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Characterizing post‑branching 
nephrogenesis in the neonatal 
rabbit
Meredith P. Schuh 1,2,3*, Sunitha Yarlagadda 2, Lyan Alkhudairy 2, Kristina Preusse 3 & 
Raphael Kopan 1,3

Human nephrogenesis ends prior to birth in term infants (34–36 week gestation), with most (60%) 
nephrons forming in late gestation in two post‑branching nephrogenesis (PBN) periods: arcading and 
lateral branch nephrogenesis. Preterm infants, however, must execute PBN postnatally. Extreme 
prematurity is associated with low nephron counts. Identifying additional model(s) that undergo PBN 
postnatally will help support postnatal PBN in preterm infants. The rabbit exhibits longer postnatal 
nephrogenesis than the mouse but whether it forms nephrons through PBN has not been determined. 
We performed morphologic and immunohistological assessments of rabbit nephrogenesis from birth 
(post‑conceptual day 31 or 32) to PC49 using H&E and antibodies against SIX1, SIX2, WT1, ZO‑1, 
and JAG1 in the postnatal period. We performed 3D rendering of the nephrogenic niche to assess for 
PBN, and supplemented the staining with RNAScope to map the expression of Six1, Six2 (nephron 
progenitors, NPC), and Ret (ureteric bud tip) transcripts to determine the nephrogenic niche postnatal 
lifespan. Unlike the mouse, rabbit SIX2 disappeared from NPC before SIX1, resembling the human 
niche. Active nephrogenesis as defined by the presence of SIX1 + naïve NPC/tip population persisted 
only until PC35–36 (3–5 postnatal days). 3D morphologic assessments of the cortical nephrons 
identified an elongated tubule with attached glomeruli extending below the UB tip, consistent 
with PBN arcades, but not with lateral branch nephrogenesis. We conclude that the rabbit shows 
morphologic and molecular evidence of PBN arcades continuing postnatally for a shorter period than 
previously thought. The rabbit is the first non‑primate expressing SIX1 in the progenitor population. 
Our findings suggest that studies of arcading in postnatal nephrogenic niche should be performed 
within the first 5 days of life in the rabbit.

Human nephron number (nephron endowment) ranges from 0.2 to 2.7 million nephrons per  kidney1–3. Human 
nephrogenesis is complete prior to birth at 34–36 weeks gestation with 60% of nephrons formed during third 
trimester of  development4. Infants born preterm must attempt to complete nephrogenesis postnatally but may 
undergo abbreviated and/or abnormal nephrogenesis ex-utero5,6. Disruption of this critical period of nephro-
genesis by preterm birth is deleterious: preterm infants are at the low end of nephron endowment and at high 
risk for chronic kidney disease (CKD) and end stage kidney disease (ESKD) later in  life7–9. Thus, identifying 
preclinical models that simulate human postnatal nephrogenesis in the preterm infant with a prolonged window 
amendable to manipulation is required to gain an understanding of nephrogenesis in infants born preterm and, 
ultimately, to interventions.

Vertebrate nephrogenesis is driven by reiterative interaction between the mesenchymal nephron progeni-
tor cells (NPC) and the epithelial ureteric tip. To form a nephron, a group of NPC undergo mesenchymal to 
epithelial transition (MET) at stereotyped  positions10,11. Nephrogenesis proceeds in at most three phases. First, 
the UB undergoes branching morphogenesis, and each branch generates between two and three nephrons. We 
will refer to this as branching phase nephrogenesis (BpN)12; mice generate the majority of their nephrons at this 
 phase13. BpN produces ~ 33,000–42,000 nephrons  (215)14 in humans.

BpN is followed by two post-branching nephrogenesis (PBN) phases in the human. The first post-branching 
phase is known as arcading, observed between 15 and 22 weeks gestation in  humans15. Arcades are morphologi-
cally characterized by immature nephrons directly connected to each other in chains that drain into a single 
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collecting  tubule14,15. During arcading, the UB does not branch nor does it elongate significantly. In the mouse 
between postnatal day 2 (P2) and P3, there is en masse differentiation of the progenitor pool forming multiple 
nephrons attaching to a single tip and nephrogenesis is  completed16,17. While some may see this as an amplifying 
process analogous to arcading, the nephrons do not form an arcade by connecting to each other. In the human 
(and other  primates18), there is one final phase known as lateral branch nephrogenesis (LBN) that characterizes 
nephrogenesis from 22 weeks gestation onwards. LBN is typified by an elongating UB stalk with an active UB 
tip that induces nephrons periodically, each directly connecting to the ureteric stalk as it undergoes  MET14,15,19. 
PBN in the human kidney must create 15–75 nephrons at or near each of the 33,000–42,000 terminal branch 
tips to bring the final nephron count from 200,000 or 2.7 million,  respectively14,20. It is the phase most affected 
by prematurity.

Herein we characterize the rabbit postnatal nephrogenesis. Earlier studies in the  rabbit21 identified morpho-
logic evidence for both BpN and arcading within the kidney cortex, and reported that postnatal nephrogen-
esis continued up to 10–14  days22,23 enabling study and manipulation of late nephrogenesis ex-utero. Indeed, 
application of indomethacin and gentamicin after 1 week of life to model acute kidney injury reduced nephron 
 numbers24. However, the duration of the arcading phase is unclear, as is the question of whether rabbit post-
natal nephrogenesis concludes in arcading or undergoes a limited LBN phase. To address these questions, we 
performed molecular studies of the postnatal nephrogenic niche in the rabbit.

We report that while the rabbit nephrogenic zone is still detected for 10–11 days postnatally, a niche con-
taining naïve NPC population and UB tip disappears as early as 4–5 days postnatally. Like primates, the rabbit 
exhibits rosette-like orientation of asymmetric nephrogenic niches, and 3D morphologic assessments identified 
an elongated tubule with attached glomeruli extending below the UB tip, consistent with arcades. We found no 
evidence of LBN. Based on this molecular assessment, the rabbit PBN period consists exclusively of arcading, 
and although shorter than what was assumed based on morphological studies, could serve as a tractable model 
to study the postnatal development in the extremely preterm infant.

Results
Molecular assessment of rabbit nephrogenesis shows early exit of nephrogenic niche
In order to characterize postnatal nephrogenesis in the rabbit, we analyzed rabbit nephrogenesis from birth 
(post-conceptual age; PC31–PC32) to PC49 (after which we see no meaningful changes beyond collecting system 
elongation). As date of birth ranged from PC31-PC32 for the litters, we maintained the post conceptual nam-
ing schema for consistency. However, postnatal age (P) is also listed for clarity. Hematoxylin and eosin (H&E) 
staining was performed to histologically examine the progression of postnatal kidney development during the 
first 2–3 weeks of life (Fig. 1A). A dense, tightly packed mesenchyme persisted until PC37 (P5–P6) capping the 
UB asymmetrically (inset), where NPC may be present. Immature nephrons were present until PC39–PC40 
(P7–P9). By PC40–PC41 (P8–P10), only mature glomeruli could be seen. As a previously validated method of 
determining ongoing  nephrogenesis6,25,26, we also measured the nephrogenic zone (NZ) width, and determined 
that the NZ was present until PC40–PC41 (P8–P10), consistent with previous literature of nephrogenesis con-
tinuing roughly 10 days after birth (Fig. 1B).

We next set out to assess the persistence of NPC by detecting the transcription factors (TFs) SIX1 and 
SIX2. SIX2 is essential for NPC self-renewal and maintenance. Unlike the mouse NPC which only express 
SIX2, the human NPC express both SIX1 and SIX2 throughout active  nephrogenesis27. The rabbit resembles 
the human with both SIX1 and SIX2 persisting in the early differentiating nephrons (renal vesicles (RV; gray 
arrows, Fig. 2B,C). To identify NPC undergoing  MET28, we performed immunofluorescence staining to detect 
the epithelial tight junction protein ZO-129. Three animals were analyzed at each time point from PC33-40, with 
representative images shown in Fig. 2. SIX2 + /ZO-1- and SIX1 + /ZO- NPC persisted until PC35 in two out of 
three rabbit kits and until PC36 in one out of three rabbit kits. However, by PC36–PC37 (P4-6) all SIX2 + under-
went MET and became ZO-1 + . Unlike SIX2, SIX1 + /ZO-1 + NPC were detected up to PC40 (P8-9) in one out the 
three animals examined at this age, suggesting that SIX1 expression may persist longer than SIX2, resembling the 
 human27. WT1 expression marking NPC and developing podocytes was detected in the NPC no later than PC36 
(P4-5) before becoming restricted to the epithelia (Fig. 2A). This multi-marker assessment supports depletion 
of the naïve NPC pool early in postnatal development by 4–5 days of life. Details on the expression data for each 
rabbit analyzed can be seen in Table 1.

To ask if SIX1/2 were co-expressed, we used multiplex RNA in situ hybridization (ISH) (RNAScope©) on 
kidneys isolated from PC31 to PC35 (Fig. 3, supplemental Fig. 1). In addition to confirming co-expression of Six1 
and Six2 transcripts within the same NPC until PC33, we confirmed that Six2 transcripts were greatly diminished 
by PC34 and no longer visible in the niche at PC35 while Six1 transcripts persisted.

We next assessed nascent nephron formation by detecting the Notch ligand Jag1 (Fig. 2D). RV structures 
were detectable until PC39 (yellow arrow), and few s-shaped bodies (SSB) were still present at PC40-PC41 (white 
arrow). No JAG1 + signal was detectable in the nephron after PC41, in agreement with our histologic evaluation 
(Fig. 1) suggesting nephrogenesis was completed by PC40-PC4122,23. In summary, molecular analysis established 
that the naïve NPC population (SIX1 + /SIX2 + /WT1 + /ZO-1-) was exhausted by PC35-36 (P4-P5), with MET 
and nascent nephron formation completed by PC40-41 (~ P10-P11).

3D Renderings and multiplex in situ hybridization of Nephrogenic Niche show Evidence of 
arcades, but no evidence of lateral branch nephrogenesis
Three-dimensional (3D) rendering of confocal images is a powerful analytical tool enabling detailed morphologi-
cal analyses the nephrogenic niche that would otherwise be missed. Thick section (1000 µm) were cleared and 
imaged along the Z axis (from the cortex towards the medulla) as previously  described18. Due to the technical 
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challenge of high non-specific background signal when using rabbit antibodies on thick sections of rabbit tissue, 
we could not visualize SIX1 + or SIX2 + staining  in the NPC. We therefore utilized conjugated antibody WT1 to 
represent the naïve NPC population as well as podocytes (see methods for further details).

Bird’s eye view of the rabbit kidney surface (looking at the X and Y axes) revealed rosette-like organization 
of the nephrogenic niches (Fig. 4A), as previously described in 23 week  human30 and 129 day rhesus  macaque18 
kidneys. In all three species, the ureteric tip is bulbous and capped with asymmetric NPC. To further visualize 
the nephron structure, Z-stacks were assembled, rotated, and ureteric stalks were isolated and visualized along 
the Z axis (Fig. 4B,C). We identified elongated tubules with associated glomeruli extending below the ureteric 
bud (UB) tip, consistent with PBN arcades (Fig. 4D,E, Supplemental Fig. 2). Glomerular positions along the stalk 
were identified using WT1 and lie in close vicinity to the chains, although this antibody staining cannot visualize 
how the connecting segment of the newly formed nephron fuses to the chain of nephrons in the arcade. From 
PC34 to PC37, the UB tip above these arcades contained a horn-like protrusion interacting with an immature 
WT1 + NPC population (yellow arrow). The WT1 + cells wrap around the UB tip asymmetrically, and even display 
evidence of lumen formation by PC37 (blue arrow) as MET progresses.

To better characterize this distinct UB/NPC interaction and the arcades, we performed multiplex RNA in situ 
hybridization (ISH) (RNAScope©) on kidneys aged PC34 to PC39 (Fig. 5). We detected Ret expression in 
the UB horn and localized Six1 transcripts in the nephrogenic niche. We used Cdh1 to evaluate distal tubule 

Figure 1.  Nephrogenic zone visible until post-conceptual day 40–41 (PC40-41). (a) We identified a dense, 
tightly packed mesenchyme above the ureteric bud (UB) as the cap mesenchyme (inset) which persisted until 
PC36. Immature nephrons were present until PC39. By PC40-41, only mature glomeruli could be seen. (b) 
Linear regression analysis of gestational age versus nephrogenic zone width in rabbits from PC31-PC42.
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epithelization. The UB horns were found to be Ret + /Cdh1 + , while the arcades were Ret -/Cdh1 + and the UB 
was Krt8/18 + (Fig. 5A,B). RNA expression of Six1 was noted in the NPC until PC35 (P3-4), consistent with our 
immunofluorescent staining (Fig. 5C,E). Despite the early loss of Six1 + signal in the cap mesenchyme, Ret signal 
persists in the UB tip until PC39 (P7-8), long after NPC exit from the niche (Fig. 5D).

UB tips remain Ret + as long as glial-derived growth factor (GDNF) is  provided31. We thus performed ISH for 
Gdnf and found it to be strongly expressed during active nephrogenesis (PC34–PC36, P2–5), with faint stromal 
signal still visible by PC39 (P7-8) (supplemental Fig. 3). Unexpectedly, we also noted Six1 + expression in the 
UB tip until PC39 (Fig. 5E, supplemental Fig. 4). To integrate these findings, we developed our nephrogenic 
scoring system, where a score of 5 equates to ongoing nephrogenesis while a score of zero lacks any evidence of 
ongoing nephrogenesis (Table 1). A nephrogenic score of 5 was achieved until PC35-36 (P3-5), with a score of 
zero in all but one sample by PC40 (P8-9). We conclude that active nephrogenesis defined by presence of naïve 
NPC persisted only until PC35-36 (P3-5), at which point no active niche tips with naïve NPCs were present, and 
no new nephrons formed after this short postnatal period.

Figure 2.  Molecular assessment of nephrogenesis cessation demonstrates undifferentiated NPCs until PC35. 
Rabbit samples were immunostained for WT1 (A), SIX1 (B), SIX2 (C), and JAG 1 (D), along with KRT8/18 
(purple) and ZO-1 (red). Gray arrows identify renal vesicles (RV) staining with SIX1 or SIX2. White stars 
identify WT1+ NPC populations without ZO-1 that have not yet epithelialized and therefore represent naïve 
NPC, while ɸ represents mature WT1 staining in the glomerular podocytes. SIX2 is seen in differentiated NPC 
until PC37-38, while SIX1 persists until PC39-40. JAG1 (D) is visualized until PC40-41. Scale bar = 100 microns.
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Discussion
Genetically tractable animal models are invaluable for molecular studies needed to uncover and validate the 
mechanisms controlling kidney development. The murine model is informative for many aspects of metanephric 
development but lacks the LBN phase of primate  nephrogenesis16.

Although the spatial topography of the en masse differentiation of nephrons in the mouse on P2 may be super-
ficially similar to early arcades, each nephron connects to the UB tip in a period too short for  manipulation17. 
In this study, we defined the window of postnatal nephrogenesis in another rodent model, the rabbit. We find 
that the rabbit’s PBN window is shorter than previously  thought22, but is significantly longer than the mouse. 
Like the mouse, there is no evidence for lateral branch nephrogenesis in the  rabbit15,18,19. We identified many 
molecular similarities between the human and rabbit not seen in the mouse, further suggesting that the rabbit 
could serve as a model for human arcading. These similarities include rosette-like orientation of the asymmetric 
nephrogenic niche, primacy of SIX1 as a lasting marker of rabbit NPC, and the presence of elongated  arcades21.

Six1 is required in the mouse for maintenance of the early nephrogenic progenitors (E10.5)27,32–34, but is 
no longer detectable as soon as BpN begins. An equivalent role for SIX1 in human (4–5 weeks gestation) or 
rabbit is unexplored. Not only is SIX1 detected throughout nephrogenesis in the rabbit and human, it persists 
after MET longer than  SIX227,30. In the mouse, forced expression of Six1 under Eya1 control failed to rescue the 
kidney of Six2 null  mice35. The rabbit is the first genetically tractable non-primate expressing SIX1 in the NPC 
 population27 and thus may enable the study of Six2 null mutant in Six1-expressing NPC and Six1 null mutants 
in Six2-expressing NPC to map the non-redundant activities of these TFs.

Unlike the rabbit, the human and rhesus typically complete nephrogenesis prior to  birth36. Preterm birth, 
however, is associated with increased risk of low nephron endowment, and increased risk of chronic kidney 
disease early in adult  life3,7,9,37–39. Preterm infants must continue nephrogenesis postnatally. While any infant 
born before 37 weeks gestation is considered preterm, those less than 28 weeks are considered extremely preterm 
and at greatest  risk40. The histologic findings point toward disrupted nephrogenesis, but the mechanistic reasons 
for these abnormal findings remain  unknown6,25, hampering intervention efforts. With increasing success of 
resuscitation of human infants at the lowest limits of  viability41,42, developing models of PBN in the neonatal 
environment will be clinically relevant.

McVary et al.23 evaluated nephrogenesis in the rabbit by performing unilateral ureteral obstruction of the 
kidney at term birth. They too observed attenuation of the nephrogenic zone by PC40, but reported continued 
increase in cortical glomeruli numbers reaching a plateau at PC48. While some may argue that nephrogenesis 

Table 1.  Nephrogenic scoring system of ongoing nephrogenesis in the postnatal rabbit. One point awarded 
for any SIX1, pure SIX1 (without epithelialization/co-staining with ZO-1), any SIX2, pure SIX2 (without 
epithelialization/co-staining with ZO-1), and WT1 without ZO-1 in the niche tip. Score of 5 equates to 
ongoing nephrogenesis while a score of = 0 lacks any evidence of ongoing nephrogenesis. Naïve NPC (without 
ZO-1 co-staining) are depleted by PC35-36.

Post-conceptual
Age

Six1
(any)

Six1
(without zo-1)

Six2
(any)

Six2
(without zo-1)

WT1
(without zo-1) Nephrogenesis score

PC 31 Yes Yes Yes Yes Yes 5

PC 32 Yes Yes Yes Yes Yes 5

PC 33 Yes Yes Yes Yes Yes 5

PC 34 #1 Yes Yes Yes Yes Yes 5

PC 34 #2 Yes Yes Yes Yes Yes 5

PC 34 #3 Yes Yes Yes Yes Yes 5

PC 35 #1 Yes Yes Yes Yes Yes 5

PC 35 #2 Yes No Yes No No 2

PC 35 #3 Yes Yes Yes Yes Yes 5

PC 36 #1 Yes Yes Yes Yes Yes 5

PC 36 #2 Yes No Yes No No 2

PC 36 #3 Yes No Yes No No 2

PC 37 #1 Yes No Yes No No 2

PC 37 #2 Yes No Yes No No 2

PC 38 #1 Yes No No No No 1

PC 38 #2 Yes No Yes No No 2

PC 38 #3 Yes No Yes No No 2

PC 39 #1 Yes No No No No 1

PC 39 #2 No No No No No 0

PC 39 #3 Yes No No No No 1

PC 40 #1 No No No No No 0

PC 40 #2 No No No No No 0

PC 40 #3 Yes No No No No 1
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continued past PC40 in the rabbit, closer inspection of their study design revealed that the progressive increase 
in cortical glomerular counts from PC40 to PC48 was attributed to the progressive maturation of nephrogenic 
glomeruli (nascent/early nephrons) which the authors counted separately. When combining both counts, no 
new nephrons were added past PC40.

Even with the limitations of immunofluorescent imaging when using rabbit antibodies in a rabbit model, 3D 
modeling and multiplex RNA in situ hybridization methods establish that the rabbit as a non-primate model of 
arcading. Our molecular characterization of postnatal nephrogenesis identified a single Ret + UB tip protruding 
above the arcades and interacting with an asymmetric cluster of nephron-producing NPC (SIX1 + , Wt1 + , ZO1-) 
for several days. The finding of an active UB tip interacting with the naïve NPC is similar to human arcading and 
different from the mouse, where the differentiation of NPC en masse are all attached to the UB tip. In the rabbit 
and human, arcading seems to be an active process where a non-elongating UB maintains a nephron-producing 

Figure 3.  Multiplex In Situ Hybridization confirms co-expression of Six1 and Six2 until PC34, with persistence 
of Six1 + transcripts in the nephrogenic niche. Images obtained at 100 × magnification show transcripts 
expressed within the same cell population of the nephrogenic niche. Despite protein expression until PC36, early 
Six2 exit from the niche is consistent with human literature supporting persistent SIX1 expression rather than 
SIX2 expression in the nephron progenitor population.
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niche for several days or weeks in a distinct post-branching process. The full length of the arcading period in 
the rabbit remains to be determined.

Importantly, our findings suggest that studies and/or manipulation of the postnatal nephrogenic niche in 
the rabbit should be completed during first 4–5 days of life (PC35–36), while studies aimed at early nephron 
formation and maturation can be continued up to the first 10–11 days of life (before PC40–41). With this knowl-
edge, current rabbit experimental models of kidney development, and their translation to human health, need 
to be re-evaluated. Charlton et al24 study analyzed the impact of nephrotoxins during postnatal rabbit kidney 
development from P7–10 (~ PC36–39). Clearly an important contribution to pediatric nephrology, this study 
targeted the window of nascent nephron maturation, not the nephron progenitor niche. It demonstrates the 
negative impact of nephrotoxins on the early epithelial nephrons, but the vulnerability of the NPC to nephro-
toxins remains unknown. Interestingly, McVary et al.23 studied the impact of unilateral ureteral ligation on 
nephron development, and whether timing of ligation at PC22 (in-utero) versus PC31 (term) impacted nephron 

Figure 4.  3D rendering of the rabbit nephrogenic niche shows evidence of rosette-like organization and 
arcades. 3D images reconstructed using Bitplane Imaris (A) Cortical view of the rabbit nephrogenesis 
demonstrates rosette-like cluster organization stained for WT1 (green) and CDH1 (red). Dashed lines 
drawn around rosette clusters represent the number of tips per niche cluster(purple = 3, yellow = 4). Isolation 
of one ureteric stalk demonstrating 4 niche tips from (B) cortical and (C) lateral view demonstrating long 
CDH1 + arcades. (D) Arcades are noted from PC34-PC38 with evidence of glomeruli (WT1) in close vicinity 
to chains. WT1 in progenitors is denoted by * while mature podocyte staining is identified by ɸ. By PC37, the 
WT1 + progenitor population has either migrated below the tip and shows evidence of lumen formation (blue 
arrow). UB horns identified by yellow arrow. Scale bar 100 microns.
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number. They reported that in order to produce a similar deficit in nephron number, 6 days of obstruction in 
utero (PC22–PC28) was required versus 2 days of obstruction at PC31. Since they report that the nephrogenic 
zone was only minimally impacted by the obstruction, the results suggest that postnatal arcading may be more 
sensitive to injury, or that injury to maturing nephrons has the most negative impact on long-term nephron 
number rather than on the nephrons still being formed.

Although the rabbit does not display LBN, it is the first non-primate model to display SIX1 dependent 
nephrogenesis with a postnatal window of PBN arcading amenable to manipulation. We were unable to visualize 
all segments of the nephron due to limitations in non-rabbit antibody availability limiting multiplexing and 3D 
rendering, but if the rabbit becomes a more widely used model for the study of nephrotoxicity and other neonatal 
exposures, antibodies will be raised in other hosts. We were able to visualize active nephron-inducing UB tips, 
with elongating CDH1 + chains extending below with close association to the WT1 + glomeruli. We could not 
visualize the fusion of connecting segment from one nephron into the distal segment of another typical of the 
arcade architecture, and have to rely on other  studies21 to bridge this gap. With better reagents, the rabbit offers 
an opportunity to characterize in molecular detail how the connecting segment of the newly formed nephron 
fuses to the chain of nephrons below, and not the duct. Future efforts could also focus on molecularly defining 
the signaling pathways and ligand-receptor interactions between the arcading UB tip and the BpN branching 
tip, respectively, and the NPC during BpN and PBN. An unexpected finding in the rabbit is that before cessation, 
Six1 + transcripts accumulate in the UB tip, maintained by stromal GDNF. We are unable to identify SIX1 protein, 
and while our efforts were confounded by high background, differential  translation43 of Six1 mRNA is also a likely 

Figure 5.  Multiplex In Situ Hybridization confirms early nephrogenesis cessation and ureteric bud/nephron 
progenitor interaction during arcading in the postnatal rabbit. (A) RNAScope was performed on PC37 rabbit 
kidney tissue. Ret + UB horns visualized and project above the Cdh1 + /Ret- arcades. (B) Inset from A, with 
depletion of a Six1 + cap mesenchyme interacting with the UB horn. Six1 + expression now visualized in the UB 
tip. (C) RNAScope was performed on postnatal rabbit kidney tissue from PC34 to PC39 with RNA probes for 
Six1 (green), Ret (yellow), Cdh1 (red), as well as antibodies to ZO-1 (purple, epithelized cells) (D, E) Six1 + NPC 
are depleted after PC35, but Six1 + staining remains in the UB tip at PC39. Ret + UB tips remain present through 
PC39.
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explanation. Whether Six1 + accumulation in the UB tip is reflected in SIX1-dependent gene expression, and 
whether Six1 is transiently expressed in the UB tip in the transition from arcading to LBN, remains to be explored.

Methods
Rabbits
Timed-pregnant New Zealand rabbits were purchased from Charles River and cared for per Cincinnati Chil-
dren’s institutionally approved IACUC protocol 2016–0032 and 2021–0067, and methods were carried out in 
accordance with relevant guidelines and regulations. All methods are reported in accordance with ARRIVE 
guidelines. A total of 35 rabbit kits were obtained from four timed-pregnant females. Kidneys were harvested 
via transcardiac perfusion using PBS and either 4% PFA or 10% formalin (RNAScope samples). One kidney was 
processed and embedded in paraffin by the CCHMC pathology core, while the other kidney was stored in PBS 
with 0.01% sodium azide for clearing and thick section immunostaining.

Hematoxylin and eosin (H&E) staining and processing
H&E was performed with the assistance of the Cincinnati Children’s pathology core. Five-micron sections of 
paraffin embedded tissue was stained using the Ventana Symphony automated H&E slide stainer and scanned 
using the Nikon Ti2 Upright Widefield Microscope at 20 ×  objective. Images were processed using NIS Elements 
software. The width of the nephrogenic zone was determined by the area in the outer renal cortex exhibiting 
developing nephrons in the form of s-shaped or comma-shaped bodies. Distinct regions per kidney were chosen 
with 6–8 separate measurements per region.

Immunofluorescence
Five-micron sections of paraffin embedded tissue were used for Immunofluorescence. Immunofluorescence was 
performed as previously  described18 with the following changes. The slides were blocked and permeabilized in 
PBS with 6% bovine serum albumin (BSA), 0.1% triton, 0.01% sodium azide, with 5% normal donkey serum 
(NDS) for 1 h at RT, followed by wash × 1 in PBS for 10 min. To overcome the non-specific staining of a rabbit 
antibody on rabbit tissue, we performed a 5 min incubation using Scytek Superblock. After washing four times 
in PBS for 5–10 min at RT, we then performed an incubation in Scytek rabbit-to-rabbit blocking reagent for 1 h 
at RT followed by PBS wash × 4 for 10 min each before adding primary antibody. For all immunofluorescent 
studies, four animals were analyzed at PC31 to CP33, three animals per time point were analyzed from PC34 
to PC40 and one animal was analyzed at PC41 and PC42, respectively. Due to poor fixation in the tissue in one 
animal at PC37, only two of the three animals from PC37 were able to be analyzed.

Thick tissue clearing and staining
A 1000 µm cortical sections of rabbit kidneys were cleared as previously  described18 with the following excep-
tion: 25% N,N,N′,N′-Tetrakis(2-Hydroxypropyl)ethylenediamine (Quadrol) was not used as this diminished 
WT1 signal. One representative kidney sample from one animal from PC33 to PC38 was analyzed in this study.

Fluorescent microscopy
Cleared thick tissue sections were mounted in a falcon tissue culture dish within a press-to-seal silicone 1 mm 
thick adhesive silicone isolator. The tissue is submerged in RIMS and covered with WillCo-dish Glass bottom 
dish. Three dimensional (3D) images were obtained using a Nikon AXR upright Microscope using the 10 × glyc-
erol objective. 1000-mm z-stacks were obtained at 512 × 512 pixels using 2.6 mm step size at 2.51 mm/px. Paraffin 
embedded section images were obtained on the Nikon A1 Inverted Confocal Microscope and Nikon inverted 
AXR using the 20 × objective.

In situ hybridization
In situ hybridization was performed using the Multiplex Fluorescent V2 Assay (Advanced CellDiagnostics, Inc.) 
according to the manufacturer’s protocol. Positive controls used were rabbit PPIB (medium abundance) and 
POL2RA (low abundance). The negative bacterial control (DapB) was used on all tissue samples. Probes used 
included rabbit Six1, Six2, Ret, Cdh1, and Gdnf. Images were obtained on the Nikon AXR inverted microscope 
and Ti2 upright microscope at 20 × objective. One animal at each respective post conceptual age with two rep-
resentative sections was analyzed in this part of the study.

Image processing and analysis
NIS-Elements 5.3.00 was used for image processing, measurement of nephrogenic zone width and conversion of 
ND2 files to TIF files. 3D tissue z-stack Images were processed using Bitplane Imaris 9.5.1. Surfaces were created 
using surface rendering, described as follows: After opening the image in Imaris, “add new surface” is selected 
for each immunofluorescence channel, and background subtraction was used for thresholding the surface, with 
further thresholding cutoffs determined by immunofluorescent staining for the entire z-stack. Individual niche 
surfaces were then isolated using the select and “duplicate” function within surface rendering to create a duplicate 
copy of the individual niche without removing the original surface. Statistical Analyses were performed using 
GraphPad Prism v9. Mean ± SD and linear regression was determined for the nephrogenic zone width.

Antibodies
Primary antibodies used include rabbit anti-Six2 (Proteintech, 11,562-1-AP, 1:1000), rabbit anti-Six1 (Cell Sign-
aling, #12,891, 1:500), guinea pig anti-cytokeratin 8 + 18 (Abcam, AB194130, 1:500 and Progen, GP-KP, 1:500), 
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mouse anti-zo-1 (Invitrogen, 339,100, 1:400), mouse anti-E-cadherin (BD biosciences, 618082, 1:400), mouse 
anti-WT1 (Santa Cruz, sc-7385, 1:50) JAG1 (Santa Cruz, sc-8303, 1:100).

Data availability
All images and measurement data will be made availability in supplementary files.

Received: 2 May 2023; Accepted: 3 November 2023

References
 1. Nyengaard, J. R. & Bendtsen, T. F. Glomerular number and size in relation to age, kidney weight, and body surface in normal man. 

Anatom. Record 232, 194–201. https:// doi. org/ 10. 1002/ ar. 10923 20205 (1992).
 2. Hoy, W. E., Hughson, M. D., Bertram, J. F., Douglas-Denton, R. & Amann, K. Nephron number, hypertension, renal disease, and 

renal failure. J. Am. Soc. Nephrol. JASN 16, 2557–2564. https:// doi. org/ 10. 1681/ ASN. 20050 20172 (2005).
 3. Bertram, J. F., Douglas-Denton, R. N., Diouf, B., Hughson, M. D. & Hoy, W. E. Human nephron number: implications for health 

and disease. Pediatr. Nephrol. 26, 1529–1533. https:// doi. org/ 10. 1007/ s00467- 011- 1843-8 (2011).
 4. Hinchliffe, S. A., Sargent, P. H., Howard, C. V., Chan, Y. F. & van Velzen, D. Human intrauterine renal growth expressed in absolute 

number of glomeruli assessed by the disector method and Cavalieri principle. Lab. Invest. J. Tech. Methods Pathol. 64, 777–784 
(1991).

 5. Rodriguez, M. M. et al. Comparative renal histomorphometry: A case study of oligonephropathy of prematurity. Pediatr. Nephrol. 
20, 945–949. https:// doi. org/ 10. 1007/ s00467- 004- 1800-x (2005).

 6. Sutherland, M. R. et al. Accelerated maturation and abnormal morphology in the preterm neonatal kidney. J. Am. Soc. Nephrol. 
22, 1365–1374. https:// doi. org/ 10. 1681/ ASN. 20101 21266 (2011).

 7. White, S. L. et al. Is low birth weight an antecedent of CKD in later life? A systematic review of observational studies. Am. J. Kidney 
Dis. Off. J. Natl. Kidney Found. 54, 248–261. https:// doi. org/ 10. 1053/j. ajkd. 2008. 12. 042 (2009).

 8. Vikse, B. E., Irgens, L. M., Leivestad, T., Hallan, S. & Iversen, B. M. Low birth weight increases risk for end-stage renal disease. J. 
Am. Soc. Nephrol. JASN 19, 151–157. https:// doi. org/ 10. 1681/ ASN. 20070 20252 (2008).

 9. Crump, C., Sundquist, J., Winkleby, M. A. & Sundquist, K. Preterm birth and risk of chronic kidney disease from childhood into 
mid-adulthood: National cohort study. BMJ 365, l1346. https:// doi. org/ 10. 1136/ bmj. l1346 (2019).

 10. Dressler, G. R. The cellular basis of kidney development. Annu. Rev. Cell Dev. Biol. 22, 509–529 (2006).
 11. Kopan, R., Cheng, H. T. & Surendran, K. Molecular insights into segmentation along the proximal-distal axis of the nephron. J. 

Am. Soc. Nephrol. 18, 2014–2020. https:// doi. org/ 10. 1681/ ASN. 20070 40453 (2007).
 12. Chen, S. et al. Intrinsic age-dependent changes and cell-cell contacts regulate nephron progenitor lifespan. Dev. Cell 35, 49–62. 

https:// doi. org/ 10. 1016/j. devcel. 2015. 09. 009 (2015).
 13. Costantini, F. & Kopan, R. Patterning a complex organ: branching morphogenesis and nephron segmentation in kidney develop-

ment. Dev. Cell 18, 698–712. https:// doi. org/ 10. 1016/j. devcel. 2010. 04. 008 (2010).
 14. Al-Awqati, Q. & Goldberg, M. R. Architectural patterns in branching morphogenesis in the kidney. Kidney Int. 54, 1832–1842. 

https:// doi. org/ 10. 1046/j. 1523- 1755. 1998. 00196.x (1998).
 15. Osathanondh, V. & Potter, E. L. Development of human kidney as shown by microdissection. V. Development of vascular pattern 

of glomerulus. Arch. Pathol. 82, 403–411 (1966).
 16. Hartman, H. A., Lai, H. L. & Patterson, L. T. Cessation of renal morphogenesis in mice. Dev. Biol. 310, 379–387. https:// doi. org/ 

10. 1016/j. ydbio. 2007. 08. 021 (2007).
 17. Rumballe, B. A. et al. Nephron formation adopts a novel spatial topology at cessation of nephrogenesis. Dev. Biol. 360, 110–122. 

https:// doi. org/ 10. 1016/j. ydbio. 2011. 09. 011 (2011).
 18. Schuh, M. P. et al. The rhesus macaque serves as a model for human lateral branch nephrogenesis. J. Am. Soc. Nephrol. 32, 

1097–1112. https:// doi. org/ 10. 1681/ asn. 20201 01459 (2021).
 19. EL., P. Normal and abnormal development of the kidney. 305 (1972).
 20. Moritz, K. M., Wintour, E. M., Black, M. J., Bertram, J. F. & Caruana, G. Factors influencing mammalian kidney development: 

Implications for health in adult life. Adv. Anat. Embryol. Cell Boil. 196, 1–78 (2008).
 21. Kaissling, B. & Kriz, W. Structural analysis of the rabbit kidney. Adv. Anat. Embryol. Cell Boil. 56, 1–123 (1979).
 22. Fayez, S. E., Sayed-Ahmed, A., Abo-Ghanema, I. I. & Elnasharty, M. A. Morphogenesis of rabbit kidney pre-and postnatal. Alex. 

J. Vet. Sci. 41, 47–61. https:// doi. org/ 10. 5455/ ajvs. 154807 (2014).
 23. McVary, K. T. & Maizels, M. Urinary obstruction reduces glomerulogenesis in the developing kidney: A model in the rabbit. J. 

Urol. 142, 646–648 (1989).
 24. Charlton, J. R. et al. Nephron loss detected by MRI following neonatal acute kidney injury in rabbits. Pediatr. Res. 87, 1185–1192. 

https:// doi. org/ 10. 1038/ s41390- 019- 0684-1 (2020).
 25. Rodríguez, M. M. et al. Histomorphometric analysis of postnatal glomerulogenesis in extremely preterm infants. Pediatr. Dev. 

Pathol. 7, 17–25. https:// doi. org/ 10. 1007/ s10024- 003- 3029-2 (2004).
 26. Ryan, D. et al. Development of the human fetal kidney from mid to late gestation in male and female infants. EBioMedicine 27, 

275–283. https:// doi. org/ 10. 1016/j. ebiom. 2017. 12. 016 (2018).
 27. O’Brien, L. L. et al. Differential regulation of mouse and human nephron progenitors by the Six family of transcriptional regulators. 

Development 143, 595–608. https:// doi. org/ 10. 1242/ dev. 127175 (2016).
 28. Kao, R. M., Vasilyev, A., Miyawaki, A., Drummond, I. A. & McMahon, A. P. Invasion of distal nephron precursors associates with 

tubular interconnection during nephrogenesis. J. Am. Soc. Nephrol. 23, 1682–1690. https:// doi. org/ 10. 1681/ asn. 20120 30283 (2012).
 29. Schnabel, E., Anderson, J. M. & Farquhar, M. G. The tight junction protein ZO-1 is concentrated along slit diaphragms of the 

glomerular epithelium. J. Cell Boil. 111, 1255–1263 (1990).
 30. Lindstrom, N. O. et al. Conserved and divergent features of human and mouse kidney organogenesis. J. Am. Soc. Nephrol. 29, 

785–805. https:// doi. org/ 10. 1681/ ASN. 20170 80887 (2018).
 31. Costantini, F. & Shakya, R. GDNF/Ret signaling and the development of the kidney. Bioessays 28, 117–127. https:// doi. org/ 10. 

1002/ bies. 20357 (2006).
 32. Xu, P.-X. et al. Six1 is required for the early organogenesis of mammalian kidney. Development 130, 3085–3094. https:// doi. org/ 

10. 1242/ dev. 00536 (2003).
 33. Xu, J. & Xu, P.-X. Eya-six are necessary for survival of nephrogenic cord progenitors and inducing nephric duct development before 

ureteric bud formation. Dev. Dyn. 244, 866–873. https:// doi. org/ 10. 1002/ dvdy. 24282 (2015).
 34. Li, X. et al. Eya protein phosphatase activity regulates Six1–Dach–Eya transcriptional effects in mammalian organogenesis. Nature 

426, 247–254. https:// doi. org/ 10. 1038/ natur e02083 (2003).
 35. Xu, J. et al. Six1 and Six2 of the sine oculis homeobox subfamily are not functionally interchangeable in mouse nephron formation. 

Front. Cell Dev. Biol. 10, 815249. https:// doi. org/ 10. 3389/ fcell. 2022. 815249 (2022).

https://doi.org/10.1002/ar.1092320205
https://doi.org/10.1681/ASN.2005020172
https://doi.org/10.1007/s00467-011-1843-8
https://doi.org/10.1007/s00467-004-1800-x
https://doi.org/10.1681/ASN.2010121266
https://doi.org/10.1053/j.ajkd.2008.12.042
https://doi.org/10.1681/ASN.2007020252
https://doi.org/10.1136/bmj.l1346
https://doi.org/10.1681/ASN.2007040453
https://doi.org/10.1016/j.devcel.2015.09.009
https://doi.org/10.1016/j.devcel.2010.04.008
https://doi.org/10.1046/j.1523-1755.1998.00196.x
https://doi.org/10.1016/j.ydbio.2007.08.021
https://doi.org/10.1016/j.ydbio.2007.08.021
https://doi.org/10.1016/j.ydbio.2011.09.011
https://doi.org/10.1681/asn.2020101459
https://doi.org/10.5455/ajvs.154807
https://doi.org/10.1038/s41390-019-0684-1
https://doi.org/10.1007/s10024-003-3029-2
https://doi.org/10.1016/j.ebiom.2017.12.016
https://doi.org/10.1242/dev.127175
https://doi.org/10.1681/asn.2012030283
https://doi.org/10.1681/ASN.2017080887
https://doi.org/10.1002/bies.20357
https://doi.org/10.1002/bies.20357
https://doi.org/10.1242/dev.00536
https://doi.org/10.1242/dev.00536
https://doi.org/10.1002/dvdy.24282
https://doi.org/10.1038/nature02083
https://doi.org/10.3389/fcell.2022.815249


11

Vol.:(0123456789)

Scientific Reports |        (2023) 13:19234  | https://doi.org/10.1038/s41598-023-46624-9

www.nature.com/scientificreports/

 36. Hinchliffe, S. A., Lynch, M. R., Sargent, P. H., Howard, C. V. & Van Velzen, D. The effect of intrauterine growth retardation on the 
development of renal nephrons. Br. J. Obstet. Gynaecol. 99, 296–301. https:// doi. org/ 10. 1111/j. 1471- 0528. 1992. tb137 26.x (1992).

 37. Barker, D. J. The intrauterine environment and adult cardiovascular disease. Ciba Found. Symp. 156, 3–10 (1991).
 38. Jetton, J. G. et al. Incidence and outcomes of neonatal acute kidney injury (AWAKEN): A multicentre, multinational, observational 

cohort study. Lancet Child Adolescent Health 1, 184–194. https:// doi. org/ 10. 1016/ s2352- 4642(17) 30069-x (2017).
 39. Hingorani, S. et al. Prevalence and risk factors for kidney disease and elevated bp in 2-year-old children born extremely premature. 

Clin. J. Am. Soc. Nephrol. 17, 1129–1138. https:// doi. org/ 10. 2215/ cjn. 15011 121 (2022).
 40. Howson, C. P., Kinney, M. V., McDougall, L., Lawn, J. E. & The Born Too Soon Preterm Birth Action Group. Born Too Soon: 

Preterm birth matters. Reprod. Health 10, 1–9. https:// doi. org/ 10. 1186/ 1742- 4755- 10- S1- S1 (2013).
 41. Stefano, L. M. D., Wood, K., Mactier, H., Bates, S. E. & Wilkinson, D. Viability and thresholds for treatment of extremely preterm 

infants: Survey of UK neonatal professionals. Arch. Dis. Childhood Fetal Neonatal Edn. 106, 596–602. https:// doi. org/ 10. 1136/ 
archd ischi ld- 2020- 321273 (2021).

 42. Malloy, M. H. & Wang, L. K. The limits of viability of extremely preterm infants. Proc. (Bayl. Univ. Med. Cent) 35, 731–735. https:// 
doi. org/ 10. 1080/ 08998 280. 2022. 20710 73 (2022).

 43. Jarmas, A. E., Brunskill, W. E., Chaturvedi, P., Salomonis, N. & Kopan, R. Progenitor translatome changes coordinated by Tsc1 
increase perception of Wnt signals to end nephrogenesis. Nat. Commun. 12, 6332. https:// doi. org/ 10. 1038/ s41467- 021- 26626-9 
(2021).

Author contributions
M.P.S. and R.K. designed the experiments, prepared figures, and drafted the manuscript. M.P.S., S.Y., L.A., and 
K.P. performed experiments described in the manuscript. All authors reviewed the manuscript.

Funding
MPS was funded by the Pediatric Scientist Development Program (4K12HD000850-32/Cincinnati Children’s 
Research Foundation), K08DK13259, K12/Child Health Research Career Development Award, ASN KidneyCure 
Norman Seigel Research Scholar Award. RK support for this project was funded by the Cincinnati Children’s 
Schubert Endowment.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 46624-9.

Correspondence and requests for materials should be addressed to M.P.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1111/j.1471-0528.1992.tb13726.x
https://doi.org/10.1016/s2352-4642(17)30069-x
https://doi.org/10.2215/cjn.15011121
https://doi.org/10.1186/1742-4755-10-S1-S1
https://doi.org/10.1136/archdischild-2020-321273
https://doi.org/10.1136/archdischild-2020-321273
https://doi.org/10.1080/08998280.2022.2071073
https://doi.org/10.1080/08998280.2022.2071073
https://doi.org/10.1038/s41467-021-26626-9
https://doi.org/10.1038/s41598-023-46624-9
https://doi.org/10.1038/s41598-023-46624-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Characterizing post-branching nephrogenesis in the neonatal rabbit
	Results
	Molecular assessment of rabbit nephrogenesis shows early exit of nephrogenic niche
	3D Renderings and multiplex in situ hybridization of Nephrogenic Niche show Evidence of arcades, but no evidence of lateral branch nephrogenesis

	Discussion
	Methods
	Rabbits
	Hematoxylin and eosin (H&E) staining and processing
	Immunofluorescence
	Thick tissue clearing and staining
	Fluorescent microscopy
	In situ hybridization
	Image processing and analysis
	Antibodies

	References


