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SUMMARY
The development of the visual system involves the coordination of spatial and temporal events to specify the organization of varied cell

types, including the elongation of axons from retinal ganglion cells (RGCs) to post-synaptic targets in the brain. Retinal organoids reca-

pitulate many features of retinal development, yet have lacked downstream targets into which RGC axons extend, limiting the ability to

model projections of the human visual system. To address these issues, retinal organoids were generated and organized into an in vitro

assembloidmodel of the visual systemwith cortical and thalamic organoids. RGCs responded to environmental cues and extended axons

deep into assembloids, modeling the projections of the visual system. In addition, RGC survival was enhanced in long-term assembloids,

overcoming prior limitations of retinal organoids inwhich RGCs are lost. Overall, these approacheswill facilitate studies of human visual

system development, as well as diseases or injuries to this critical pathway.
INTRODUCTION

Three-dimensional organoids derived from human plurip-

otent stem cells (hPSCs) have revolutionized the ability to

model the development of human tissues, closely recapitu-

lating both the spatial and the temporal differentiation of

cell types (Ader and Tanaka, 2014; Brown et al., 2018; Lan-

caster and Knoblich, 2014; Quadrato and Arlotta, 2017).

Among the tissues to be modeled with organoids, retinal

organoids closely model the stratification of all of the ma-

jor cell types of the retina (Lu and Barnstable, 2019; Sridhar

et al., 2018), including the organization of photoreceptors

in apical layers and retinal ganglion cells (RGCs) found

within basal layers. This spatiotemporal organization of

retinal organoids has resulted in their use for studies related

to human retinogenesis (Capowski et al., 2019; Cowan

et al., 2020; Eldred et al., 2018; Fligor et al., 2018; Kallman

et al., 2020; Sridhar et al., 2020; Wahlin et al., 2017;

Zhong et al., 2014), as well as diseases resulting in the

degeneration of retinal neurons (Huang et al., 2019; Lane

et al., 2020; Parfitt et al., 2016; VanderWall et al., 2020a).

Many studies of retinal organoids to date have focused

on the development of photoreceptors, as well as those dis-

eases that adversely affect these cells (Eldred et al., 2018;

Kallman et al., 2020; Wahlin et al., 2017; Zhong et al.,

2014). Conversely, studies of RGCs within retinal organo-

ids have received considerably less attention, likely due to

a lesser organization of these cells within organoids as
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well as their eventual loss within long-term cultures,

limiting the applicability of retinal organoids for diseases

affecting RGCs. As the projection neurons of the visual sys-

tem, RGCs serve as the sole connection between the eye

and the brain (Crair andMason, 2016). The ability to study

RGC axonal outgrowthwithin three-dimensional organoid

cultures would significantly add to our understanding of

the development and pathfinding of these critical cell

types, and would also provide a powerful model for the

analysis of diseases affecting RGCs as well as a tool for

studying strategies to encourage the regeneration of RGC

axons.

Among the possible explanations for the loss of RGCs

within retinal organoids, the neurotrophic hypothesis

states that RGCs require essential survival signals from

post-synaptic targets for their survival (Northcutt, 1989;

von Bartheld et al., 1996). In the absence of these survival

factors, RGCs undergo apoptosis. As these post-synaptic

targets are found largely within the thalamic regions of

the brain, traditional retinal organoid cultures do not ac-

count for the necessity of post-synaptic targets and, thus,

RGCs lack these vital pro-survival factors leading to their

degeneration.

To address these shortcomings, the current study focuses

upon three-dimensional assembloids as a powerful

approach to study the enhanced survival of stem cell-

derived RGCs as well as the mechanisms underlying

the long-distance projection of RGC axons toward
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physiologically relevant tissues. Generated from the fusion

of regionally patterned individual organoids, assembloids

effectively model the projections between distinct regions

of the nervous system (Amin and Pasxca, 2018; Chen

et al., 2020;Miura et al., 2020; Xiang et al., 2019). Tomodel

the outgrowth of RGC axons into the brain, initial efforts

explored the fusion of retinal and brain organoids to pro-

vide RGCs with brain-like tissue for the study of RGC pro-

jections. Subsequently, assembloids were generated to

join retinal, thalamic, and cortical organoids. Within these

assembloids, RGCs extended long-distance axons and ex-

hibited enhanced survival compared with those grown in

retinal organoids alone. The results of these studies are an

important step toward re-creating retinotectal projections

in a dish and represent a novel platform for studying the

development of human RGCs as well as a more physiolog-

ically relevant system for analyses of how RGCs are lost in

neurodegenerative diseases such as glaucoma.
RESULTS

hPSC-derived RGCs respond to environmental cues

During the development of the visual system, RGC axons

are required to accurately survey their environment and

respond to a variety of cues to reach their post-synaptic tar-

gets (Murcia-Belmonte and Erskine, 2019). To determine if

hPSC-derived RGCs were similarly capable of responding

to extrinsic signals, RGCs were differentiated from hPSCs

through the generation of three-dimensional retinal orga-

noids and subsequent purification of RGCs by sorting for

the tdTomato:Thy1.2 reporter (Sluch et al., 2017; Vander-

Wall et al., 2019, 2020a). By 45 days of differentiation,

RGCs were readily identified within retinal organoids based

upon the expression of tdTomato (Figures 1A–1C).

Mimicking the lamination of the human retina, RGCs

were observed exclusively within the inner layers of retinal

organoids, as opposed to the localization of photoreceptors

in outer layers. Following the enzymatic dissociation of

retinal organoids and subsequent purification of RGCs by

sorting for the Thy1.2 cell surface antigen, elaborate axons

were observed surveying the environment with F-actin-en-

riched growth cones at the leading edge of each axon (Fig-

ure 1D). Thus, ensuing experiments explored the ability of

RGC axons to appropriately respond to environmental cues.

Purified RGCs were seeded into microfluidic devices to

document axonal outgrowth over time and in response

to external stimuli (Figure 1E). Compared with those cul-

tures grown inmedium alone, RGCs extended significantly

more axons crossing into the contralateral chamber when

the axonal compartment was supplemented with brain-

derived neurotrophic factor (BDNF) (Figures 1F–1H). Simi-

larly, the supplementation of BDNF in the axonal chamber
resulted in an increase in neurite complexity of cell bodies

within the soma chamber (Figures 1I–1K). Thus, these ex-

periments demonstrated the ability of hPSC-derived RGC

axons to appropriately respond to environmental stimuli.

Next, toassess theabilityofhPSC-derivedRGCsto respond

to signals from a physiologically relevant tissue, co-culture

explant experiments were designed. The lateral geniculate

nucleus (LGN) is a primary post-synaptic target of RGCs

(Murcia-Belmonte and Erskine, 2019) and thus, explant cul-

tures of mouse LGN tissue were established (Figure S1). Sub-

sequently, hPSC-derived RGCswere grown either alone or in

co-culture with explants of tissue from the mouse LGN (Fig-

ures 2A and 2B). As a control, co-cultures were also estab-

lished between hPSC-derived RGCs and explants of mouse

olfactory bulb, serving as an easily accessible brain tissue

thatwouldnot be anappropriate target forRGCs (Figure 2C).

Theaverageneurite lengthofRGCsco-culturedwithLGNex-

plants was significantly increased compared with control

RGCs cultured alone, with the presence of an olfactory

bulb explant showing no discernable effect on neurite

outgrowth (Figure 2D). Subsequently, Sholl analyses demon-

strated that RGCs co-cultured with LGN explants extended

significantly more neurites, with an increased number of

neurites reaching the target, compared with those RGCs

grown in co-culture with olfactory bulb (Figures 2E and

2F), suggesting that the presence of LGN-derived factors in-

fluences the degree of RGC axonal outgrowth. After 1 week

in culture, RGC axons oriented toward the LGNwere signif-

icantly longer comparedwith axons in the same orientation

toward olfactory bulb co-cultures, as well as control RGCs

grownalone (Figures 2G–2K), suggesting that an appropriate

post-synaptic target influences the directionality of RGC

axonal outgrowth.Overall, these experiments demonstrated

that axonal outgrowth from hPSC-derived RGCs could be

influenced by extrinsic signals, not only increasing the

length of RGC axons but also influencing the directionality

of axonal outgrowth.

Generation of retinal andbrain assembloids to analyze

RGC axonal outgrowth

During embryonic development, the retina is derived as an

outgrowth from the diencephalic region of the neural tube

and remains physically connected to the brain through

axonal projections of RGCs (Murcia-Belmonte and Erskine,

2019). Given the close proximity in which the retina and

brain are derived, it is perhaps not surprising that differenti-

ation protocols to derive retinal organoids have often identi-

fied parallel populations reminiscent of developing prosen-

cephalic structures (Meyer et al., 2011; Sridhar et al., 2013;

Zhong et al., 2014). Thus, the ability to utilize retinal and

prosencephalic brain organoids to generate assembloids for

the study of RGC axonal outgrowth was further explored

(Figures 3A and 3B). After 50 days of total differentiation,
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Figure 1. Axonal outgrowth of hPSC-derived RGCs
(A) RGCs were identified within the inner layers of retinal organoids based upon the expression of tdTomato.
(B and C) RGCs develop in the innermost layer of retinal organoids, followed by the development of a distinctly separate photoreceptor
layer by 70 days of differentiation. (B) 30 days, (C) 70 days.
(D) Growth cones from developing RGCs were observed at the leading edge of RGC axons.
(E) Schematic of microfluidic platforms for the analysis of RGC axonal outgrowth.
(F–H) Within 1 week, BDNF addition to the axonal chamber significantly increased the recruitment of RGC axons. (F) +BDNF, (G) �BDNF.
(H) Number of axons crossing the chamber.
(I–K) More robust outgrowth of RGC axons in response to BDNF treatment was observed by 3 weeks of growth. (I) +BDNF, (J) �BDNF. (K)
Number of primary neurites.
Error bars represent SEM, *p < 0.05, ****p < 0.001. n = 5 separate differentiation experiments each using the H7 line of human embryonic
stem cells (hESCs) and the H3 line of human induced pluripotent stem cells (hiPSCs). Scale bars: (A) 400 mm, (B and C) 50 mm, (D) 25 mm,
(F and G) 250 mm, (I and J) 30 mm.
retinal and brain organoids were fused together to form as-

sembloids to identify axonal projections from RGCs into a

three-dimensional environment mimicking the developing

brain (Figures 3C and 3D). Within the first week of growth
2230 Stem Cell Reports j Vol. 16 j 2228–2241 j September 14, 2021
as assembloids, numerous tdTomato-positive RGC axons

extended into brain organoids identified by the expression

of the cortical neuronal marker CTIP2 (Figures 3E and 3F).

Upon prolonged culture of assembloids, RGC axons grew



Figure 2. Enhancement of RGC axonal outgrowth in the presence of appropriate post-synaptic target tissue
(A–C) RGC cellular aggregates (top) were grown (A) by themselves or in the presence of explants of either (B) LGN or (C) olfactory bulb
tissue (bottom).
(D) Average RGC axon length was significantly increased in the presence of LGN explants.
(E and F) Sholl analyses indicated that significantly more RGC neurites grew in closer proximity to explants compared with olfactory bulb
controls. (E) Distance from RGC, (F) distance from explant.
(G and H) Representative tracings demonstrating RGC neurite outgrowth after co-culture with (G) LGN or (H) olfactory bulb. After 1 week in
culture the distance of the longest neurite within 10� steps from the explant was measured.
(I and J) Co-culture with (I) LGN explants specifically increased RGC outgrowth compared with (J) controls.
(K) RGC axons that grew closer to LGN explants were significantly longer.
Error bars represent SEM, *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001. n = 7 separate differentiation experiments each using the H7
line of hESCs and the H3 line of hiPSCs Scale bar, 500 mm.
longer and more elaborate, reaching deeper into brain orga-

noidswith growth-cone-like structures at the leading edge of

axons (Figures 3G–3I).
Following the establishment of assembloids (Figure 4A),

axonal outgrowth was quantified as the percentage of

axons extending into brain organoids based on their
Stem Cell Reports j Vol. 16 j 2228–2241 j September 14, 2021 2231



Figure 3. Generation of assembloids from retinal and brain organoids
(A–D) After a total of 50 days of differentiation, retinal organoids and brain organoids were fused together to form assembloids. (A)
Retinal, (B) brain, (C) assembloid. (D) Magnified region of box shown in panel C to demonstrate extension of tdTomato-expressing RGC
axons into brain organoid.
(E–G) After 1 week, multiple RGC axons extended into CTIP2-positive brain organoids (E and F) and bundled together to form large axonal
tracts (G). Box in panel E is magnified in panel F.
(H and I) The active growth of RGC axons was apparent by the presence of growth cone-like structures at the leading edge of RGC axons within
brain organoids. Box in panel H is magnified in panel I. n = 6 separate differentiation experiments each using the H7 and H9 lines of hESCs.
Scale bars: (A–C) 500 mm, (D) 50 mm, (E) 300 mm, (F) 50 mm, (G) 200 mm, (H) 50 mm, (I) 30 mm.
extension into the beginning (r1), if they reached the mid-

dle (r2), or if they reached the distal end (r3) of the brain or-

ganoid (Figure 4B), similar to previously describedmethods

(Xiang et al., 2019). RGC axonal extension was quantified

from 3 to 7 days post-assembly, in which outgrowth was

significantly enhanced into more distal regions of brain

organoids (Figures 4C–4E). Interestingly, this axonal

outgrowth did not appear to be random, but rather the pos-

sibility exists that RGC axons within assembloidmodels re-

sponded to environmental cues, as tdTomato RGC axons

were preferentially found within CTIP2-positive neuronal

regions rather than SOX2-positive progenitor zones (Fig-

ure 4F). Thus, the results of these experiments demon-

strated the ability of assembloid models of retinal projec-

tions into the brain to serve as effective models of RGC

axonal outgrowth and pathfinding.

Assembloid formation results in increased growth and

survival of retinal organoids

During retinogenesis, the developing retina receives critical

retrograde signaling from targets within the developing
2232 Stem Cell Reports j Vol. 16 j 2228–2241 j September 14, 2021
brain (Murcia-Belmonte and Erskine, 2019), leading to

enhanced survival of retinal neurons including RGCs.

While retinal organoid studies to date have closely recapit-

ulated many aspects of retinogenesis (Eldred et al., 2018;

Fligor et al., 2018; Wahlin et al., 2017), the isolated growth

of retinal organoids in suspension cultures has limited the

analysis of these critical interactions between the retina

and the brain. The development of assembloids between

retinal and brain organoids would thus allow for the anal-

ysis of how retrograde signaling modulates the growth and

differentiation of developing RGCs. While the maturation

of retinal organoids can be a lengthy process extending up

to a year in culture, RGCs notoriously do not survive

beyond 150 days (Capowski et al., 2019; Wahlin et al.,

2017; Zhong et al., 2014), presenting a significant obstacle

to the long-term analysis of RGCs in retinal organoids as a

developmental or disease-related model. In the current

study, retinal organoids within assembloids were signifi-

cantly larger compared with controls grown alone, almost

doubling in size by 150 days of differentiation (Figures

5A–5G). In addition, while a decrease in the number of



Figure 4. RGC axonal outgrowth and path-
finding into assembloids
(A) Retinal organoids expressing POU4F2:
tdTomato were fused to CTIP2-positive brain
organoids at 50 days of differentiation to
analyze the extent of RGC axonal outgrowth
into assembloids.
(B) Schematic of the method for quantifying
axonal outgrowth from 3 days post-assembly
(dpa) to 7 dpa.
(C) By 3 dpa, axons had begun to extend into
brain organoids.
(D) More extensive RGC axonal outgrowth was
observed by 7 dpa.
(E) By 5 dpa, significantly more axons had
reached the midpoint of brain organoids or
beyond, with a majority of axons reaching the
end of brain organoids by 7 dpa.
(F) RGC axons displayed pathfinding abilities,
with more axons (arrows) avoiding SOX2-
positive ventricular-like zones (dotted lines),
rather than extending through.
Error bars represent SEM, *p < 0.05,
**p < 0.01, ***p < 0.005, ****p < 0.001.
n = 6 separate differentiation experiments
each using the H7 and H9 lines of hESCs.
Scale bars, 250 mm.
RGCs was observed in retinal organoids grown alone after

100 days in culture, assembloid cultures supported a

continued increase in RGC fluorescence intensity for at

least 150 days in vitro (Figures 5A–5H).

To explore the possibility that cortical organoids may

provide critical growth factors to support this increased

size and RGC survival, retinal organoids exhibited signifi-

cantly increased cell proliferation as well as decreased

apoptosis when grown as part of assembloids for 7 days

post-assembly, based upon the expression of Ki-67 and

active caspase-3, respectively (Figures 5I–5N). To identify

candidate factors that could at least partially exert these ef-

fects upon retinal organoid growth and confer increased

RGC survival, a growth factor array was performed on ly-

sates of brain organoids, which indicated that BDNF was

among the most abundant (Figure 5O). To test the ability

of BDNF to contribute to retinal organoid growth and

RGC survival, individual retinal organoids were treated

with exogenous BDNF in the absence of brain organoids

at a concentration of 50 ng/mL beginning at day 60 of dif-
ferentiation (Figures 5P–5S). Under these conditions, more

tdTomato-expressing RGCs were observed at 150 days in

culture compared with untreated retinal organoids, similar

to those levels found within assembloids (Figure 5T),

although the overall size of retinal organoids remained un-

changed compared with untreated controls (Figure 5U).

Reconstructing retinotectal projections with retinal,

thalamic, and cortical organoids

Within the brain, the major post-synaptic targets for RGCs

are foundwithin the thalamus, particularly the LGN aswell

as the superior colliculus as primary targets (Murcia-Bel-

monte and Erskine, 2019). Given the highly specialized

and diverse functions of different brain regions, as well as

differences in the signals they can produce for growing

axons, the ability to more effectively model connections

between the retina and the thalamus using hPSC-derived

organoids would offer numerous opportunities for the

study of the human visual pathway. As such, given the

recent derivation of thalamic organoids fromhPSCs (Xiang
Stem Cell Reports j Vol. 16 j 2228–2241 j September 14, 2021 2233



Figure 5. Long-term maintenance of RGCs
in retinal organoids
(A–F) Retinal organoids were maintained up
to 150 days in culture (A–C) and compared
with age-matched retinocortical assembloids
(D–F). Area of retinal organoid indicated by
dashed line.
(G) Retinal area was significantly increased in
assembloids.
(H) POU4F2:tdTomato expression began to
decrease in control organoids after 100 days
in culture, while expression was significantly
increased in assembloids.
(I–K) Assembloids displayed significantly
increased cell proliferation indicated by Ki67
immunoreactivity compared with age-
matched controls. (I) Control, (J) assem-
bloid, (K) relative Ki-67.
(L–N) Concurrently, a significant decrease in
the expression of active caspase-3 within
retinal regions was observed. (L) Control, (M)
assembloid, (N) relative caspase-3.
(O) Cytokine array analysis of brain organoid
lysates, with BDNF identified as the most
highly expressed.
(P–U) Exogenous BDNF resulted in enhanced
organization and increased POU4F2:
tdTomato expression in long-term cultures,
while no significant difference was observed
in the size of retinal organoids. (P, Q) Con-
trol, (R, S) +BDNF, (T) tdTomato intensity,
(U) area.
Error bars represent SEM, *p < 0.05,
***p < 0.005, ****p < 0.001. n = 5 separate
differentiation experiments each using the
H7 and H9 lines of hESCs. Scale bars: (A–F)
500 mm, (I, J, L, and M) 50 mm, (P and R)
200 mm, (Q and S) 50 mm.
et al., 2019), efforts were undertaken to more specifically

model projections of the visual pathway with assembloids

generated from retinal, thalamic, and cortical organoids.

To construct an assembloid model of the visual pathway,

thalamic and cortical organoids were differentiated

following established methods (Figures S2 and S3), and as-

sembloids were then configured to join retinal, thalamic,

and cortical organoids in order (Figure 6A). To aid in iden-

tification of cells originating from each organoid, particu-

larly long-distance axonal projections from one organoid

to another, retinal organoids were generated from hPSCs

with a POU4F2:tdTomato reporter, while thalamic organo-

ids were generated with a GFP reporter (Figures 6B and 6C).

Assembloids were then generated after 50 total days of dif-
2234 Stem Cell Reports j Vol. 16 j 2228–2241 j September 14, 2021
ferentiation, and cells from each organoid could be readily

identified by the expression of fluorescent proteins or

through immunostaining of cortical organoids for the

robust expression of CTIP2 (Figure 6C).

Within 1 week following the fusion of organoids to form

assembloids, tdTomato-expressing RGC axons robustly

extended into GFP-expressing thalamic organoids (Figures

6D–6F). Interestingly, while RGC axons extending into

thalamic organoids appeared shorter than those that previ-

ously extended into brain organoids (Figure 4D), signifi-

cantly greater numbers of RGC axons extended into

thalamic organoids (Figure 6G), suggesting differences in

the environments between thalamic and prosencephalic

brain organoids affecting RGC axonal outgrowth. In



Figure 6. Visual pathway reconstruction with retinal, thalamic, and cortical organoids
(A) Schematic of strategy to generate tri-assembloids from retinal, thalamic, and cortical organoids.
(B and C) (B) Fluorescent reporters were used to identify various organoids and their projections, with retinal organoids expressing a
POU4F2:tdTomato reporter and thalamic organoids expressing a GFP reporter. (C) Staining of cortical organoids with CTIP2 verified their
identity.
(D–F) Following the formation of assembloids, tdTomato-expressing RGC axons robustly extended into GFP-expressing thalamic organoids.
(D) tdTomato, (E) GFP, (F) merge.
(G) Significantly greater numbers of RGC axons had extended into thalamic organoids compared with brain organoids at the same time point.
(H–K) After an additional 2 months, GFP-expressing thalamic cells migrated retrogradely into retinal organoids, with these migratory cells
expressing the early astrocyte marker S100b. (H) tdTomato, (I) GFP, (J) S100b, (K) merge.
(L–N) Between thalamic and cortical organoids, robust extension of GFP-expressing neurites was observed entering CTIP2-positive cortical
organoids. (L) GFP, (M) CTIP2, (N) merge
Error bars represent SEM, ***p < 0.005. n = 6 separate differentiation experiments each using the H7 and H9 lines of hESCs and the tiPS5
line of hiPSCs. Scale bars: (B) 800 mm, (C) 400 mm, (D–F) 200 mm, (H–K) 150 mm, (L–N) 150 mm. Dashed line indicates boundary between
different organoids within assembloid, as indicated on the left margin.
addition, while RGC axons robustly extended into

thalamic organoids, no evidencewas observed for GFP-pos-

itive thalamic cells extending into retinal organoids at early

time points, demonstrating a largely unidirectional path of

axonal outgrowth. Within an additional 2 months, GFP-

expressing thalamic cells began migrating retrogradely

into retinal organoids. Interestingly, these migratory cells
were mostly S100b-expressing astrocytes (Figures 6H–6K),

somewhat reminiscent of the migration of astrocytes dur-

ing neural development into the retina. Conversely, robust

extension of GFP-expressing neurites was observed

entering cortical organoids (Figures 6L–6N), similar to the

outgrowth of thalamic neurons toward the visual cortex.

Overall, the use of retinal, thalamic, and cortical organoids
Stem Cell Reports j Vol. 16 j 2228–2241 j September 14, 2021 2235



to form assembloids allowed for the in vitro modeling of

several aspects of the development of the visual pathway.
DISCUSSION

The results presented here demonstrate the establishment

of novel approaches for the study of human RGC axonal

outgrowth and pathfinding, including the response of

RGC axons to extrinsic factors as well as the ability of

hPSC-derived RGCs to navigate through neural environ-

ments to reach post-synaptic targets. The establishment

of three-dimensional assembloids from retinal, thalamic,

and cortical organoids provided a more physiologically

relevant model of the visual pathway, facilitating the

exploration of how axons navigate the neural environment

to reach post-synaptic targets as well as how connections

are established in this pathway in a novel human cellular

in vitro system.

In the current study, RGC axons were effectively re-

cruited in response to a gradient of signaling factors, partic-

ularly BDNF, as a retrograde signaling factor that is known

to be provided to RGCs from targets within the brain (Pease

et al., 2000; Quigley et al., 2000). Interestingly, explants of

mouse LGN influenced not only the length of RGC axonal

outgrowth, but also the directionality of outgrowth, as

RGCs preferentially extended toward LGN explants,

whereas similar experiments using olfactory bulb explants

failed to recapitulate these effects. As axonal outgrowth

and pathfinding are dynamic processes, with axonal

growth cones regularly extending and retracting in

response to environmental cues, the cause of increased

RGC axonal outgrowth in the presence of LGN explants

could be due to a variety of factors. It is possible that LGN

explant tissue released a more suitable cocktail of growth

factors to recruit RGC axons. Alternatively, it is possible

that the process of axonal outgrowth itself was not partic-

ularly affected, but rather, the LGN explant may have

served as a desirable target for RGC axons that limited sub-

sequent retraction, essentially locking these axons in place

and enhancing their total length and number. In future

studies, it will be interesting to identify factors differen-

tially produced from post-synaptic targets that serve as

attractive cues for developing RGC axons.

While organoid models provide a strong in vitro platform

for studies of cell fate determination and organization, they

are typically limited to a particular tissue type and, thus,

limited in their ability to effectively model the long-dis-

tance axonal extensions of RGCs and other projection neu-

rons of the nervous system. A number of previous studies

have demonstrated the ability of retinal organoids to give

rise to RGCs in a spatiotemporally appropriate manner,

yet these cells are often lost by later stages of differentiation
2236 Stem Cell Reports j Vol. 16 j 2228–2241 j September 14, 2021
(Capowski et al., 2019; Sridhar et al., 2020; Zhong et al.,

2014).While a variety of possibilities may explain this phe-

nomenon, the ‘‘neurotrophic hypothesis’’ may be a likely

cause, meaning that those RGCs that receive retrograde

neurotrophic factors will survive, while those that lack

retrograde survival support will undergo apoptosis (North-

cutt, 1989; von Bartheld et al., 1996).

To address the shortcomings of retinal organoids for the

long-term study of RGCs and their axonal projections, the

current study focused on the development of three-dimen-

sional assembloid models of the visual system not only to

enhance the viability of hPSC-derived RGCs, but also to

provide a more physiologically relevant environment for

the growth of RGC axons. The concept of three-dimen-

sional assembloid models has been recently described

(Amin and Pasxca, 2018), and in it regionally patterned cells

and/or organoids are combined to more effectively model

interactions between different cell types, particularly those

from different brain regions. Results from the current study

demonstrated a robust extension of RGC axons into

assembloid models, with RGC axons demonstrating the

recognition of environmental cues to guide their

outgrowth. Interestingly, these axons often avoided re-

gions of neural rosettes within brain organoids, resembling

ventricular zones of the developing brain, similar to previ-

ous studies that have demonstrated chemorepulsive cues

provided by ventricular zones in the brain that function

to guide the direction of neuronal migration and axonal

pathfinding (Andrews et al., 2007; Yeh et al., 2014). In addi-

tion, while RGC axons were capable of growth into varied

assembloidmodels, RGCs extended longer axons into pros-

encephalic brain organoids, yet the number of RGC axons

was increased within thalamic organoids. These observa-

tions suggest that the environment within thalamic orga-

noids provides more suitable cues for RGCs to explore

rather than quickly pass through, reminiscent of topo-

graphic mapping in the tectum when RGCs begin to enter

the LGN and slow their growth and increase branching in

the stages prior to refinement (Dingwell et al., 2000; Gode-

ment and Mason, 1993). Overall, these results will provide

a foundation for future studies of human RGC axonal

outgrowth and the environmental cues that guide this

pathfinding.

The study of retinal organoids in recent years has pro-

vided tremendous insight into mechanisms underlying

the specification of the human retina (Capowski et al.,

2019; Cowan et al., 2020; Sridhar et al., 2020), with a partic-

ular focus upon photoreceptor development and organiza-

tion (Eldred et al., 2018; Kallman et al., 2020; Wahlin et al.,

2017). However, a number of shortcomings of retinal orga-

noids remain, including the eventual loss of RGCs from

retinal organoids in long-term cultures as well as the

inability of retinal organoids to approximate the size of



the developing human retina. The current study demon-

strated a significantly increased survival of RGCs within as-

sembloids comparedwith those RGCs grownwithin retinal

organoids lacking access to downstream targets. In further

support of the neurotrophic hypothesis (Northcutt, 1989;

von Bartheld et al., 1996), BDNF was identified as a leading

growth factor produced by brain organoids, and further

supplementation of retinal organoids with exogenous

BDNF resulted in the enhanced survival of RGCs in long-

term cultures. In addition, increased survival of RGCs in as-

sembloids was associated with an increased size of the

retinal organoid component of assembloids due to a com-

bination of both increased cell proliferation and decreased

apoptosis. Interestingly, while exogenous BDNF exposure

led to increased RGC survival, it was insufficient to confer

an increased size of retinal organoids as observed in assem-

bloid cultures, suggesting other factors are likely involved

in observed size differences. In future studies, it will be

important to determine the degree to which other brain-

derived factors play a role in the survival and growth of

retinal organoids, as previous studies have demonstrated

that a variety of growth factors play a role in RGC survival,

axonal outgrowth, and regeneration (Goldberg et al., 2002;

Meyer-Franke et al., 1995).

Within the mammalian retina, numerous subtypes of

RGCs exist, with diversity based onmorphology, transcrip-

tional profile, and function (Laboissonniere et al., 2019;

Rheaume et al., 2018). In addition, numerous reports

have detailed the selective susceptibility of certain RGC

subtypes in disease states such as glaucoma (Della Santina

et al., 2013; Ou et al., 2016; Tran et al., 2019; VanderWall

et al., 2020b). Given the ability to enhance overall RGC sur-

vival within retinal organoids and assembloids, it may also

be possible to study the differential susceptibility of RGC

subtypes in future studies. Similarly, it is also important

to note that the use of the POU4F2:tdTomato:Thy1.2 re-

porter line in this study is an efficient method for RGC

identification and purification, yet this purification selects

for RGCs that express POU4F2.While POU4F2 is expressed

by a large majority of RGCs in the retina (Xiang et al.,

1997), it is important to note that these RGCs may not

accurately represent the entire population of RGCs found

in organoids.

In long-term cultures, thalamic organoid-derived

S100b-positive cells appeared to migrate into retinal orga-

noids, coinciding with the crucial time point at which

RGC populations typically declined (Capowski et al.,

2019; Sridhar et al., 2020; Zhong et al., 2014). A decline

in RGC populations is most likely the result of a combina-

tion of factors, particularly a lack of important support cells

such as astrocytes. In vivo, astrocytes can be found along the

nerve fiber layer of the retina as well as throughout the op-

tic nerve (Chu et al., 2001; Tao and Zhang, 2014). There-
fore, the increased survival of RGC populations within

assembloids may be a result of the introduction of crucial

supporting glial cells that are not native to retinal organo-

ids. Moreover, cell migration was also observed from the

thalamus into cortical organoids, reminiscent of thalamic

projections that relay information from the LGN to the pri-

mary visual cortex. Therefore, the assembly of retinal-

thalamic-cortical tri-assembloids begins to mimic the early

stages of visual circuit formation.

The ability to more closely recapitulate the extracellular

environment surrounding RGC axons through the use of

assembloids will also have important implications for the

study of neurodegenerative diseases such as glaucoma.

RGCs are highly compartmentalized neurons, with neuro-

degeneration in glaucoma occurring via distinct mecha-

nisms in the axon compared with the cell body and

dendrites (Syc-Mazurek and Libby, 2019; Whitmore et al.,

2005). Correspondingly, the initial insult to RGCs in glau-

coma occurs within the axonal compartment when axons

leave the eye through the optic nerve head.While previous

studies have been able to study some features of glaucom-

atous neurodegeneration with retinal organoids (Vander-

Wall et al., 2020a), the ability to study neurodegenerative

features associated with RGC compartmentalization has

not been previously possible. Through the use of assem-

bloid models, future studies of glaucomatous neurodegen-

eration can be greatly facilitated in a manner that can be

adapted to more accurately reflect the extracellular envi-

ronment and how these factors modulate the disease

phenotype, particularly factors that contribute in a non-

cell-autonomous manner.

While the current study demonstrates the feasibility of

establishing retinal-thalamic-cortical assembloids with

hPSC-derived organoid models, in the future it will be

important to refine these strategies to better reflect the

spatial organization of these brain regions. The ability to

utilize assembloid models remains limited by inadequate

organization of many organoid models (Del Dosso et al.,

2020). Further refinements in the differentiation of organo-

ids in the future will contribute to refinements in the

composition and organization of assembloids and will aid

in the application of assembloids for studies of the develop-

ment of the visual pathway as well as how this pathway is

adversely affected in disease states. It will also be of interest

to investigate whether assembloid models can be adapted

to examine the formation of functional synaptic contacts

between different brain regions, including whether assem-

bloids can demonstrate functional responses to light stim-

uli along the complete visual pathway.

Overall, the development of retinal-thalamic-cortical as-

sembloids serves as an effective in vitro model of the long-

distance projections between the retina and the brain,

with RGC axons significantly extending into assembloids
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and thalamic neurons similarly extending into cortical re-

gions. Furthermore, by providing an appropriate environ-

ment for RGCs to extend their axons, the growth of retinal

organoids as a whole was enhanced, including a significant

increase in RGC survival. As such, these results will facili-

tate the use of assembloids for disease modeling and phar-

maceutical screening, as well as providing a model for

studies of RGC axonal outgrowth and regeneration.
EXPERIMENTAL PROCEDURES

Differentiation of regional organoids
hPSCs were expanded and passaged as previously described (Meyer

et al., 2009). For retinal organoids, hPSCs were differentiated

following previously established protocols (Fligor et al., 2020; Srid-

har et al., 2016). Prosencephalic brain organoids were differentiated

fromhPSCs throughsimilarmethods (Fligoret al., 2020;Meyer etal.,

2011; Ohlemacher et al., 2015), as brain organoids have been previ-

ously demonstrated to be derived in parallel with retinal organoids.

Briefly, BMP4 was excluded from the medium at day 6 of differenti-

ation and embryoid bodies were plated on laminin-coated plates

2 days later, with all subsequent conditions maintained the same.

Thalamic organoids were differentiated following a previously pub-

lishedprotocol (Xianget al., 2019). Experimentaldetails fordifferen-

tiation of organoids are provided in the supplemental experimental

procedures. All experiments were performed following approval by

the Indiana University Institutional Biosafety Committee.
Growth of hPSC-derived RGCs in microfluidic

platforms
RGCs were purified from retinal organoids as previously described

(Sluch et al., 2017; VanderWall et al., 2020a) and subsequently

seeded into microfluidic devices (Xona Microfluidics, XC450).

Axons were recruited to cross into the contralateral chamber

through the establishment of a volume differential as well as a

gradient of BDNF. Experimental details for growth in microfluidic

devices are provided in the supplemental experimental procedures.
Co-culture of RGCs and mouse brain explants
Mouse LGN tissue was harvested from P0–P2 neonatal mice

following protocols approved by the Institutional Animal Care

and Use Committee within the School of Science at Indiana Uni-

versity Purdue University Indianapolis and were conducted in

accordance with the ARVO Statement for the Use of Animals in

Ophthalmic and Vision Research. To establish co-cultures between

mouse LGN explants and hPSC-derived RGCs, cell aggregates

and explants were cultured in a two-chambered silicone culture

insert (Ibidi), and this insert was removed after cultures were estab-

lished to analyze cellular interactions and axonal outgrowth.

Experimental details for co-cultures are provided in the supple-

mental experimental procedures.
Establishment of assembloid cultures
Regionally specified organoids were initially differentiated as

described above and induced to fuse together at 50 days of differen-
2238 Stem Cell Reports j Vol. 16 j 2228–2241 j September 14, 2021
tiation to generate assembloids following protocols established for

other systems (Sloan et al., 2018). Briefly, to generate assembloids

between retinal and prosencephalic brain organoids, a single

POU4F2:tdTomato-positive retinal organoid was fusedwith a single

brain organoid by placing each into a single 1.5 mL centrifuge tube

and incubating at 37�C at 5% CO2 to allow the organoids to fuse

together. Three days later, fused assembloids were transferred to a

single well of a low-attachment 24-well plate (Corning) for further

maturation in RDM supplemented with 10% FBS, 13 Glutamax,

and 100 mM taurine, with the medium changed every 2–3 days.

Tri-assembloids with retinal, thalamic, and cortical organoids were

established upon membranes to allow for more controlled posi-

tioning of organoids. Three days after assembly, tri-assembloids

were transferred into individual wells of a low-attachment 24-well

plate and maintained as outlined above. At indicated time points,

assembloids were collected and fixed in 4% paraformaldehyde

before cryostat sectioning for immunocytochemical analyses.

Immunocytochemistry and microscopy
Immunostaining was performed as previously described, with the

antibodies used detailed in Table S1.Microscopywas performed on

a Leica 5500DM fluorescence microscope with images captured by

a Hamamatsu Orca-R2 digital camera using the Leica Application

Suite software. Details for immunocytochemistry are provided in

the supplemental experimental procedures.

Growth factor array
Growth factor array analysis was performed using the C-Series Hu-

man Cytokine Antibody Array C1000 (RayBiotech no. AAh-CYT-

1000-2) following the manufacturer’s instructions. Blots were

imaged using a chemiluminescence imaging system (Odyssey

CLX, LiCor) and analyzed using the gel analysis function in Im-

ageJ. Experimental details are provided in the supplemental exper-

imental procedures.

Data quantification and statistical analyses
For quantification of experimental results, as well as determination

of statistically significant differences, data were collected and

analyzed in GraphPad Prism software. Details about data quantifi-

cation and statistical analyses are provided in the supplemental

experimental procedures.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2021.05.009.
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