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Apoptosis-induced compensatory proliferation. The Cell is dead.
Long live the Cell!
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Abstract

In multi-cellular organisms, activation of apoptosis can trigger compensatory proliferation in
surrounding cells to maintain tissue homeostasis. Genetic studies in Drosophila have indicated that
distinct mechanisms of compensatory proliferation are employed in apoptotic tissues of different
developmental states. In proliferating eye and wing tissues, the initiator caspase Dronc coordinates
cell death and compensatory proliferation through the Jun N-terminal kinase and p53. The mitogens
Decapentaplegic and Wingless are induced in this process. By contrast, in differentiating eye tissues,
the effector caspases DrICE and Dcp-1 activate the Hedgehog signaling pathway to induce
compensatory proliferation. In this review, we summarize these findings and discuss how activation
of apoptosis is linked to the process of compensatory proliferation. The developmental and
pathological relevance of compensatory proliferation is also discussed.

Introduction

Maintenance of tissue homeostasis is crucial for the survival of multi-cellular organisms.
Consequently, cell proliferation, cell growth and cell death are highly coordinated and tightly
controlled during normal development. Physiologically occurring cell death, or apoptosis (see
Glossary), removes cells to control cell numbers, shape morphology and eliminate injured or
dangerous cells [1]. Interestingly, cell loss in response to stress and damage can induce
additional divisions of the remaining cells, a process termed apoptosis-induced compensatory
proliferation (Figure 1). For example, in response to irradiation-induced cell death in the
Drosophila melanogaster wing imaginal disc, a larval monolayer epithelium that develops into
the adult wing, cells adjacent to apoptotic cells undergo extra cell proliferation, resulting in
adult wings of nearly normal size [2-4]. Even a loss of up to 60% of the total number of cells
can be compensated [2]. Similar phenomena have also been observed in tissue regeneration in
mammals. The conditional knockout of mdm2, a major inhibitor of p53, in the intestinal
epithelium in mouse induces massive p53-dependent apoptosis. Remarkably, this apoptotic
phenotype correlates with increased proliferation of non-mdm2-mutant cells, which results in
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a normal adult intestinal morphology [5]. Similarly, increased proliferation has been observed
during intestinal regeneration after irradiation [6,7]. These observations led to the intriguing
hypothesis that dying cells can communicate with their surviving neighbors to maintain tissue
homeostasis. Thus, the question arose of how dying cells initiate and establish communication
with neighboring cells to induce compensatory proliferation?

Although compensatory proliferation was discovered >30 years ago [2], its underlying
mechanism was not revealed until recently. Using the highly accessible genetic-model
organism Drosophila, several studies have started to shed some light on the mechanisms of
compensatory proliferation [8-13]. Here, these findings are discussed, focusing particularly on
the following four aspects: (i) the non-apoptotic function of caspases for compensatory
proliferation; (ii) the growth-stimulating signals involved in compensatory proliferation; (iii)
the regulators connecting caspases and growth signals; and (iv) the developmental and
pathological relevance of compensatory proliferation.

Glossary
Apoptosis: a naturally occurring form of cellular suicide.
Ark: Apaf-1 related killer; Apaf-1 homolog in Drosophila.

Autonomous: describes a genetic trait in cells, whereby only cells carrying a mutation
express the phenotype.

Caspases: cell death Cys-proteases.

Compensatory proliferation: a mechanism that replaces dying cells through
stimulation of proliferation.

Dronc: initiator caspase in Drosophila, caspase-9-like.
DrICE, Dcp-1: effector caspases in Drosophila; caspase-3-like.

GMR-hid: a transgene that expresses the pro-apoptotic gene hid under GMR promoter
control posterior to the morphogenetic furrow.

hep: hemipterous; encodes the JNK kinase in Drosophila.

JAK-STAT: signal-transduction pathway involved in many developmental processes
such as proliferation.

Non-autonomous: used in this review to describe a situation in which the behavior of
cells is influenced by neighboring cells.

Notch: signaling receptor involved in many developmental processes such as
proliferation.

RHG proteins: collective summary of the pro-apoptotic proteins Reaper, Hid and
Grim.

Ubal: E1 ubiquitin-activating enzyme, the first enzyme in the ubiquitinconjugation
pathway; required for all ubiquitin-dependent reactions.

The apoptotic pathway in Drosophila

Apoptosis is a genetically controlled process and molecular studies have revealed that
regulation and execution of apoptosis are conserved in metazoans [1]. One common feature in
most apoptotic-cell-death programs is the activation of caspases, a highly specialized class of
cell-death proteases [14]. They are produced as inactive zymogen precursors composed of a
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prodomain, a large and a small subunit [15]. Based on the length of the prodomain, these
aspartate-specific cysteine proteases are divided into two distinct classes: initiator (long
prodomains) and effector (short prodomains) caspases. Upon activation, the initiator caspases
activate the effector caspases via proteolytic processing and activated effector caspases further
cleave key cellular substrates to promote apoptosis [16]. The Drosophila genome contains
seven caspase genes [17] but, for normal somatic apoptosis during development, only the
initiator caspase Dronc (caspase-9-like) and the caspase-3-like effector caspases DrICE
(Drosophila interleukin-1-converting enzyme) and Dcp-1 (death caspase-1) are required
[18-21]. In surviving cells, caspases are inhibited by inhibitor-of-apoptosis proteins (IAPs),
the most important one in Drosophila being Drosophila IAP1 (Diap1), which blocks apoptosis
through inhibition of caspases [17,22] (Figure 2). In response to apoptotic stimuli, the pro-
apoptotic proteins Reaper, Head involution defective (Hid) and Grim (RHG proteins) trigger
ubiquitin-mediated degradation of Diap1, thus, releasing Dronc from Diap1 inhibition (for
review, see Refs [15,23]). Together with the scaffolding protein Ark [Apaf (apoptosis-
activating factor)-1 related killer], free Dronc proteolytically cleaves and activates the effector
caspases DrICE and Dcp-1 to trigger cell death [15,23] (Figure 2).

Non-apoptotic functions of caspases for compensatory proliferation

Because dying cells are normally quickly removed by phagocytosis, a direct analysis of how
dying cells might induce compensatory proliferation is precluded. To solve this problem, using
Drosophila as a model system, expression of the caspase-inhibitor P35 was used to block the
execution of cell death [8-10]. P35 is a suicide substrate for effector caspases that inhibits the
activity of DrICE and Dcp-1 [24-27]. Therefore, despite activation of the apoptotic pathway,
the expression of P35 blocks the execution of cell death. Consequently, the dying cells are kept
alive (‘undead”) and continue to secrete signals for compensatory proliferation, which results
in an overgrowth phenotype (Figure 1). For example, such an overgrowth phenotype has been
observed under P35-inhibited apoptotic conditions in developing wing imaginal discs or in the
anterior proliferating eye imaginal discs [8-13] (Figure 3a—c).

This elegant experimental design with P35 enables the identification of the components in the
apoptotic pathway that are linked to compensatory proliferation. Initially, two studies came to
different conclusions regarding a requirement of Dronc [8] versus Diapl [9] as the coordinator
mediating apoptosis and compensatory proliferation; however, two recent studies have
provided more evidence to support a requirement of Dronc in this capacity [11,12] (Figure 4a).
Interestingly, loss of one gene copy of dronc substantially suppressed compensatory
proliferation, although, effector caspases were still activated [11]. This indicates that
compensatory proliferation requires higher activity of Dronc than apoptosis, and further
implies that compensatory proliferation occurs after induction of apoptosis.

In addition to Dronc functioning as a coordinator to connect apoptosis and compensatory
proliferation, it has recently been demonstrated that the effector caspases DrICE and Dcp-1
can also have such a role [13]. This study was carried out in the developing larval eye imaginal
disc. In eye imaginal discs, an indentation, known as the morphogenetic furrow (MF), sweeps
from posterior to anterior across the eye discs. In the MF, cells are cell-cycle-arrested in G1
and the first five photoreceptor neurons are specified. After that, the remaining cells
synchronously re-enter the cell cycle for one additional cell division and form the second
mitotic wave (SMW) (Figure 3a,b). After completion of the SMW, all cells permanently exit
the cell cycle and are recruited into additional photoreceptors, cone cells and pigment cells
[28]. In the aforementioned study [13], the pro-apoptotic gene hid (Figure 2) was expressed
under control of the glass-multimer-reporter (GMR)-promoter (GMR-hid), which is expressed
in all cells posterior to the MF [29] (Figure 3a). Expression of GMR-hid causes massive cell
death and compensatory proliferation posterior to the MF [13] (Figure 3d). In this study,
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compensatory proliferation was characterized without the use of P35. In fact, expression of
P35 blocked compensatory proliferation in GMR-hid eye discs, indicating that the P35 targets
DrICE and Dcp-1 are required for compensatory proliferation in GMR-hid eye discs. This was
indeed confirmed in drICE dcp-1 double mutants [13].

Therefore, there are two distinct forms of apoptosis-induced compensatory proliferation; one
dependent on the initiator caspase Dronc, and the other dependent on the effector caspases
DrICE and Dcp-1 (Figure 4b). Under what conditions are these two forms of compensatory
proliferation used? One likely explanation lies in the developmental state of the apoptotic
tissue. The studies in the developing wing (leading to Dronc-dependent compensatory
proliferation) were performed at a time when this tissue is largely proliferating [30,31]. By
contrast, cell-death induction in GMR-hid eye discs (leading to DrICE- and Dcp-1-dependent
compensatory proliferation) occurs posterior to the MF, in which most cells are post-mitotic
and differentiating, except in the SMW (Figure 3a,b). However, the developing eye is well
suited to a study of both forms of compensatory proliferation because the tissue anterior to the
MF is largely proliferating, similarly to the wing (Figure 3a,b). Consistently, induction of
apoptosis anterior to the MF triggers Dronc-dependent compensatory proliferation [13]. To
summarize, apoptosis induction in proliferating wing and eye tissue triggers Dronc-dependent
compensatory proliferation whereas, in differentiating eye tissue, DrICE- and Dcp-1-
dependent compensatory proliferation is induced. In addition, these observations provide
another example of non-apoptotic functions of caspases, which have been recently
demonstrated in many other processes [32,33].

Distinct signaling pathways are employed to activate compensatory
proliferation

Given that caspases coordinate cell death and compensatory proliferation, the next intriguing
question is: what signaling pathways are activated by caspases to trigger compensatory
proliferation? Two major mitogens, Decapentaplegic (Dpp; Drosophila homolog of TGF-p)
and Wingless (Wg; Drosophila Wnt homolog), were found to be up-regulated or ectopically
induced in dying cells [9,10] (Figure 4a). Interestingly, the Wnt and TGF-p signaling pathways,
homologs of Drosophila Wg and Dpp, have been shown to be involved in tissue regeneration
in both worms and vertebrates [34,35]. However, the role of Dpp and Wg for compensatory
proliferation is not entirely clear. Initial support for a requirement of Wg for compensatory
proliferation came from expression of a dominant-negative mutant of the T-cell factor (TCF),
the transcription factor mediating Wg signaling. In this situation, Wg signaling is inhibited
and, accordingly, hid-induced compensatory proliferation is diminished [9]. However, a recent
study observed that, although Dpp and W(g are ectopically induced in dying cells, expression
of their downstream targets such as phospho-Mad and Vestigial is actually reduced, which
indicates that both Dpp and Wg activity is suppressed in cells undergoing compensatory
proliferation [11]. Hence, despite being induced, the exact role of Dpp and Wg signals in
compensatory proliferation still needs to be further investigated.

In differentiating eye tissues in GMR-hid- expressing animals, both transcription and protein
levels of Hedgehog (Hh), but not Dpp and Wg, are up-regulated in an effector-caspase-
dependent manner [13]. hh loss-of-function, either by reducing hh activity or by blocking
transduction of the Hh signal, leads to loss of compensatory proliferation, which indicates that
hh is required in this paradigm. Interestingly, induction of hh expression in GMR-hid is
restricted to differentiating photoreceptor neurons [13]. However, photoreceptor neurons are
not undergoing compensatory proliferation. Instead, through secretion of Hh, dying
photoreceptor neurons stimulate neighboring cells located at the basal side of the disc to
proliferate (Figure 4c). These neighboring cells are normally cell-cycle arrested, but have not
been specified yet. Thus, expression of Hh in dying photoreceptor neurons triggers non-
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autonomous cell-cycle re-entry of these cells (Figure 4c). This also indicates that photoreceptor
neurons and unspecified cells have different capacities to proliferate in response to apoptosis
(see later). However, up-regulation of Hh alone is not sufficient to induce proliferation that is
similar to GMR-hid eye discs. Therefore, in addition to the Hh activity, other factors in the
apoptotic background are also required for compensatory proliferation.

Recently, several other signaling pathways such as Notch and JAK (Janus kinase)-STAT
(signal transducers and activators of transcription) have also been implicated in non-
autonomous proliferation, which might be induced by apoptosis. For example, mutations of
the vacuolar-protein-sorting genes vps23 and vps25 in Drosophila induce apoptosis
autonomously and tissue overgrowth non-autonomously [36-39]. Vps 23 and Vps25 are
required during endosomal protein sorting for inactivation of cell-surface receptors [40,41].
Loss of vps23 and vps25 function causes endosomal defects, which results in accumulation of
cell-surface receptors at the endosome. Particularly sensitive to endosomal disturbances is the
Notch receptor. Endosomal accumulation causes inappropriate Notch activity, triggering the
secretion of interleukin-6-like signaling molecules, which then activate the JAK-STAT
pathway in neighboring cells, causing non-autonomous proliferation and overgrowth.

Similarly, loss of the entire ubiquitin-conjugation pathway triggers apoptosis, but also,
surprisingly, strong non-autonomous overgrowth in Drosophila. Mutations in the E1 ubiquitin-
activating enzyme Ubal, which catalyzes the activation step in the ubiquitin-conjugation
pathway, induce apoptosis autonomously and tissue overgrowth non-autonomously [42,43].
Similar to vps23 and vps25, Notch and JAK-STAT signals are activated in Ubal mutant cells,
and genetic analyses indicate that they are required for non-autonomous tissue overgrowth.
However, it is unknown how Notch and JAK-STAT signaling become activated if
ubiquitylation is blocked. Because Ubal-mutant cells undergo apoptosis, it is possible that the
non-autonomous phenotypes could be caused by apoptosis-induced compensatory
proliferation.

Other regulatory factors connecting caspases and their downstream
signaling pathways

The studies described raise another intriguing question: how do initiator and effector caspases
connect to the downstream growth-signaling pathways to activate compensatory proliferation?
One candidate for this process is the Jun N-terminal kinase (JNK) pathway. The JNK pathway
is an evolutionarily conserved mitogen-activated-protein-kinase (MAPK) pathway that has
roles in multiple cellular processes including apoptosis, cell proliferation and cell migration
[44,45]. INK signaling is activated during compensatory proliferation in developing wing discs
[9]. Expression of puckered (puc), encoding a phosphatase that negatively regulates INK
[46], blocks Wg induction and growth stimulation in compensatory proliferation. By contrast,
increasing JNK activity by loss of one copy of puc enhances compensatory proliferation.
Moreover, expression of hep®A, a constitutively active form of Drosophila JNK kinase [47],
is sufficient to induce compensatory proliferation [9]. These data indicate that the JNK pathway
is required for activation of compensatory proliferation. Moreover, co-expression of Dronc
and P35 in the developing wing disc activates JNK and induces tissue overgrowth, mimicking
compensatory proliferation [12]. These data indicate that activation of JNK signaling during
compensatory proliferation is a downstream event of Dronc activation (Figure 4a). Notably,
Mst proteins, upstream kinases of the INK pathway, can be activated by both initiator caspases
and effector caspases through evolutionarily conserved caspase-cleavage sites [48-50].1t is,
therefore, conceivable that Dronc can activate upstream kinases in the JNK pathway for
compensatory proliferation. However, it is currently unknown how JNK regulates Wg or Dpp.
Interestingly, although the molecular mechanisms are not clear yet, genetic analyses have
shown that canonical Wg, Dpp and JNK signaling pathways interact with each other to promote
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dorsal closure and ventral patterning during Drosophila embryogenesis [51]. Moreover, in
addition to Wnt and TGF- [35], the activity of JNK signaling has also been shown to be
involved in mammalian liver regeneration [52-54].

Interestingly, the tumor suppressor p53 has also been implicated in compensatory proliferation
[11]. “Undead’ cells that express the pro-apoptotic genes hid or reaper together with P35 are
temporarily arrested in G2 before they undergo compensatory proliferation. This cell-cycle
arrest prompted an analysis of the possible role of the DNA-damage-sensing pathway in the
process of compensatory proliferation [11]. Although mutations of crucial genes in the DNA-
damage-sensing pathway, such as atm and chk2, do not block compensatory proliferation,
transcription of p53 was dramatically induced in ‘undead’ cells. Importantly, loss of p53
completely suppresses cell-cycle arrest and compensatory proliferation. Further investigation
revealed a regulatory loop, including the pro-apoptotic genes hid and reaper, the initiator
caspase dronc, and p53 (Figure 4a). Expression of hid and P35 induces expression of reaper
whereas, conversely, expression of reaper and P35 induces expression of hid. Dronc and p53
are required in this feedback process. Moreover, expression of Dronc and P35 induces
expression of p53 and compensatory proliferation, although, loss of p53 blocks these [11].
Therefore, p53 is required downstream of Dronc to sustain activation of apoptosis and
compensatory proliferation.

Because the INK pathway is induced downstream of Dronc, are there any interactions between
p53 and the JNK pathway? In mammals, on the one hand, upon exposure to stressful stimuli,
JNK phosphorylates p53, thereby leading to p53-mediated cellular responses. On the other
hand, p53 can activate phosphatases to regulate JINK signaling [55]. By contrast, it has recently
been shown that caspase-3 can cleave a INK upstream kinase, MEKK1 (MAP ERK kinase
kinase 1), to promote p53 transcriptional activity via JNK-independent mechanisms [56].
Moreover, JNK can regulate the stability and activity of p73, a p53 homolog [57]. It has also
been shown that p53 is both necessary and sufficient for radiation-induced JNK activation in
Drosophila [58]. Therefore, the interaction between p53 and the JINK pathway can be bi-
directional and context-dependent. It will be of particular interest to analyze whether p53
interacts with JNK directly and regulates other downstream growth-stimulating pathways for
compensatory proliferation. It is also conceivable that, in addition to p53 and JNK, other
unknown factors are required to establish the connection between caspases and the downstream
growth signals. A possible systematic screen to identify positive and negative regulators of
compensatory proliferation in Drosophila might provide fascinating insights.

Concluding remarks

During development of multi-cellular organisms, compensatory proliferation is crucial to
restore tissue homeostasis in response to cellular stress and tissue damage. However,
compensatory proliferation can not be induced by developmentally programmed apoptosis,
which is also important to maintain tissue homeostasis by removing extra cells or shape
morphology. Therefore, an intrinsic mechanism might exist that controls activation of
compensatory proliferation in response to stress-induced apoptosis, but not developmental
apoptosis. Nevertheless, because animals are frequently exposed to environmental stress, such
as UV radiation, or suffer accidental tissue damage in nature, compensatory proliferation might
have important roles for tissue recovery and organismal survival.

Another intriguing link of compensatory proliferation is tissue regeneration. Notably, although
the underlying mechanism might be somehow conserved, the capacity of successful
regeneration varies among species and among tissues within the body [34,59]. Interestingly,
the degree of apoptosis sensitivity and of proliferation potential in developing tissue seems to
correlate. For example, the highly proliferative cells in developing wing and anterior eye discs

Trends Cell Biol. Author manuscript; available in PMC 2009 October 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Fan and Bergmann

Page 7

are very sensitive to apoptotic stimuli, but are quickly replaced by compensatory proliferation
in response to apoptosis. By contrast, differentiating photoreceptor neurons are more resistant
to cell death and do not undergo compensatory proliferation. However, through secretion of
Hh, dying photoreceptors stimulate neighboring unspecified cells to re-enter the cell cycle for
compensatory proliferation [13] (Figure 4c). Therefore, distinct mechanisms of compensatory
proliferation in tissues with different developmental states might partially explain the different
regenerative capacity of various tissues or organs.

However, the reasons why and how these distinct forms of compensatory proliferation are
employed in tissues with different developmental states are still unknown. It is possible that
an endogenous monitoring system ensures the activation of compensatory proliferation in a
proper way in various tissues depending on their sensitivity to damage and/or their potential
to proliferate and regenerate. For example, the differentiating photoreceptor neurons in the eye
disc are more resistant to cell death compared with proliferating cells. This might contribute
to the employment of effector caspases instead of initiator caspases for compensatory
proliferation in differentiating eye tissues. Identification of other regulatory elements will be
crucial for understanding how the communication between caspases and their downstream
growth-stimulating signaling pathways is established. In the long term, this knowledge will be
crucial for developing therapeutic treatments for diseases associated with either lack of
regeneration, such as neurodegeneration, or inappropriate regeneration, such as stroke in the
aging brain [60,61].

Compensatory proliferation might also be of pathological relevance for the growth of tumors.
Many tumor cells are resistant to cell death even if they are induced to undergo apoptosis,
because essential components of the apoptotic pathway, such as Apaf-1 and caspases, are
defective in these cells [62-64]. This is very similar to P35-inhibited apoptosis in proliferating
Drosophila wing and eye tissues. In this situation, ‘undead’ cells continue to emit growth-
stimulating signals to induce uncontrolled proliferation. Thus, ‘undead’ tumor cells might also
secrete mitogens to induce compensatory proliferation for tumor growth. In this context,
apoptosis-induced compensatory proliferation might resemble inflammation-induced cancer
in humans [65]. Moreover, deregulation of developmentally important signaling pathways such
as Wnt, TGF-f and Hh have been shown to be involved in various types of human cancers
[66]. Thus, dissecting the molecular mechanisms of apoptosis-induced compensatory
proliferation could contribute to the understanding of several common diseases and might
provide potential therapeutic targets for treatment.
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Figure 1.

Model of compensatory proliferation in response to apoptosis. In multi-cellular organisms,
morphogenesis is composed of patterned cell proliferation followed by cell differentiation
(green). Compensatory proliferation can be induced in response to cell loss to maintain tissue
homeostasis. If execution of cell death is blocked, for example by expression of P35, an
effector-caspase inhibitor in Drosophila, ‘undead cells’ (red) continue to secrete signals to
induce proliferation, resulting in tissue overgrowth.
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Figure 2.

The apoptotic pathway in Drosophila. In response to apoptotic stimuli, expression of the pro-
apoptotic genes hid, reaper and grim releases the initiator caspase Dronc from inhibition by
Diapl. Free Dronc then associates with the adaptor protein Ark and proteolytically processes
the effector caspases DrICE and Dcp-1 to induce apoptosis.
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Figure 3.

Two modes of apoptosis-induced compensatory proliferation in proliferating and
differentiating eye tissues in Drosophila. (a) Schematic outline of the late-third instar eye
imaginal disc. Anterior is to the left. The developing larval eye disc is composed of the anterior
proliferating tissue (red) and the posterior differentiating tissue (green), which are separated
by G1-arrested cells, the morphogenetic furrow (MF) and the second mitotic wave (SMW).
The eyeless (ey) promoter is expressed in the anterior part (red); the GMR promoter is expressed
in the posterior part (green) and in the SMW. (b) An eye imaginal disc from a 3rd instar wild-
type larva labeled with BrdU as the proliferation marker. The anterior half of the disc [red in
(a)] is heavily proliferating. Posterior to the SMW [green in (a)], proliferation has stopped and
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cells are differentiating into photoreceptor neurons and accessory cell types. The SMW is
marked by a white arrowhead. (c) Co-expression of hid and P35 under ey control (ey-Gal4,
UAS-hid, UAS-P35) triggers overgrowth of the anterior compartment [red in (a); compare with
(b)]. The white bar indicates the extent of overgrowth [compare to (b)]. (d) Expression of
hid under GMR control (GMR-hid) triggers compensatory proliferation (white arrow) posterior
to the SMW [green in (a); compare with (b)]. Part (a) adapted, with permission, from Ref.
[13].
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Figure 4.

Models of distinct mechanisms of compensatory proliferation in proliferating versus
differentiating tissues in Drosophila. (a,b) Molecular mechanisms of apoptosis-induced
compensatory proliferation in proliferating tissues (a) and differentiating tissues (b). An
apoptotic cell (left) and a cell that is induced to undergo compensatory proliferation (right) are
shown. Dashed arrows indicate unknown interactions. The scaffolding protein Ark is omitted
for clarity (Figure 2). (c) Schematic outline of various cell types in the differentiating eye tissue.
Hh produced in apical dying photoreceptor neurons (numbered colored cells) non-
autonomously induces cell-cycle re-entry of basally-located unspecified cells (gray cells).
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‘Apical’ and ‘basal’ refer to the apical and basal sides of the disc. The SMW is omitted for
clarity. Part (c) adapted, with permission, from Ref. [13].
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