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A b s t r A c t

I n li g ht of t h e c o r o n a vi r us dis e as e 2 0 1 9 ( C O VI D- 1 9 ), re c e nt cli ni c al 
res e a rc h  h as  d e m o nst r at e d  t h at  s e v e re  a c ut e  res pi r at o r y  s y n d r o m e  
c o r o n a vi r us 2 ( S A R S- C o V- 2 ) aff e cts b re at hi n g a n d i nt e r n al o r g a ns, es -
p e ci all y t h e ki d n e ys a n d li v e r f u n cti o n. It is e vi d e nt t h at t h e ki d n e ys a re 
i n d u c e d b y t h e vi r us t h r o u g h t h e c o u rs e of t h e m e di c ati o n t re at m e nts, 
s u c h as t h e si d e eff e cts t h at l e a d t o ki d n e y a n d li v e r d a m a g e. I n o r d e r 
t o s c aff ol d ki d n e y p at h o p h ysi ol o g y wit h n o r m al ki d n e y d e v el o p m e nt 
a n d  f u n cti o n  i n  a  vi rt u al  cl ass  o r  l a b  s etti n g  d u ri n g  t h e  C O VI D- 1 9  
p a n d e mi c, w e h a v e d e v el o p e d a h a n ds- o n a n d c ost- eff e cti v e cl a y m o d el -
i n g t e a c hi n g t o ol at t h e u n d e r g r a d u at e l e v el f o r l e a r ni n g a b o ut ki d n e y 
a n at o m y a n d d e v el o p m e nt. Gi v e n re m ot e t e a c hi n g, t his i n n o v ati v e t o ol 
c a n b e us e d t o li n k t h e st r u ct u re t o m ol e c ul a r a n d c ell ul a r f u n cti o n 
t h r o u g h a n e as y h a n ds- o n m o d el f o r b ot h l e a r ni n g a n d t e a c hi n g d e m-
o nst r ati o n f o r all st u d e nts.

K e y W or d s : ki d n e y  d e v el o p m e nt;  i n e x p e nsi v e  
cl a y m o d eli n g t o ol kit; ki d n e y f u n cti o n; S A R S-
C o V- 2; C O VI D- 1 9; ki d n e y i nj ur y a n d re p air.

 c I ntr o d u cti o n

E n g a gi n g st u d e nts d uri n g t h e n o v el c or o -
n a vir us  2 0 1 9  ( C O VI D- 1 9)  p a n d e mi c  is  
a n o n g oi n g c h all e n g e i n lif e s ci e n c e e d u -
c ati o n. Si n c e M ar c h of 2 0 2 0, i nstr u ct ors 
a n d st u d e nts h a v e s hift e d t o virt u al o nli n e 
cl ass a n d l a b s etti n gs. D uri n g t h es e c h al -
l e n g es, lif e s ci e n c e e d u c at ors a cr oss K – 1 6 
t e a c hi n g  ar e  f a ci n g  u n c ert ai nt y  d uri n g  
t h es e  c h all e n g es  ti m es,  i n cl u di n g  d e v el-
o pi n g  h a n ds- o n  a p pr o a c h es  i n  l e ar ni n g  
bi ol o g y c o n c e pts o utli n e d i n Visi o n a n d 
C h a n g e  i n  U n d e r g r a d u at e  Bi ol o g y  E d u -
c ati o n  ( A m eri c a n Ass o ci ati o n f or t h e A d v a n c e m e nt of S ci e n c e, 
2 0 1 1) a n d t h e  N ati o n al R es e ar c h C o u n cil’s  T hr e e Di m e nsi o n al 

L e ar ni n g Fr a m e w or k ( N G S S). D uri n g t h e C O VI D- 1 9 p a n d e mi c, 
t h er e  is  a n  i m p ort a nt  n e e d  t o  pr o vi d e  i n n o v ati v e  h o m e- b as e d  
l a b m o d eli n g of bi ol o gi c al pr o c ess es. R e c e ntl y, s ci e n c e e d u c ati o n 
r es e ar c h h as i n v esti g at e d t h e r ol e of cl a y m o d eli n g i n a n at o m y 
diss e cti o ns,  as  w ell  as  st u d e nts’  attit u d es  usi n g  cl a y  m o d eli n g  
a n d  a n at o m y  diss e cti o ns  i n  hi g h  s c h o ol  a n d  c oll e g e  s etti n gs  
( Gri g g  et  al.,  2 0 2 0;  Valli y at e  et  al.,  2 0 1 2;  Wat ers  et  al.,  2 0 0 5; 
M ot oi k e et al., 2 0 0 9; D e H off et al., 2 0 1 1; C h a n & C h e n g, 2 0 1 1; 
a n d K h alil et al., 2 0 0 5).

We h a v e cr e at e d a n i n e x p e nsi v e cl a y m o d eli n g a p pr o a c h as a n 
i nt er a cti v e l e ar ni n g a n d t e a c hi n g t o ol f or e d u c at ors. O v er t h e p ast 
t w o d e c a d es i n lif e s ci e n c e e d u c ati o n, t h er e h a v e b e e n m a n y e x a m-
pl es of usi n g h a n ds- o n ori g a mi a p pr o a c h es t o cl arif y pr o c ess es i n 
e m br y o d e v el o p m e nt ( T os n e y, n. d.; T os n e y et al., n. d.) a n d t o cl ar -
if y t o pi cs o n or g a n r e p air ( K a o, 2 0 1 4). I n a d diti o n, i n e x p e nsi v e 
cl a y m o d eli n g t o ols c a n als o h el p st u d e nts us e h a n ds- o n cr e ati vit y 

t o h el p vis u ali z e t h e m a m m ali a n ki d n e y; h o w 
t h e h u m a n b o d y h ol ds t w o ki d n e ys; a n d t h e 
e m p h asis b y t h e N ati o n al I nstit ut e of Di a b e -
t es a n d Di g esti v e a n d Ki d n e y Dis e as es H e alt h 
I nf or m ati o n  C e nt er  ( 2 0 1 8)  o n  t h e  ki d n e ys’  
m ai n  f u n cti o ns —t o  r e m o v e  w ast e  pr o d u cts  
a n d e x c ess fl ui d, t o r e g ul at e bl o o d pr ess ur e, 
a n d  t o  m ai nt ai n  h e m o gl o bi n  bl o o d  l e v els.  
Fi n all y, t h e i n e x p e nsi v e cl a y m o d eli n g c a n b e 
i nt e gr at e d wit h k e y l e ar ni n g o ut c o m es ( Ta bl e 
1)  li n k e d  t o  t h e  T hr e e  Di m e nsi o n al  L e ar n -
i n g Fr a m e w or k ( N ati o n al R es e ar c h C o u n cil, 
2 0 1 2)  a n d  Visi o n  a n d  C h a n g e  ( A m eri c a n  
Ass o ci ati o n f or t h e A d v a n c e m e nt of S ci e n c e, 
2 0 1 1). Wit h o ur i nt e gr at e d m ulti di m e nsi o n al 
fr a m e w or k  li n ki n g  r e n al  p h ysi ol o g y,  ki d n e y  
d e v el o p m e nt,  a n d  S A R S- C o V- 2  ( Fi g ur e  1),  
w e  pr es e nt  a  st e p- b y-st e p  a p pr o a c h  usi n g  
a  m o difi e d  c or n  st ar c h  a n d  l oti o n  r e ci p e  t o 
m a k e t h e ki d n e y cl a y m o d el t h at c a n b e i nt e -
gr at e d  i nt o  l ess o ns  a b o ut  a n at o m y,  p h ysi ol -

o g y, a n d d e v el o p m e nt of t h e e arl y n e p hr o n.
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cc Materials Used
•	 1/2 cup corn starch

•	 4 tablespoons lotion (e.g., Aveeno brand, but other skincare 
lotion brands will work)

•	 Markers of different colors

cc Clay Model Instructions
1.	 Mix all ingredients in a bowl until a soft working clay ball 

is formed.

2.	 Flatten the ball with the palm of the hand to form a kidney.

3.	 Use tips of fingers to demonstrate texture and lobes 
(Figures 2A and 2B).

4.	 Let air dry for approximately 20 minutes. In some 
cases, depending on temperature and humidity, it may 
require longer air-drying times. For activity during 
drying time, see section ahead “Lessons from Hands-on 
Kidney Clay Modeling within the Three-Dimensional 
Learning Framework” for possible discussions on kidney 
development and related topics on how and why acute 
kidney injury symptoms are associated with COVID-19.

Table 1. Linking Learning Objectives with the Three Dimensional Learning Framework and Vision and Change (2011).

Learning Objectives in Kidney Development and Kidney Function 
Clay Model
Identify research 
questions on how 
molecules and cellular 
action are required for 
kidney development 
and disease.

Create a molecular 
and cellular model of 
the early developing 
nephron precursor 
(renal vesicle) 
during zebrafish and 
mammalian kidney 
development.

Develop a molecular 
and cellular model 
of how distal and 
proximal cell fates 
are generated in the 
nephron precursor 
(renal vesicle).

Three Dimensional 
Learning Framework

Scientific and 
Engineering Practices
1. Asking questions 
(for science)
Cross-cutting 
Concepts
1. Patterns
6. Structure and 
function
Disciplinary Core Ideas 
(Science)
LS1: From molecules to 
organisms: structures 
and processes

Vision and Change 
(2011)

Concepts:
Structure and Function
Information flow, 
exchange, and storage

Figure 1. Integrated Framework Model. A model illustrated 
with three strands represented by SARS-CoV-2 (orange), 
kidney development (purple), and renal physiology (cyan) to 
show the integrated framework Three Dimensional Learning 
for the hands-on clay modeling approach.
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5.	 Paint to demonstrate the anatomy and highlight areas of 
the mammalian kidney (Figure 2C). An alternative is to 
use labeling tape with toothpicks and to use a marker to 
highlight key cellular structures of the nephron.

In addition to modeling adult mammalian anatomy, we also 
explored clay modeling during early kidney development. We pro-
vided step-by-step instruction to illustrate key cell types that will 
form the future glomerulus, proximal tubule, loop of Henle, and 
distal tubule, shown in panel Figure 3A, from a key research article 
on nephron formation during early moues kidney development by 
Georgas and colleagues (2009).

cc Clay Modeling of Early Mammalian 
Kidney Development Instructions

1.	 We combined the lotion clay to create a soft texture for the 
tip of the branching collecting duct (Figure 3A and 3B).

2.	 Next, we used dollar-store clay with a slightly harder clay 
texture to illustrate the future distal cells in green and the 
proximal cells in red (Figure 3C and 3D). The lotion clay 
with softer texture is sandwiched between the green and 
red clay pieces.

3.	 When describing the segments of the nephron precursor 
called the renal vesicle, mention to students that distal cells 
closest to the collecting duct will form a distal tubule that 
will connect to a collecting duct, while midsegment cells 
will give rise to a loop of Henle, and proximal cells will give 
rise to a proximal tubule and glomerulus.

cc Lessons from Hands-on Kidney Clay 
Modeling within the Three-Dimensional 
Learning Framework
We have presented an inexpensive and easy step-by-step approach 
to use hands-on clay modeling that can be used to engage students 

not only in anatomy and development of the mammalian kidney 
but also to explore examples of acute and chronic kidney diseases. 
For example, the hands-on clay modeling can be used as a learning-
model scaffold to integrate structure and function in anatomy and 
physiology settings. In addition, the hands-on kidney clay model 
can be used to integrate topics from developmental biology and 
about underlying conditions and symptoms of chronic kidney 
disease to engage students in real-world examples, such as SARS-
CoV-2 causing COVID-19 symptoms. For example, “increased inci-
dence of acute renal injury following COVID-19, which could due 
to the presence of SARS-CoV-2,” has been reported by Rismanbaf 
and Zarei (2020). We have come up with a teaching tool to easily 
demonstrate the physical damage on the kidney before and after 
treatment of diagnosed SARS-CoV-2.

While there is ongoing research on how and why patients liv-
ing with COVID-19 may also display symptoms of kidney injury, 
we provide a recently review article by Legrand and colleagues 
(2021) on renal pathophysiology of COVID-19. As of July 2021, 
the exact molecular and cellular mechanisms of COVID-19 associ-
ated with acute kidney injury is still unknown. Recent studies have 

Figure 2. Inexpensive Clay Modeling of Mammalian 
Kidney Anatomy. (A–C) Examples of combining cornstarch 
and lotion clay with painting for illustrating mammalian 
kidney anatomy. (A) Examples of cornstarch and lotion clay 
models of transverse sections of mammalian adult kidneys. 
(B) Examples of molded cornstarch and lotion clay models. 
(C) Example of painted transverse sections of mammalian 
kidneys highlighting vasculature, cortex, medulla, and 
glomerulus.

Figure 3. Inexpensive Clay Modeling of Key Cellular Types 
during Embryonic Mammalian Kidney Development. 
(A–D) Examples of combining cornstarch and lotion clay 
with painting for illustrating collecting duct epithelia and 
renal vesicle (nephron precursor) during early mammalian 
kidney development. (A) Example schematic of branching 
collecting duct epithelia tip (dotted line) juxtaposed to early 
renal vesicle (nephron precursor, magenta dotted line). (B) 
Inexpensive cornstarch and lotion clay (soft white texture) 
combined with recycled green and red clay from dollar store 
illustrating formation of distal cells (green) and proximal 
cells (red). (C) Distal view of a renal vesicle that will form a 
distal tubule of nephron and connect with collecting duct 
epithelia. (D) Proximal view of a renal vesicle that will form a 
glomerulus and podocytes and segments of distal tubules of 
a mature nephron.
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observed damage to the tubular epithelium of the nephron, and 
inflammation within the kidney tissue and endothelial cell damage 
have been observed. Ongoing research is currently examining the 
role of anti-inflammation therapies using interleukin 6 (IL-6) recep-
tor blockers. In summary, in light of the ongoing research, sharing 
with undergraduates how and why patients living with COVID-19 
display symptoms of kidney injury can be used as an open-ended 
question to begin group discussions. For instance, one approach is 
to engage undergraduates to discuss the multidimensional aspects 
of pathophysiology and current therapies for treating acute kidney 
injury using a virtual Zoom or Jamboard format. In addition, start-
ing discussions with open-ended question helps to engage under-
graduates in the process of scientific investigations.

Another virtual summer research mentoring approach is to 
walk through and clarify mechanisms of mammalian kidney devel-
opment using Zoom’s annotation feature to draw out the process 
of nephron development. After clarifying kidney development, we 
then proceed with a journal club discussion on McKee and Wing-
ert’s Journal of Visualized Experiments article (2016) on nephro-
neogenesis in zebrafish in response to injury. With students, we can 
discuss results and conclusions and brainstorm future directions 
as pathways to create a research proposal. Using a virtual summer 
research mentoring context, we can highlight examples of how 
recent research using applications of kidney development using 
mini kidneys, or organoids (Sperati, 2021), are currently being used 
to understand how SARS-CoV-2 infections can affect not only lung 
but also renal functions. Three podcast and video recordings were 
used to provide a preview before our discussions.

cc Summary
Overall, the mammalian kidney is very important in the study of 
SARS-CoV-2. The National Kidney Foundation-Harris Poll conducted 
a survey May 1–2, 2020, with a sample of 2039 US adults. Results 
indicate that 1 in 5 Americans know that COVID-19 could poten-
tially cause renal damage. Foremost, the benefits of this interactive 
teaching tool for educators is not only to increase awareness in our 
community but also to educate on the mammalian kidney. This clay 
model can also be used to illuminate on nephroneogenesis in zebraf-
ish in response to injury (McKee and Wingert, 2016). In summary, the 
inexpensive kidney clay modeling can serve as a learning scaffold to 
integrate topics in anatomy, physiology, and developmental biology.
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