusive YFP-labeling of epiplexus cells in Sall1CreER:R26-YFP mice, with 

no labeling of stromal macrophages in the choroid plexus, has rendered this specific CNS-

associated macrophage population more similar to microglia [14]. Furthermore, the use 

of the Cx3cr1CreER-T2 model found no evidence of turnover in ciliary body macrophages 

analyzed by flow cytometry [10]. These samples could have contained a small fraction of 

anterior vitreous body macrophages (also considered hyalocytes), due to the experimental 
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tissue manipulation employed. Indeed, based on past studies with the Cx3cr1GFP/+ model, 

CX3CR1 was shown to be expressed by hyalocytes before and therefore label hyalocytes 

together with the stromal macrophages in the ciliary body as well, despite being not further 

investigated in the study [10,29]. To what extent this model can be used to study diseases 

involving hyalocytes (like the aforementioned streptozocicin-induced model of diabetic 

retinopathy) has yet to be examined [94].

Under diseased conditions, distinctive morphology that distinguishes hyalocytes from 

highly ramified retinal microglia, primarily based upon activation and the presence of 

amoeboid microglia is lost, together with the loss of their typical expression signature and 

differentiating into (disease-associated) subpopulations [10]. This increase of complexity 

could only be addressed by taking advantage of a validated hyalocyte-specific gene not 

expressed by microglia or monocytes that has yet to be identified. Other strategies using a 

binary Cre approach with the need of two promotors active at the same time in the same 

cell could be an alternative to one single hyalocyte-specific gene which eventually does 

not exist [107,108]. Knowledge about such a distinctive gene expression pattern would 

convincingly allow the use of conditional transgenic reporter mice to further investigate this 

underinvestigated ocular macrophage population in the future.

3.4 Depletion

Macrophage depletion was intensively studied in the past [74,75,109], revealing new 

findings on a functional level but also shedding light on origin and turnover by creating 

a free niche in tissues usually densely populated by tissue-resident macrophages [109]. 

Limitations in interpreting these findings derive from experimental artifacts due to using 

receptor tyrosine kinase inhibtors primarily targeting macrophage-related receptors such 

as colony-stimulating factor 1 receptor (CSF1R) [110], or inhibitors primarily targeting 

CKIT and only secondarily CSF1R [74]. This eventually affects CSF1R-expressing cells in 

the bone marrow and peripheral blood as well, including monocytes [111,112]. However, 

inhibitors targeting CSF1R are undoubtedly capable of depleting retinal microglia very 

efficiently with only minor changes in peripheral mononuclear cell populations [48]. A 

study investigating the source of re-population after depletion in whole retinas showed the 

total absence of GFP+ positive cells after the intended depletion of retinal microglia in 

Cx3cr1GFP/+ mice which seems to have depleted hyalocytes as well [48]. In this study, 

the contribution of extra-retinal macrophages to the (depleted) retinal microglia pool was 

elegantly investigated by a differential ex vivo culturing of the retina with or without 

the optic nerve or ciliary body and iris attached, respectively [48]. Given the fact that 

there is a continuum between the hyalocytes in the anterior part of the vitreous body (in 

close proximity to the ciliary epithelium) and preretinal hyalocytes [17], it is reasonable to 

implicate the re-population of depleted microglia in the peripheral retina by macrophages 

from the ciliary body/iris complex [48]. The transition zone between the ciliary body 

and the retina looks surprisingly similar to the repopulated mice study and in an earlier 

study identifying an accumulation of macrophages after lipopolysaccharide challenge, both 

showing a high variety of morphologic states ranging from amoeboid to moderately ramified 

[17,48]. Most importantly, the depleted retina remained completely devoid of re-populated 

cells during cultivation without the ciliary body and iris, owing perhaps to the lack of 
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a circulation due to the primary tissue culture setup [48]. The observations made in 

these two studies further corroborate a very close relationship between retinal microglia 

and hyalocytes in the vitreous body. Of note, the fetal hyaloid vessels are transiently 

formed during eye development supporting the lens development but undergo macrophage-

dependent regression at later stages, always in close contact to hyalocytes [27].

4 Hyalocyte morphology

4.1 Electron microscopy

Visualization of hyalocytes by scanning electron microscopy showed an appearance similar 

to macrophages in other organs [113] displaying a stellate, sometimes bipolar shape with 

long protrusions [114]. Transmission electron microscopy of a human hyalocyte is shown in 

Figure 3. The strong resemblance to the Kolmer’s epiplexus cells of the choroid plexus [18] 

in the brain’s ventricles that shares some histological characteristics with the ciliary body 

and produces the liquid that fills the ventricles and subarachnoidal spaces was brought to 

attention in the 1970s [113]. The so-called “cytoblasts” in the vitreous body were described 

for the first time by Henle in 1841 and in close proximity to the zonules arising from the 

ciliary body [23,115]. Choroid plexus macrophages were intensively investigated in recent 

years, also in the context of origin and turnover [8,14,15]. It turned out that macrophages in 

the choroid plexus can be subdivided into distinct subpopulation consisting of the epiplexus 

cells located on the apical surface, comparable to the anterior hyalocytes apically located 

on the ciliary epithelium, and two further subpopulations situated in the stroma [14]. These 

similarities based on structural and anatomical findings could be further indicative of a 

prenatal origin, with the need to be validated with modern methodologies.

4.2 Laboratory studies of human hyalocyte morphology

Initial experiments to study the nature of the vitreous body early in the 19th and 20th 

century took advantage of relatively unspecific vital dyes [116] or other simple staining 

techniques. However, the use of immunohistochemical stains revealed morphological 

subtypes of hyalocytes and where they are located inside the eye. Since then, labeling 

and imaging techniques have significantly improved and now allow the identification of, in 

this case, myeloid cells in tissues of different origins and their respective subpopulations. 

In particular, the use of multichannel antibody-mediated immunofluorescent labeling has 

some advantages over immunohistochemical dye precipitation, such as the use of horse 

radish peroxidase and labeling with diaminobenzidin (DAB). Of note, both fluorescent and 

histochemical labeling can also be performed with lectins acting as plant-derived proteins 

specifically labeling certain glycosylated surface or intracellular proteins of hyalocytes 

[117]. However, in the context of macrophage research it can become difficult to use 

labeling with antibodies or lectins as the only method to distinguish resident from infiltrating 

macrophages, but it does provide valuable insights in a complementary fashion. For 

example, TMEM119 is restricted to brain and retinal microglia in the myeloid compartment 

and not expressed by monocytes under homeostatic conditions. Yet, it can be reduced in 

expression under pathological conditions, like in the retina [10,118]. This finding would not 

have been made without the combination of antibody labeling and transgenic flourescent 

reporter lines [10] which currently remains restricted to research conducted in mice.
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In humans, the use of antibodies, lectins or other proteins is the only way to study hyalocytes 

and other myeloid cells at the microscopic level in tissue sections. Hyalocytes have the 

advantage of being the only cell population inside the vitreous body and can be easily 

identified by nuclear counterstaining (Fig 4). The use of immunofluorescent labeling allows 

the study of protein expression profiles with a much higher sensitivity than by the use of 

immunohistochemical staining in combination with light microscopy [30]. By applying pan-

macrophage markers such as IBA1, hyalocytes can be specifically identified, for example 

to validate findings made with RNA-seq, as it has been done to confirm the expression 

of HLA-DR involved in antigen presentation [30]. The transparency of the vitreous body 

allows visible light to easily pass through and reach the photoreceptors of the retina. 

To visualize biological phases that are transparent under visible light, the phase contrast 

or differentical interference contrast (DIC) between the specimen and the surrounding 

embedding medium or remaining constitutents of the vitreous body allow the detection 

of hyalocytes without any prior labeling (Fig 4).

In another experimental setup, hyalocytes were purified by flow cytometry after vitrectomy 

of a patient diagnosed with proliferative diabetic retinopathy and in vitro cultivated [32] (Fig 

5). The combination of antibody labeling with other fluorescently labeled proteins, or in 

this case the toxic cyclic peptide Phalloidin from fungi which stains Actin, illustrates the 

structure of the cytoskeleton of hyalocytes at a subcellular level and different morphological 

states [32] (Fig 5).

Recent advances in novel imaging approaches include the combination of labeling 

antibodies with different elements instead of fluorescent dyes that can be detected by time-

of-flight (TOF) mass spectrometry (MS), leading to the term “CyTOF” or “imaging mass 

cytometry” (IMC). This overcomes the limitations of light imaging that only allows a certain 

number of dyes to be used at the same time without spectral interference. In principle, the 

only limiting factor is the number of elements in the universe. This method was recently 

applied for the first time to study hyalocytes contributing to retinal neovascularisation into 

the posterior vitreous cortex in patients with proliferative diabetic vitreo-retinopathy [32]. 

Here, the multiplexed approach enabled simultaneous imaging of 20 markers followed by 

segmentation of individual cells to identify up to 24 distinct cell clusters according to 

their protein expression profiles in areas of retinal neovascularization [32]. Thus, hyalocyte 

microscopy has evolved from the sole use of dyes beginning in the 1840’s into a complex 

methodology combining the analysis of multiple markers at the same time supported by 

computional-based identification of cell subtypes found in healthy as well as diseased 

tissues.

5. Hyalocyte imaging

In contrast to other organs such as the brain, the eye has the advantage of direct access 

by light for imaging of myeloid cells [35]. Nonetheless, vitreous has has long posed great 

challenges to imaging, perhaps because it’s invisible ‘by design’ [119–122]. Conventional 

imaging has provided some insights, primarily limited to the posterior vitreous and vitreo-

retinal interface [123,124].
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5.1 Optical coherence tomography (OCT)

5.1.1 Clinical OCT Imaging—Hyalocytes can be readily visualized with both spectral-

domain and swept-source OCT. Since they appear as hyperreflective round dots, image 

enhancement is not usually necessary. However, to localize them within the cortical vitreous 

fiber meshwork, there is benefit from modifications to routine image acquisition and 

post-acquisition processing. Previous studies [125] developed an acquisition mode termed 

enhanced vitreous imaging (EVI) characterized by averaging a large number of scans (for 

example, 45 to 70 by automatic real time-function on the Heidelberg Spectralis), as well as 

pulling the focus back into the vitreous body and positioning the retinal images inferiorly in 

the scan window. This highlights cortical vitreous structures including hyalocytes embedded 

within the posterior vitreous cortex (Fig 6A). Since retinal nerve fiber analysis relies on 

high averaging, hyalocytes appear routinely in the peripapillary area (Fig 6B). A similar 

acquisition algorithm using 32 averaged images and vitreous focusing using Swept-Source 

OCT yields scans with greater depth into the vitreous body, particularly when using the 

Zeiss PLEX Elite device (Fig 7A). Coronal plane (en face) OCT imaging [20] in particular 

visualizes an abundance of hyalocytes in the cortical vitreous close to the retinal surface (Fig 

7B), whereas they are less prevalent farther anteriorly into the vitreous body (Fig 7C).

5.1.2 Laboratory OCT Imaging (experimental models)—OCT imaging is also 

suitable for laboratory research (with rodents), allowing the quantification of the number 

of vitreous cells after toll-like receptor activation [126]. Although a limitation is that this 

method does not allow discrimination between local proliferation of resident hyalocytes 

and infiltrating monocytes by the use of specific myeloid markers, OCT elegantly takes 

advantage of the relatively cell-free environment of the vitreous body in a non-invasive 

and repeatable way [126]. Another advantage is the comparability with the human situation 

where this method has significantly improved in recent years by taking advantage of the 

physical parameters of distinct cell neuronal and non-neuronal cells for visualization of 

hyalocytes rich in details, and allowing for the first time in vivo imaging kinetics of human 

hyalocytes over time (Fig 8) [35,125].

A novel transgenic reporter mouse model opens the possibility to specifically label resident 

tissue macrophages in defined region by photoconversion [127]. In Cx3cr1Dendra2/+ mice, 

the photoconvertible Dendra2 that is similar to GFP can be converted from green into 

red by blue light and allows the observation of Cx3cr1-expressing cells, in this study 

retinal microglia, by in vivo fluorescence imaging [127]. Within 7 days, the converted red 

Dendra2 molecules are fully replaced within individual cells by the continuous expression 

of the green variant, but allow the observation of the converted cells as well as potentially 

infiltrating cells or recruited non-converted retinal microglia in the observed field of view 

during that time frame [127]. In theory, individually identified groups of hyalocytes could 

be converted as well and followed under native or diseased conditions, in combination with 

microscopic techniques of fixed and stained tissue.

5.2 Adaptive optics scanning light ophthalmoscopy

Recently, coronal plane imaging of human hyalocytes has been enhanced to study hyalocyte 

movement in vivo without exogenous labeling (Figs 8 and 9, Movie 1) [128]. A recent study 
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[37] has demonstrated the use of non-confocal quadrant-detection adaptive optics scanning 

light ophthalmoscopy (AOSLO) [129] and coronal plane (en face) OCT [128] to observe the 

dynamic morphological changes and the variable motility of these cells over extended time 

intervals in the living human eye (Fig. 8). In this study, hyalocytes demonstrated variability 

in movement, fluidity of cell soma configuration, and degree of activation over time. (Fig 

9, Movie 1) Cell processes appeared to reach out and retract upon achieving their intended 

purpose [37]. The detail of hyalocyte morphology and complexity of movements observable 

with this imaging technique brings single cell imaging in living subjects to a new level not 

previously demonstrated.

6. Conclusions

Hyalocytes were first discovered in 1840 and recognized as macrophages shortly thereafter, 

long before microglia were described in the early 20th century [116,130]. The presence and 

active role of hyalocytes during development, adulthood, and under pathologic conditions 

speaks for a distinct and non-redundant role throughout the lifespan of different species 

including rodents, fish, and humans. Early labeling experiments in the 19th centrury already 

pointed to the long-lived nature of these macrophages in a unique environment, being 

the major cell type inhabiting the vitreous body. However, more recent experimental 

findings (including irradiation and bone marrow reconstitution to follow blood-derived 

cells into tissues) showed contradictory results compared to earlier concepts, in favor of 

a peripherally-derived (circulatory) monocytic origin [29,93]. With the advent of inducible 

transgenic reporter mouse labeling that is devoid of irradiation artefacts and enables study 

of resident macrophages in an exclusive way, the findings made in bone marrow chimera 

studies were revisited for all kinds of resident tissue-macrophage populations across many 

organs including the eye [7,8,10,59,131].

Beside traditional microscopic methods such as light and electron microscopy, multicolor 

confocal imaging and imaging mass cytometry have expanded our knowledge regarding the 

expression pattern of human hyalocytes on the protein level in high resolution [30–32]. The 

transparent nature of vitreous makes it directly accessible with light-based imaging such 

as OCT, both clinically in humans and experimentally in mice. Ongoing improvements of 

algorithms for the analysis of OCT-derived images allows previously never-seen spatial and 

temporal resolution of hyalocytes in patients in vivo [35,125], complemented by Adaptive 

Optics Scanning Light Ophthalmoscopy. Despite different morphologies, both hyalocytes 

and microglia demonstrate motile behavior rather than being static. This again begs the 

question if and to what extent these two cells can be regarded as close relatives or just 

neighbors on two sides of the fence, represented by the ILM separating the neural retina 

from the vitreous body.

On a transcriptional level, however, recent studies applied RNA sequencing of hyalocytes 

purified by flow cytometry to shed more light upon the nature of human hyalocytes under 

homeostatic and diseased conditions, allowing comparisons to retinal microglia [30,32]. 

More research is needed to gain more insights into the species-specific differences, as has 

been done recently for retinal microglia [132]. Current expression patterns show overlap 

between the expression profiles of hyalocytes and retinal microglia. In humans, these 
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similarities seem to be a consequence of a common origin during early development, as 

was suggested by live imaging in zebrafish. For mammals, however, further investigation 

in mouse models and advanced coronal plane imaging in humans [35,37] are likely to be 

the most suitable approaches to gain further insight into this special cell that has fascinated 

researchers for almost two centuries, and appropriately continues to do so.

7. Expert opinion

Although the vitreous body is the largest structure within the human eye, knowledge about 

its roles in health and disease is perhaps the least of all ocular tissues. Consequently, 

little is known about various aspects of vitreous physiology and how it performs different 

functions to promote a stable microenvironment within the eye. Not the least of these 

functions is the maintenance of transparency within the center of the eye, which enables 

the unhindered transmission of light to the retina. Thus, the organization of vitreous 

macromolecules minimizes light scattering, although this changes with aging and in certain 

diseases. Transparency also requires a relatively cell-free environment, yet there are some 

cells within the vitreous body whose origin and nature have been the subject of controversy 

ever since their discovery nearly 200 years ago. This review has attempted to determine what 

evidence exists regarding the origin, turnover, and morphology of hyalocytes as a unique 

population of cells.

Based upon the evidence presented in this review, it is reasonable to conclude that 

hyalocytes represent a population of cells that reside within the vitreous body, which are 

distinct from retinal microglia, though the two possess many similarities. Indeed, a weakness 

in this expert opinion is that there are currently no definitive ways to uniquely identify 

either of these two cells, although the preponderance of evidence presented in this review 

suggests that hyalocytes are indeed a distinct if not unique cell type. While found throughout 

the vitreous body, the “most important” hyaloctes might be those embedded within the 

posterior vitreous cortex anterior to the inner limiting membrane of the retina. There, 

hyalocytes act as sentinel cells and as such would be the first to respond to any noxious 

circumstances threatening the health of the posterior segment as well as the entire eye. 

Hyalocytes in the anterior vitreous and at the vitreous base might serve a similar function 

with respect to the lens and ciliary body. The reactions of posterior hyalocytes to trauma, 

infection, aging, neurodegenerative, and systemic diseases probably play important roles in 

the pathophysiology of various diseases of the posterior segment of the eye. These aspects 

will be considered in the second [133] and third [134] articles of this series of expert reviews 

on hyalocytes.

As the eye has long been considered a window to the body, the interplay of the eye and 

central nervous system is particularly intriguing. Thus, inspecting and evaluating hyalocytes 

in the posterior vitreous and their interaction(s) with the neural retina could afford insights 

to the brain in neurodegenerative disorders. The advent of new imaging modalities offers 

scientists and clinicians the opportunity to study human hyalocytes in vivo, enabling better 

understanding of cell activity (e.g. movement) during normal physiology, as well as changes 

in various diseased states. With further information concerning hyalocyte physiology and 

their departure(s) from normality as part of the pathophysiology of various pathologic 
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conditions, the role of hyalocytes in pathogenesis can be further elucidated. This could usher 

in new therapeutic strategies designed to mitigate the role of these critical cells in the early 

stages of disease, thus stopping progression to more advanced stages. In fact, advanced 

knowledge could one day help to develop strategies to prevent many vitreo-retinal diseases 

entirely.
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Abbreviations

BrdU 5′-bromo-2′-deoxyuridine

EdU 5-ethynyl-2’-deoxyuridine

AOSLO adaptive optics scanning light ophthalmoscopy

AGM aorto-gonad-mesonephros

CNS central nervous system

CCL2 chemokine ligand 2

CCR2 chemokine receptor 2

DAPI 4’,6-Diamidino-2-phenylindol

DAB diaminobenzidin

DIC differentical interference contrast

EVI enhanced vitreous imaging

EMP erythro-myeloid precursor

ER estrogen receptor

FL fetal liver

FTL Ferritin Light Chain

GCL Ganglion Cell Layer

GFP green fluorescent protein

HLA human leukocyte antigen
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ILM inner limiting membrane

IMC imaging mass cytometry

INL Inner Nuclear Layer

MHC II major histocompatibility complex II

MS mass spectrometry

OCT Optical Coherence Tomography

ONL Outer Nuclear Layer

P2RY12 purinergic receptor P2Y12

RPE retinal pigment epithelium

SALL1 spalt-like transcription factor 1

TOF time-of-flight

TMEM119 transmembrane protein 119

YFP yellow fluorescent protein
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Article highlights

• This article reviews the origin and turnover of hyalocytes.

• Hyalocytes are tissue macrophages residing in the vitreous body, investigated 

by phase, electron, and confocal microscopies.

• Transcriptional profiling has identified overlapping expression signatures in 

both vitreous hyalocytes and retinal microglia, owing to common myeloid cell 

identity.

• Preretinal vitreous hyalocytes are important as sentinel cells, ready to respond 

to noxious circumstances.

• In vivo imaging of human hyalocytes promises to shed more light on the role 

of hyalocytes in health and disease.
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Figure 1. Human vitreous body.
This sclera, choroid, and retina were dissected off this specimen from a 9-month-old child. 

The vitreous body remains attched to the anterior segment and maintains in gel turgenscence 

in spit of being situtated onto a surgical towel in room air. Image courtesy of New England 

Eye Bank, Boston, MA; reproduced with permission from [2], © 1989 Springer-Verlag New 

York Inc. and [121], © 2014 Springer Science+Business Media New York.
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Figure 2. Human hyalocytes.
LEFT: Dark-field slit microscopy of whole vitreous body from a 59-year-old male reveals 

hyalocytes embedded within the posterior vitreous cortex, appearing as the white dots. 

RIGHT: Phase contrast microscopy of flat mount preparation of hyalocytes in the vitreous 

cortex from the eye of an 11-year-old girl, obtained at autopsy (courtesy of the New 

England Eye Bank, Boston, MA). No stains or dyes were used in this preparation. (A) 

Monoculear cells are distributed in a single layer within the vitreous cortex (x 115). (B) 

Higher magnification (x 290) demonstrates the mononuclear, round appearance of these 

cells. Pseudopodia are present in some cells. Reproduced with permission from [2], © 1989 

Springer-Verlag New York Inc.
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Figure 3. Transmission electron microspcipy of human hyalocyte.
A mononuclear cell is seen embedded within the dense collagen fibril (black C) network of 

the vitreous cortex. There is a lobulated nucleus (N) with dense marginal chromatin (white 

C). In the cytoplasm there are mitochondria (M), dense granules (arrows), vacuoles (V), 

and microvilli (Mi) (X 11,670). Image courtesy of JL Craft, DM Albert and DG Cogan 

(Laboratory of Ophthalmic Pathology, Harvard Medical School, Boston, MA). Reproduced 

with permission from [2], © 1989 Springer-Verlag New York Inc.
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Figure 4. Confocal microscopy of fluorescently labeled hyalocytes.
TOP: A preretinal hyalocyte close to the inner limiting membrane is shown. The hyalocyte 

was identified by its location via differential interference contrast (DIC) and a nuclear 

counterstain with DAPI to investigate the expression of the ferritin light chain (FTL). 

BOTTOM: A free hyalocyte with filopodia is shown. The hyalocyte was identified by 

its location via differential interference contrast and a nuclear counterstain with DAPI to 

investigate the expression of CD74. GCL = ganglion cell layer, INL = inner nuclear layer, 

ONL = outer nuclear layer, RPE = retinal pigment epithelium. Reproduced from [30], 

licensed under CC-BY 4.0 (http://creativecommons.org/licenses/by/4.0/)
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Figure 5. In vitro cultured human hyalocytes.
Primary hyalocytes were purified by flow cytometry after vitrectomy, cultured in vitro and 

stained via immunofluorescence. Hyalocytes are labeled with the macrophage marker IBA1, 

alpha smooth muscle actin and phalloidin labeling the cytoskeleton protein actin. Scale Bar 

= 50 μm. Reproduced from [32], licensed under CC-BY 4.0 (http://creativecommons.org/

licenses/by/4.0/)
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Figure 6. Spectral domain OCT imaging of human hyalocytes in situ.
Enhanced vitreous imaging with the Heidelberg Spectralis demonstrates hyalocytes 

overlying the superior arcade (A) and the peripapillary retina (B) in a 52-year-old male 

with central serous chorioretinopathy. Images courtesy of author M Engelbert.
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Figure 7. Swept source OCT imaging of human hyalocytes in situ.
Swept-Source OCT visualizes not only the Bursa Premacularis of Worst, but other lacunae 

of liquefied vitreous in the vitreous body in proximity to the retina. Hyalocytes appear as 

hyperreflective dots (A). En face imaging demonstrates a greater abundance of hyalocytes in 

a 20 μm slab just over the retinal surface (B) than in an equivalent slab 100 μm away from 

the retina (C). Images courtesy of author M Engelbert.
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Figure 8. Imaging human hyalocytes in vivo.
A 32-year-old male was imaged with clinical OCT & Adaptive Optics Scanning Light 

Ophthalmoscopy (AOSLO). A: Color fundus photo, black box indicates a region imaged 

using clinical OCT. B & C: OCT reflectance and OCT angiography (OCTA) color overlays 

of the black box in (A). Clinical OCT color overlays of (B) superficial retinal vascular 

network (red) and hyalocytes (green), and (C) hyalocytes (green) seen anterior to the retinal 

nerve fiber bundles (blue) show the spatial relationships among structures. D: Magnified 

color overlay of the superficial retinal vascular network (red) and hyalocytes (green) of 
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the white box in (B). White arrows indicate seven hyalocytes imaged within this region 

of interest. E: Corresponding AOSLO image also revealed the same number of hyalocytes 

(white arrows) with better visibility of their cell somas and processes. Hyalocyte locations 

appear to match between imaging modalities, but the cell size and shape were different. 

Yellow box indicates a region imaged over 2 hours in Figure 9. Images courtesy of authors 

TYP Chui and RB Rosen.
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Figure 9. Coronal plane imaging of human hyalocytes in vivo.
In vivo imaging of hyalocyte morphology and dynamics in a 32-year-old male using non-

confocal quadrant-detection adaptive optics scanning light ophthalmoscopy. A1-A5: Two 

ramified hyalocytes show noticeable differences in shape and movement over 2 hours. 

Time of acquisition in the lower-left corner of each image denotes the hrs:mins:secs. B: A 

chromo-temporal map composite of the 5 time points (each approximately 30 minutes apart) 

demonstrates the movements of cell somas and processes over 2 hours. While the more 

ramified cell (left) displays relatively stationary soma, the less ramified cell (right) shows 

relatively greater movement of the soma as evidenced by the long chromatic trail in the 

chromo-temporal map. The processes of both cells, however, appear to move significantly 

over 2 hours. See Movie 1 for the AOSLO time-lapse video of the two hyalocytes and their 

processes movement over 2 hours. Images courtesy of authors TYP Chui and RB Rosen.
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