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GENERAL USE OF Science in the Classroom
Student Learning Goals:
“One fundamental goal for K-12 science education is a scientifically literate person who
can understand the nature of scientific knowledge.”1
The U.S. National Academy of Sciences defines science as: “Any new finding requires
independent testing before it is accepted as scientific knowledge; a scientist is therefore
required to honestly and openly report results so that they can readily be repeated,
challenged, and built upon by other scientists. Proceeding in this way over centuries,
the community effort that we call science has developed an increasingly accurate
understanding of how the world works. To do so, it has had to reject all dogmatic claims
based on authority, insisting instead that there be reproducible evidence for any
scientific claim.”
An important student learning goal, central to any understanding of “the nature of
scientific knowledge,” is to give each student an appreciation of how science is done.
This includes knowing why:
 Scientists must be independent thinkers, who are free to dissent from what the
majority believes.


Science can deal only with issues for which testable evidence can be obtained.



All scientific understandings are built on previous work



It is to be expected that one scientist’s conclusions will sometimes contradict the
conclusions of other scientists.



Science is a never-ending venture, as the results from one study always lead to
more questions to investigate.

1

A Framework for K-12 Science Education, National Research Council, 2012

Using This Resource
Learning Lens:
The Learning Lens tool can be found on the right sidebar of each resource and is the
source of annotations. Click on the headings to highlight portions of the text of the
corresponding research article. A subsequent click on the highlighted text will produce
a text box containing more information about that particular piece of text. Below is an
example of the Glossary function of the Learning Lens.

An example of the resource with the Glossary, Previous Work, Author’s Experiments,
News and Policy Links, and References and Notes tools turned on. The Glossary tool
is in use.

Learning Notes:
Learning Notes accompany each figure and are designed to help students deconstruct
the methods and data analysis contained within each figure.

References:
The Reference section of each resource is annotated with a short statement about how
or why each reference relates to the current research study.

Thought Questions
Thought Questions are located above the Learning Lens in the right sidebar of each resource.
These questions were written to be universal and applicable to any primary research paper.
Thought questions do not have a single answer, or a correct answer for that matter, and can be
used to stimulate discussion among students.

Suggestions for Classroom Use:
In addition to the thought questions discussed above, other resources are provided for
use in the classroom. These can be found toward the end of the teacher guides
associated with each specific article and include:
1. Discussion questions specific to the article, related to the standards, and/or
associated with the figures.
2. Activities tied to the articles.

Some ways to use the Science in the Classroom articles:
1. Assign to student groups to read and discuss during class.
2. Assign small sections of the article to student groups to read and discuss during
class, with the expectation that they will present or use jigsaw to teach the entire
class what is in their part of the article.
3. Assign to individual students to complete during class or as homework.
4. Assign reading as an extra credit project.

Some ideas for interactive student engagement after reading the article:
1. Students write answers to discussion questions (for example, those linked to the
standards or those linked to the diagrams).
2. Go over the abstract, as well as information about the purpose and structure of
an abstract, and have students write their own abstracts for the articles in
language that could be understood by their peers.
3. Have students edit the article, or parts of the article, to a simpler reading level.
4. Have students, alone or in small groups, use the annotated list of references to
explain how the scientists who wrote this article built on the published work of at
least one independent group of scientists in making their discoveries. In the
process, did they produce data that supports the findings of the earlier

publication that they have cited in the text? In what way does this article support
the statement that scientific knowledge is built up as a “community effort”?
5. Use the article and discussion questions linked to the standards and the
diagrams for a teacher-led classroom discussion. The discussion can focus on
the nature of science and scientific research, as well as on the science in the
article itself.
6. Have students give a classroom presentation about the article, parts of the
article, or their answers to discussion questions.

ARTICLE-SPECIFIC MATERIALS
Connections to the nature of science from the article




How are animals able to regenerate structures?
How do molecules drive regeneration, growth, and differentiation?
How are some animals able to regenerate structures, but others are not?

The importance of this scientific research


Understanding of how limb regeneration is dependent on nerves at the molecular
level and how those molecules influence limb regeneration.

The actual science involved




Regeneration biology
Molecular biology
Cell biology

Connect to Learning Standards:
The Next Generation Science Standards





Practice 2: Developing and using models
Practice 6: Constructing explanations (for science) and designing solutions (for
engineering)
Practice 7: Engaging in argument from evidence
Practice 8: Obtaining, evaluating, and communicating information

The AP Biology Standards









Essential knowledge 1.B.2: Phylogenetic trees and cladograms are graphical
representations (models) of evolutionary history that can be tested.
Essential knowledge 2.D.3: Biological systems are affected by disruptions to their
dynamic homeostasis.
Enduring understanding 2.E: Many biological processes involved in growth,
reproductionb and dynamic homeostasis include temporal regulation and
coordination.
Essential knowledge 3.B.1: Gene regulation results in differential gene expression,
leading to cell specialization.
Essential knowledge 3.D.2: Cells communicate with each other through direct
contact with other cells or from a distance via chemical signaling.
Practice 1: The student can use representations and models to communicate
scientific phenomena and solve scientific problems.
Practice 6: The student can work with scientific explanations and theories.

Common Core English Language Arts



11-12.4: Determine the meaning of symbols, key terms, and other domain-specific
words and phrases as they are used in a specific scientific or technical context
relevant to grades 11–12 texts and topics.
11-12.6: Analyze the author's purpose in providing an explanation, describing a
procedure, or discussing an experiment in a text, identifying important issues that
remain unresolved.

Summary of the Article for the Teacher:
It is recommended that this not be used by students in place of reading the article.

General Overview:
Salamanders are known for having amazing regenerative ability, especially when
compared with other vertebrates such as humans. Many studies have been done in the
early 20th century that attempt to explain exactly how these animals are able to
regenerate in regard to their limbs. One important finding was that these animals could
not regenerate their limbs if the nerve of the limb is denervated (destroyed, removed, or
cut). Because these studies were done before our current understanding of the
molecular basis of biology, it was not known why lack of a nerve prevents a salamander
from regenerating its limb. This paper addresses this old finding by attempting to identify
an exact molecule that explains this observation. The authors find that the presence of
protein nAG is dependent on an intact nerve. More importantly, they demonstrate that
exogenously adding back nAG to a limb with a severed nerve allows for proper limb
regeneration, rescuing the phenotype. These data taken together suggest that nAG may
be the molecular mechanism underlying nerve dependent limb regeneration.

Topics Covered:






Protein secretion and membrane proteins
Cell signaling
Imaging and staining techniques
Molecular cloning
Bacterial and vertebrate cell culture

Why this research is important:
Understanding regeneration is of crucial importance to human health. With the presence
of disease, war, and birth defects, many people have lost limbs or have ones that are
nonfunctional. This of course does not take into account the numerous people that have
other degraded/missing structures such as in neurodegenerative disease. In turn, being
able to regenerate proper, working limbs and structures would be of critical importance
to human health and quality of life. Results from this paper describe a molecular
mechanism underlying regeneration and will allow us to translate (apply) this
information to organisms more closely related to humans such as mice and primates.
Information from these studies will hopefully one day provide insights into how humans
can regenerate their limbs.

Methods used in the Research:








Immunoblotting (westerns)
Yeast two-hybrid screens
Phylogenetic analysis
Microscopic imaging
Immunohistochemistry
Animal methods (i.e., surgery)
Cell culture

Conclusions:







nAG is a secreted protein that binds to the receptor protein Prod1.
Homologous proteins to nAG are found in a variety of vertebrate species.
nAG is expressed in low levels in the intact limb, but on amputation, expression
levels increase.
In animals with denervated limbs, nAG expression is not present.
Ectopic expression of nAG in the denervated limb rescues limb regeneration.
However, the nerve and muscle tissues do not regenerate properly.
nAG, in vitro, appears to increase the number of cells going through S-phase.

Areas of Further Study:




How can this research be applied to humans?
What is the function of nAG homologs in other vertebrates?
What is the role of the other identified Prod1 ligand in regeneration?

Discussion Questions:
Discussion questions associated with the learning standards
Practice 1: Asking questions (for science) and defining problems (for engineering)
Practice 3: Planning and carrying out investigations


Another molecule that might bind to Prod1 was identified in the authors’ yeast
two-hybrid screen. This protein, although not named, was mentioned as being
part of the resistin family of proteins. If you were a scientist, what are some
experiments you would perform to test this other protein?

Practice 2: Developing and using models


How would these experiments have differed if they were done in a mouse? Or
better yet, would it even be possible to do these experiments? What are the pros
and cons of using either model organism?

Vision and Change Core Competencies and Disciplinary Practice: Competency 6:
Ability to understand the relationship between science and society


The authors identify nAG as a potential molecule driving limb regeneration. What
would be the societal impact if nAG or a similar protein was found to be able to
regenerate human limbs? Explain using your knowledge of biotechnology how a
nAG based therapy could be made.

Essential knowledge 1.A.2: Natural selection acts on phenotypic variations in
populations.


What benefit does regeneration provide for salamanders? Why, evolutionarily,
would it not make sense for humans to have regenerative ability? Propose an
explanation of how, at the molecular level, humans have lost their regenerative
ability. Humans have proteins similar to nAG; how can the proteins be similar but
the functions not?

Additional Material:
Figures and data


Figure 1: A cross section of the limb blastema of an adult newt. Look at the scale
bar (bottom right), you will see the limb was about 2 mm in diameter. Note the
densely packed cells of the cone-shaped blastema. The plane of transection was
about 500 microns proximal to the tip of the cone. The nerve is the pink-stained
tongue of tissue on the right-hand side, marked N. The blastema is at about 15
days posttransection of the limb.



Figure 2: Light microscope image of glands (one marked G) under the epidermis
of a normal limb. Note the change in scale relative to Figure 1.



Figure 3: A scanning electron micrograph of a regenerating newt limb. The
original transection plane is arrowed. Note that the limb stump epidermis (above
the plane) has periodic ducts opening onto the surface. These discharge the
contents of underlying glands. The wound epidermis (below the plane) does not
have such ducts. The nAG-containing glands considered in the paper are
ductless, and discharge their contents internally. Estimate the diameter of a duct.



Figure 4: Transmission electron micrograph of a secretory granule in a gland cell
underlying the wound epidermis. The section was reacted with antibodies to
nAG, and then with a secondary antibody labeled with gold particles (black dot).
The scale bar is 0.5 microns, and the gold particles are 10 nanometers. Note that
gold particles are also localized on the endoplasmic reticulum as well as the
granule. Why is this ?

Points for discussion
1. The problem of nerve dependence presents a fascinating paradox that is only hinted
at in the paper. A limb that develops without a nerve supply, called an ANEUROGENIC
LIMB (AL), can regenerate without innervation! Most scientists are quite surprised when
confronted with this finding. If nerves are allowed to grow into an AL, then nerve
dependence is acquired. So nerve dependence is “imposed” by the nerve during normal
limb development.
Can you come up with a model that could account for these findings, based on what you
have learned from the paper?
nAG is expressed in the developing limb epidermis at high levels. The nerve grows in
and permanently down-regulates nAG. Therefore regeneration requires a new source
based on nerve regeneration as outlined in the paper. The AL has a strong source of
nAG, in its epidermis, for regeneration, and does not need the nerve.
Ref Kumar et. al. Proc Nat Acad Sci 108, 13588-93 (2011)
“The aneurogenic limb identifies developmental cell interactions underlying vertebrate
limb regeneration.”

2. Nerve dependence of regeneration of complex structures has turned out to be
widespread in invertebrates and vertebrates. Why do you think this is?
Regeneration of such structures demands a big investment of materials and energy.
This is wasted unless the regenerate is innervated. Nerve dependence ensures that the
nerve must be regenerating at the same time as formation and growth of the blastema.

