
Biomedical research has the goal of making us better

How can we better understand humankind biology?
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Figure 7. This schematic illustration (adapted with permission from an original by 

Professor Bert van Zupthen) attempts to describe trends in the use of animals for scientific 

purposes in the Western world across time. It depicts the emergence of the first vivisection 

studies by classical Greek physicians, the absence of animal-based research—along with 

most medical and scientific research—across the Middle Ages, its resurgence in the 

Renaissance onwards, and the rapid increase in animal studies following the rise of  

science-based physiology and medicine in the nineteenth century. The curves represented 

are nevertheless conjectural, as there are no reliable statistics on animal use for most of the 

period covered. Even nowadays it is hard to estimate trends in animal research, as data 

from several developed countries is insufficient (for instance, in the United States, rodents, 

fish and birds are not accounted for in the statistics). The available data, however, suggest 

that the number of animals used in research and testing in the Western world peaked in the 

1970s, and decreased until the late 1990s, or early 2000s, to about half the number of  

30 years earlier, and stabilizing in recent years. While many, if not most, researchers do not 

foresee an end to animal experiments in biomedicine, the European Commission has 

nevertheless set full replacement of animal experiments as an ultimate goal [204], and the 

Humane Society of the United States has the optimistic goal of full replacement by the  

year 2050 [192].

8. Conclusion 

The historical controversy surrounding animal research is far from being settled. While the key 

arguments in this debate have not differed significantly since the rise of antivivisectionism in 

nineteenth-century England—and even before—we have since then moved a long way forward in 

regards to the protection of animals used in research and transparency regarding such use. While 

animal experiments have played a vital role in scientific and biomedical progress and are likely to 

continue to do so in the foreseeable future, it is nonetheless important to keep focusing on the 

continuous improvement of the wellbeing of laboratory animals, as well as further development of 

replacement alternatives for animal experiments.  

Plot of animal usage in research over time
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Figure 4. This full-page illustration of Pasteur in his animal facility was published in 

Harper’s Weekly in the United States, on 21 June 1884. At this time, there was moderate 

curiosity on Pasteur’s work in the US, which would intensify after his first successful 

human trials of a therapeutic vaccine for rabies in 1885. In the article, the reader is 

reassured that the use of dogs is both humane and justified in the interest of mankind. The 

use of other species, however, is barely mentioned [5]. Source: Images from the History of 

Medicine, U.S. National Library of Science.  

Robert Koch, a practicing rural physician, would follow the tradition of the great German/Prussian 

physiologists of his time (and indeed was a student to many of them), providing invaluable contributions 

to medical knowledge through animal research, mainly in the field of bacteriology and pathology. His 

famous “Koch postulates” would play an important role in microbiology Along with his associates, 
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animal rights cause by Tom Regan himself [171], made researchers close themselves within their 

community and avoid speaking publicly about their work [172–174], which in turn left pro-research 

advocacy to emotion-appealing campaigns, of the likes of the Foundation for Biomedical Research’s 

“Will I be alright, Doctor?” film [175], or the advertisement depicted in Figure 6.  

Figure 6. A large advertisement published in the 13 May 1991 edition of The Hour (p. 9), 

and part of a campaign in defense of animal research, sponsored by the United States 

Surgical Corporation. While the value of Pasteur’s work is undeniable, there is, however, 

no scientific grounding for the claim that only by experimenting on dogs would a vaccine 

for rabies have been developed, or that other animal models or even non-animal methods 

could not have been used to achieve this in over a century. These dramatic and biased 

portraits of animal research are now more uncommon, as an increasing number of 

scientists acknowledge the need to be more candid and open to objective discussion over 

the possibilities and limitations of animal research, and of the scientific process altogether. 
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FIG. 1.-Photograph of a culture-plate showing the dissolution of staphylococcal
colonies in the neighbourhood of a penicillium colony.
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A. FLEMING.

The Rate of Killing of Staphylococci by Penicillin.
Some bactericidal auents like the hypochlorites are extremely rapid in

their action, others like flavine or novarsenobillon are slow. Experiments
were made to find into which category penicillin fell.

To 1 c.c. volumes of dilutions in broth of penicillin were added 10 c.mm.
volumes of a 1 in 1000 dilution of a staphylococcus broth culture. The tubes
were then incubated at 37° C. and at intervals 10 c.mm. volumes were removed
and plated with the following result:

Numiiber of colonies developing after sojourn in
penicillin in concentrations as under:

Control. 1/80. 1/40. 1/20. 1/10.
Before . . 27 27 27 27 27
After 2 hours 116 73 51 48 23

,,41 ,, . . xc 13 1 2 5
,,8 ,, . ac 0 0 0 0
,,12 ,, .cc 0 0 0 0

It appears, therefore, that penicillin belongs to the group of slow acting
antiseptics, and the staphylococci are only completely killed after an interval
of over 41 hours even in a concentration 30 or 40 times stronger than is
necessary to inhibit completely the culture in broth. In the weaker concen-
trations it will be seen that- at first there is growth of the staphylococci and
only after some hours are the cocci killed off. The same thing can be seen if
a series of dilutions of penicillin in broth are heavily infected with staphylo-
coccus and incubated. If the cultures are examined after four hours it may
be seen that growth has taken place apparently equally in all the tubes but
when examined after being incubated overnight, the tubes containing penicillin
in concentrations greater than 1 in 300 or 1 in 400 are perfectly clear while
the control tube shows a heavy growth. This is a clear illustration of the
bacteriolytic action of penicillin.

TOXICITY OF PENICILLIN.

The toxicity to aniinals of powerfully antibacterial mould broth filtrates
appears to be very low. Twenty c.c. injected intravenously into a rabbit were
not more toxic than the same quantity of broth. Half a c.c. injected intra-
peritoneally into a mouse weighing about 20 gm. induced no toxic symnptoms.
Constant irrigation of large infected surfaces in man was not accompanied by
any toxic symlptoins, while irrigation of the human conjunctiva every hour for
a day had no irritant effect.

In vitro penicillin which completely inhibits the growth of staphylococci in
a dilution of 1 in 600 does not interfere with leucocytic function to a greater
extent than does ordinary broth.

USE OF PENICILLIN TO DEMONSTRATE OTHER BACTERIAL INHIBITIONS.

When materials like saliva or sputum are plated it is not uncommon to see,
where the implant is thick, an almost pure culture of streptococci and
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Drosophila melanogaster (fruit fly) 

Thomas Hunt Morgan - Nobel Prize for Genetic Studies in Drosophila

Why or how might these animals be useful for understanding 
Parkinson’s disease biology?



park and pink1 are both genes that when 
mutated in us result in increased 
probability in developing parkinson’s 
disease

Pink1 and park knockdown flies showed 14.3% and 44.4%
fertility, respectively), reduced life span, and abnormal
wing posture (i.e. held up or drooped) (Figure 1). Those
phenotypes resembled that observed in park and Pink1
loss-of-function mutants [17-19,29].
We then tested if the penetrance and severity of above

phenotypes could be enhanced by increasing the expres-
sion level of the UAS-park-RNAi transgene. This was
achieved by elevating temperature, which increases the
activity of GAL4 leading to higher expression of UAS-
transgenes [32]. Indeed, we found that increasing the
expression level of park-RNAi significantly enhanced the
phenotype. The penetrance of wing-posture phenotype
in park knockdown flies was increased from ~2.1% at
25°C to ~22.4% at 29°C. The maximal life span of park
knockdown flies was further reduced from ~67 days at
25°C to ~17 days at 29°C. The fertility of male park
knockdown flies was also reduced from ~44.4% at 25°C
to ~30% at 29°C.
We also examined the effect of increasing the level of

Pink1-RNAi transgene on wing posture, male sterility
and longevity. In Pink1 knockdown flies, the penetrance
of wing-posture phenotype was increased from ~2.9% at
room temperature to ~91% at 29°C. The maximal life

span of Pink1 knockdown flies was reduced from ~55
days at room temperature to ~18 days at 29°C. The fer-
tility of male Pink1 knockdown flies was also decreased
from ~14.3% at room temperature to 0% at 29°C.

F1 screen for modifiers of the park knockdown
phenotype
To identify novel modifiers of the PD pathway, we set
out to conduct a systematic screen to identify cytologi-
cal regions on the 2nd and 3rd chromosome that interact
with park (Figure 2).
Prior to the screen, we examined if the park knock-

down mutant background is sensitive to the reduction
in the dosage of known genes in the pathway. We found
that reducing the level of endogenous park substantially
increased the penetrance of the park-RNAi-induced
wing posture phenotype from ~15% (n = 76) (genotype:
park RNAi; +/+) to ~43% (n = 97) (genotype: park
RNAi; park25/+) (P < 0.05). Since Pink1 and park have
previously been shown to act in a common pathway
[17-19], we also tested if the park knockdown back-
ground is sensitive to a reduction in the level of Pink1.
Indeed, we found that Pink1 heterozygostiy significantly
enhanced the penetrance of the park-RNAi-induced

Figure 1 Knockdown of PD genes induces a wing position phenotype in adult flies. A-C, Ubiquitous knockdown of PD genes in flies
induces an abnormal wing position phenotype (i.e. held up or drooped wing). A. Wild-type wing position in flies carrying only the tub-GAL4
driver. B, A park knockdown fly (i.e. a fly carrying both the tub-GAL4 driver and UAS-park-RNAi transgene). The “held-up” wing position phenotype
was observed when UAS-park-RNAi was ubiquitously expressed under control of the tub-GAL4 driver. C, The “drooped” wing phenotype was
observed in a Pink1 knockdown fly (i.e. a fly carrying both the tub-GAL4 driver and UAS-Pink1-RNAi transgene). D, Survival curves of park
knockdown flies (solid line) and control flies (i.e. flies carrying only the UAS-park transgene) (dashed line). The experiments were performed at 25°
C (green) and 29°C (red). Numbers in brackets represent sample numbers. Error bars represent SEM.
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wing posture phenotype from ~13% (n = 90) (genotype:
+/+; park RNAi) to ~40% (n = 32) (genotype: Pink1B9/+;
park RNAi) (P < 0.01).
To systematically identify modifiers of this park wing-

posture phenotype, we crossed a large collection of defi-
ciencies on the 2nd and 3rd chromosome into the park
knockdown mutant background. In each deficiency chro-
mosome, a portion of cytological regions was deleted.
Thus, crossing a deficiency chromosome into the park
knockdown background led to 50% reduction in the
dosage of genes located within the deleted cytological
region.
From this screen, we identified 26 cytological regions

that enhanced the park wing-posture phenotype (Table
1), and 53 cytological regions that suppressed the wing-
posture phenotype (Table 2). We also found that redu-
cing the dosage of genes by 50% in 48 cytological
regions in park knockdown flies caused lethality prior to
the adult stage (Table 3). No such adult lethality was
observed when park was knocked down alone, or the
dosage of those 48 cytological regions was reduced by
50% in wild type background.

F1 screen for modifiers of the Pink1 knockdown
phenotype
Above deficiencies were also screened using the Pink1
knockdown mutant background. Pink1 knockdown
mutant flies displayed the wing-posture phenotype at
the penetrance of ~64% (n = 314) at 25°C. Among 26
enhancer-containing cytological regions identified from
the Park screen (Table 1), 8 cytological regions, when
reduced by 50% in dosage, also enhanced the penetrance
of the Pink1 knockdown wing phenotype (Table 4). This

Figure 2 A genetic scheme for isolating modifiers of Parkinson’s disease genes in Drosophila. Deficiencies (Df) from the Bloomington
deficiency kits were crossed individually into the park or Pink1 knockdown mutant background. F1 progeny were scored for potential phenotypic
enhancement (i.e. an increase in the penetrance of the wing phenotype) or suppression (i.e. a decrease in the penetrance of the wing
phenotype). Abbreviations: En, enhancement; Su, suppression; tub-GAL4, tubulin-GAL4.

Table 1 Enhancers of the park-RNAi wing phenotype
Deficiencies Breakpoints Strength of modification a

Df(2L)net-PMF 21A1;21B7-8 ++

Df(2L)BSC28 23C5-D1;23E2 ++++

Df(2L)cl-h3 25D2-4;26B2-5 ++

Df(2L)BSC7 26D10-E1;27C1 ++

Df(2L)ED611 29B4;29C3 ++

Df(2L)BSC17 30C3-5;30F1 ++

Df(2L)Mdh 30D-30F;31F +++++

Df(2L)BSC50 30F5;31B1 ++++++

Df(2L)FCK-20 32D1;32F1-3 +++

Df(2R)nap9 42A1-2;42E6-F1 +++++

Df(2R)cn9 42E;44C ++

Df(2R)H3E1 44D1-4;44F12 +++

Df(2R)en30 48A3-4;48C6-8 +++

Df(2R)BSC39 48C5-D1;48D5-E1 ++++

Df(2R)BSC161 54B2;54B17 ++++

Df(2R)Exel7162 56F11;56F16 ++++

Df(2R)59AD 59A1-3;59D1-4 +++

Df(3L)AC1 67A2;67D11-13 +++++

Df(3L)XS533 76B4;77B ++

Df(3L)BSC249 79B2;79D2 ++

Df(3R)BSC47 83B7-C1;83C6-D1 ++

Df(3R)Tpl10 83C1-2;84B1-2 ++

Df(3R)BSC43 92F7-93A1;93B3-6 ++

Df(3R)BSC56 94E1-2;94F1-2 ++

Df(3R)BSC137 95A2-4;95A8-B1 +++

Df(3R)BSC42 98B1-2;98B3-5 ++

Each deficiency was crossed into the park RNAi background and the wing
posture phenotype was scored. Crosses were maintained at 29°C.
a Each ‘+’ represents 1.0 SD from the mean pentrance (i.e. ~22.4%) observed
for park RNAi alone flies.
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Using forward genetics to screen for novel interacters with 
park and pink

50% 50%



reduced by 50% in dosage, also enhanced the wing phe-
notype in Pink1 null mutants (Table 7). Among 17 sup-
pressor-containing cytological regions examined, 10
cytological regions, when reduced by 50% in dosage,
also suppressed the wing phenotype in Pink1 null
mutants (Table 7). Among 19 examined cytological
regions that showed lethal interactions with both Pink1
and park in RNAi-based screens, 5 cytological regions,
when reduced by 50% in dosage, also displayed the
lethal phenotype in Pink1 null mutants (Table 8).

Molecular characterization of the PD-interacting
cytological region 21A1-21B7
The PD-interacting cytological regions identified from
above screens are relative large and contain a number of
genes. As a first step towards molecular characterization
of these PD-interacting cytological regions, we per-
formed fine mapping in four selected PD-interacting
cytological regions to identify corresponding PD-inter-
acting genes. Those cytological regions were selected

since they displayed strongest interactions with both
park and Pink1.
From above screens, we found that reducing the

dosage of the cytological region 21A1-21B7-8, deleted in
the deficiency chromosome Df(2L) net-PMF, enhanced
both park and Pink1 wing phenotype (Table 1 and 4).
To identify the corresponding PD-interacting gene
within this cytological region, we tested additional defi-
ciency lines that carry smaller deletions within this
region. We found that similar enhancement was
observed when a smaller deficiency chromosome Df(2L)

Table 6 List of deficiencies showing lethal interactions
with Pink1 knockdown

Deficiencies Breakpoints

Df(2L)BSC37 22D2-3;22F1-2

Df(2L)dpp[d14] 22E4-F2;22F3-23A1

Df(2L)C144 22F4-23A1;23C2-4
Df(2L)sc19-8 24C2-8;25C8-9

Df(2L)Exel6011 25C8;25D5

Df(2L)b87e25 34B12-C1;35B10-C1

Df(2L)TW137 36C2-4;37B9-C1

In(2R)bw[VDe2L]Cy[R] h42-h43;42A2-3

Df(2R)M41A4 41A;41A

Df(2R)X1 46C;47A1

Df(2R)CX1 49C1-4;50C23-D2
Df(2R)BSC49 53D9-E1;54B5-10

Df(2R)ED4065 60C8;60E8

Df(2R)Kr10 60F1;60F5

Df(3L)HR119 63C2;63F7

Df(3L)vin5 68A2-3;69A1-3

Df(3L)vin7 68C8-11;69B4-5

Df(3L)W10 75A6-7;75C1-2

Df(3L)ED4978 78D5;79A2
Df(3L)BSC223 79A3;79B3

Df(3R)Exel6144 83A6;83B6

Df(3R)p712 84D4-6;85B6

Df(3R)T-32 86E2-4;87C6-7

Df(3R)DG2 89E1-F4;91B1-B2

Df(3R)Dl-BX12 91F1-2;92D3-6

Df(3R)B81 99D3;3Rt

Above deficiencies, when crossed into the Pink1 knockdown background,
significantly reduced the viability of Pink1 knockdown flies (less than five flies
eclosed). Deficiencies that display a similar lethal interaction with park
knockdown (Table 3) are indicated in bold.

Table 7 Analysis of the interaction between a Pink1 null
mutation and cytological regions that modified both
park-RNAi and pink1-RNAi wing phenotype

Effects of modification

Deficiencies Breakpoints Pink1-RNAi park-RNAi Pink1B9

Enhancers

Df(2L)net-PMF 21A1;21B7-8 ++ ++ n/d

Df(2L)BSC17 30C3-5;30F1 ++ ++ n/d

Df(2L)BSC50 30F5;31B1 +++ ++++++ En

Df(2R)nap9 42A1-2;42E6-F1 ++ +++++ En

Df(2R)cn9 42E;44C ++ ++ En

Df(2R)BSC39 48C5-D1;48D5-E1 ++ ++++ En

Df(3R)BSC47 83B7-C1;83C6-D1 ++ ++ En

Df(3R)Tpl10 83C1-2;84B1-2 ++ ++ No

Suppressors

Df(2L)BSC106 21B7;21C2 — —— Su

Df(2L)dp-79b 22A2-3;22D5-E1 ——— —— No

Df(2L)ed1 24A2;24D4 — —— n/d

Df(2L)BSC109 25C4;25C8 —— —— Su

Df(2L)E110 25F3-26A1;26D3-11 —— – n/d

Df(2L)BSC142 28C3;28D3 —— —— Su

Df(2L)BSC143 31B1;31D9 — – No

Df(2R)Exel7131 50E4;50F6 ——— —— Su

Df(2R)BSC550 53C1;53C6 —— – No

Df(2R)robl-c 54B17-C4;54C1-4 — – n/d

Df(2R)P34 55E2-4;56C1-11 —— —— Su

Df(3L)XDI98 65A2;65E1 — – n/d

Df(3L)BSC33 65E10-F1;65F2-6 — – n/d

Df(3L)66C-G28 66B8-9;66C9-10 — — No

Df(3L)Scf-R6 66E1-6;66F1-6 ——— – Su

Df(3L)BSC10 69D4-5;69F5-7 — —— Su

Df(3L)ME107 77F3;78C8-9 — — No

Df(3R)p-XT103 85A2;85C1-2 ——— —— Su

Df(3R)sbd104 89B5;89C2-7 — – n/d

Df(3R)P115 89B7-8;89E7 —— — Su

Df(3R)crb-F89-4 95D7-D11;95F15 — — No

Df(3R)Exel6202 96C9;96E2 — — No

Df(3R)Exel6203 96E2;96E6 —— —— Su

Abbreviations: n/d, not determined; Su, suppression; En, enhancement; No, no
modification.
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interact with both pink1 and 
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"[tax] dollars go to projects that have little or nothing to 
do with the public good — things like fruit fly research in 

Paris, France. I kid you not."
-Politician

Sometimes just general curiosity in simple systems can 
build the foundation of knowledge that allows for rapid 

understanding of the molecular basis of diseases once a 
new mutation is found that is linked to that disease.



Banerjee et al. Genetics of autism spectrum disorders

FIGURE 1 | Synaptic proteins implicated in neurodevelopmental and
neuropsychiatric disorders. A schematic illustration of an ensemble of pre-
and post-synaptic proteins. The majority of these proteins are highly
conserved across species, and thought to confer susceptibility to a host of
neurodevelopmental and neuropsychiatric disorders including ASD. The
cellular machinery of synapses is comprised of transmembrane heterophilic
(such as Neurexin and Neuroligin) and homophilic cell-adhesion molecules
(such as Cadherins and NCAM), cytoplasmic scaffolding proteins (such as
PSD-95, Cask, and Shank) and cytoskeletal proteins (such as Homer and
Cortactin) that link transmembrane and membrane-associated protein
complexes with the underlying actin cytoskeleton. One of the emerging
models in ASD is based on synaptic dysfunction in a molecular pathway that
is orchestrated by trans-synaptic Neurexin–Neuroligin-dependent proteins
complexes. This molecular assembly aligns the pre- and post-synaptic

apparatus facilitating functional activation and modulation of ion channels that
are in proximity to the neurotransmitter containing synaptic vesicles on the
pre-synaptic side. These protein complexes recruit other proteins both pre-
and post-synaptically and help organize functional neural networks. The
cytoskeletal scaffolding protein Cask is one such notable protein which binds
to the C-terminus of Neurexin. At the post-synaptic density, Neuroligin binds
to PSD-95, other molecules such as PSD-93, SAP97, and the SAPAP family of
proteins as well as the Shank family of scaffolding proteins help orchestrate
the post-synaptic area. Homer and Shank function is thought to stabilize the
post-synaptic density and serve as a platform to incorporate the post-synaptic
receptors (such as NMDAR, AMPAR, and mGluR) into the machinery. The
synaptic dysfunction in ASD may occur at multiple levels whereby failure to
organize proper protein–protein interactions at the synapse may compromise
neuronal functions (refer text for more details).

Pre-synaptic calcium channel function is also disrupted in α-Nrxn
knock out mice. Interestingly, compared to three NRXNs in mam-
mals, Drosophila has a single neurexin-1 (dnrx) gene which like its
vertebrate counterparts is pre-synaptic and is required for proper
synaptic growth and neurotransmission (Li et al., 2007).

NRXN1 has emerged as a strong candidate in ASD since the
identification of overlapping de novo deletions in Nrxn1 in indi-
viduals with ASD. Although rare, missense mutations (Feng et al.,
2006; Kim et al., 2008) and deletions, and chromosomal aberra-
tions in the NRXN1 were also found in ASD patients (Marshall
et al., 2008; Zahir et al., 2008; Glessner et al., 2009). Interestingly,
NRXN1 deletions also confer risk for schizophrenia pointing to an

overlap between the two neurodevelopmental disorders (Betancur
et al., 2009; Rujescu et al., 2009).

Contactins
The Contactins (CNTNs) are glycosyl phosphatidyl-inositol (GPI)
anchored immunoglobulin (Ig) superfamily proteins with diverse
functions ranging from myelination (Berglund et al., 1999; Bhat
et al., 2001) to synapse formation and plasticity (Betancur et al.,
2009). Disruption of CNTN4 is associated with ASD (Fernandez
et al., 2004). Deletion and duplication in CNTN4 and small dele-
tions near CNTN3 have been identified in various patients with
ASD (Roohi et al., 2009). Since CNTN3 and CNTN4 expression
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and localization overlaps with synaptogenesis in the developing
brain, it raises the possibility that mutations or genomic rear-
rangements in these genes seen in ASD could be attributed to
altered synapse formation and function.

Contactin-associated protein like 2
Contactin-associated protein like 2 (CNTNAP2) is a member of
Neurexin superfamily and is a locus that is significantly asso-
ciated with susceptibility for ASD (Alarcon et al., 2008; Arking
et al., 2008). CNTNAP2 encodes CASPR2, a multidomain trans-
membrane protein that is best known for clustering potassium
channels at the juxtaparanodes in myelinated axons (Poliak et al.,
2003). CNTNAP2 localizes at high levels in human fetal brain
prior to myelination (Abrahams et al., 2007). It also shows a dis-
tribution gradient as frontal cortical enrichment in the developing
human brain, indicative of a role in patterning circuits that under-
lie higher cognition and language. Thus, CNTNAP2 might play a
role in the developing brain regions that are likely to be affected
in ASD. A recessive frameshift mutation in CNTNAP2 was identi-
fied in individuals with cortical dysplasia focal epilepsy syndrome,
a congenital disorder, where majority of individuals displayed
characteristic features of ASD (Strauss et al., 2006). In addi-
tion, other studies that attribute CNTNAP2 to ASD include rare
single base pair mutations and common variations in the CNT-
NAP2 locus identified in patients with ASD (Alarcon et al., 2008;
Arking et al., 2008; Bakkaloglu et al., 2008; Falivelli et al., 2012).
Recent phenotypic characterization of Cntnap2 mutant mice
revealed deficits in the three core ASD behavioral domains with
hyperactivity and epileptic seizures (Penagarikano et al., 2011).
These mutant mice also showed neuronal migration abnormal-
ities, a significant reduction in the number of interneurons,
and abnormal neuronal network activity before the onset of
seizures. Most importantly, treatment with the FDA-approved
drug risperidone led to amelioration of the repetitive behav-
iors in the mutant mice further demonstrating a functional role
for CNTNAP2 in neuronal development and opening of new
avenues for therapeutic intervention in ASD (Penagarikano et al.,
2011).

NrCAM
NrCAM is a CAM that has gene homology to NgCAM and is
capable of homophilic cell adhesion as well as heterophilic inter-
actions with other non-NrCAM molecules such as Contactin-1,
Contactin-2/TAG1, and Neurofascin (Suter et al., 1995; Volkmer
et al., 1996; Pavlou et al., 2002). More recently, association analy-
sis has linked NrCAM to ASD (Sakurai et al., 2006). This study
showed over transmission of particular haplotypes of NrCAM
that modulate NrCAM expression in the brain, are associated
with a specific subset of autism with a severe obsessive–compulsive
behavior. Several single nucleotide polymorphisms (SNPs) in the
NrCAM gene were also found to be associated with autism (Marui
et al., 2009) further underscoring NrCAM as a strong candidate
gene in ASD.

Cadherins
Cadherins (CDH) and protocadherins (PCDH) include a large
family of CAMs, a number of which are required for synap-
tic formation and function (Weiner et al., 2005; Arikkath and

Reichardt, 2008). CDHs mostly undergo homophilic cell adhe-
sion and are involved in intracellular signaling pathways associated
with neuropsychiatric disorders. Many of the CDHs have spe-
cific spatio-temporal expression patterns in the brain and loss of
CDHs leads to altered functional connectivity and neuronal infor-
mation processing in human brain (Redies et al., 2012). Recent
studies have identified de novo translocation deleting CDH18 in
ASD (Marshall et al., 2008). This study also reported CNVs associ-
ated with PCDH9 gene in ASD. Homozygous deletions in PCDH10
have also been shown in autistic children (Morrow et al., 2008).
Other CDHs and PCDHs are disrupted in disorders related to
mental retardation and intellectual disabilities (Weiner and Jontes,
2013).

ION CHANNELS
Ion channels are essential for regulating axonal conduction of elec-
trical activity and maintaining the optimum level of excitability
within the nervous system. Recent studies linked neuronal exci-
tation alterations with ASD pointing to a potential role for ion
channels in the etiology of ASD. Mutations in calcium, sodium,
and potassium ion channels seem to enhance neuronal excitability.
ASD-linked ion channel mutations involve the SCN1A (Nav1.1),
CACNA1C (Cav1.2), KCNMA1 (BK Ca2+), and KCNJ10 (Kir4.1)
channels (Ji et al., 2009; Liao and Soong, 2010; Li et al., 2011; Sicca
et al., 2011).

Nav1.1
SCN1A encodes the alpha subunit of the sodium channel type
1 (Nav1.1) which belongs to the voltage-gated sodium chan-
nel family necessary for axonal conduction and action potential
propagation. These transmembrane proteins possess a large pore-
forming alpha subunit and two auxiliary beta subunits. This
organization is important for allowing sodium ions to move
through the axonal membrane to initiate and propagate action
potentials. Recently, SCN1A has emerged as the most impor-
tant gene in epilepsy (Mulley et al., 2005). More that 70% of
individuals with epileptic encephalopathy posses a mutation in
the region encoding SCN1A causing severe myoclonic epilepsy
in infancy, also known as Dravet syndrome (DS; Harkin et al.,
2007). This disorder is often accompanied by certain behavioral
abnormalities such as hyperactivity, sleep-disorder, anxiety, atten-
tion deficit, impaired social interactions, restricted interests, and
severe cognitive defects (Weiss et al., 2003; Ramoz et al., 2008;
O’Roak et al., 2012). Such behaviors are very similar to those
observed in patients with ASD and emerging evidence has linked
SCNA1 and ASD (Li et al., 2011). Researchers found that mice
with a loss of function mutation for SCN1A phenocopy DS and
show autistic-like behaviors (Han et al., 2012). It was suggested
that the autism-related traits in DS mice might be caused by a
decrease in inhibitory neurotransmission in GABAergic interneu-
rons due to SCN1A haploinsufficiency providing further evidence
that impaired GABAergic signaling may underlie ASD (Chao et al.,
2010).

Cav1.2
The calcium channels, voltage-dependent, L type, alpha 1C sub-
unit, also known as Cav1.2 encoded by the gene CACNA1C
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or balancer chromosomes are available (Rinchik et al.,
2002; Kile et al., 2003). Finally, we and others have been
conducting genomewide recessive screens using a 3-gen-
eration breeding scheme (Kasarskis et al., 1998; Herron et
al., 2002). The advantage of gene trap strategies as opposed
to the generation of point mutations is that identification of
mutations is much easier. The sites of gene trap insertions
are determined using rapid amplification of cDNA ends
(5!RACE), whereas the point mutations are positionally
cloned. Positional cloning involves identification of the
chromosomal location typically using a backcross of
around 50 animals and then genome scanning with simple
sequence length polymorphisms (SSLP) markers or micro-
satellite markers followed by fine-resolution mapping and
positional cloning/candidacy, which relies on meiotic re-
combination mapping. However, with the completion of
the mouse genome sequence project, this is no longer an
overwhelming task. In fact, we have been able to map
some of our mutations to a single locus using fewer than
250 meioses; however, typically 500–1000 meioses are
needed to positionally clone a gene of interest. During this
time, the phenotype can be further characterized. The most
popular chemical mutagen for inducing point mutations
throughout the mouse genome is N-ethyl-N-nitrosourea
(ENU) and provides the advantage of generating allelic
series including hypomorphs, antimorphs, and neo-
morphs.

In our mouse mutagenesis screen, we have sought to
identify recessive point mutations in genes that result in
NTDs. To do so, we screened based on morphological
phenotypes at midgestation in embryos derived from par-
ents heterozygous for a set of random ENU-induced mu-
tations as illustrated in Figure 1 (Kasarskis et al., 1998;
Anderson, 2000). Male mice are mutagenized with a dose
of ENU that has been shown empirically to give approxi-
mately 30 loss-of-function mutations per genome. With the
mouse genome containing an estimated 30,000 genes, we
can screen approximately two-thirds of the mouse genome
by analyzing 1000 F1 males. F1 males that carry mutations
in genes required for neural tube closure are identified by
mating to wild-type females, then crossing to the resulting
G2 daughters. Mutations are then positionally cloned us-
ing PCR-based molecular markers that are polymorphic
between the strain of mouse that was mutagenized
(C57BL/6) and the strain of mouse to which they are
outcrossed (C3H/HeJ or castaneous).

NTDs represent the largest class of mutant phenotypes
that we identified in our screens for morphologically de-
tectable phenotypes that affect a variety of embryonic pro-
cesses including gastrulation, branching morphogenesis,
left-right axis development, limb patterning, and neural
tube closure. Of interest, this disproportionate number of
mutant lines identified in our screens is consistent with the
data in humans, where NTDs are the second most common
birth defect. From our ongoing screening, we have isolated
83 mutant lines from 400 F1 males screened that carry
recessive mutations and 32 of these lines exhibit defects in
neural tube closure (Table 1; also see http://mouse.ski.
mskcc.org for pictures of mutant phenotypes). This rela-
tively high number of lines with NTDs likely reflects the
sensitivity of neural tube closure to a wide variety of
defects in development of not only the neural tissue, but
the mesoderm, nonneural ectoderm, and neural crest. Thus
far, the majority of the mutations in these lines have been

mapped to a single chromosomal region and in some cases
the gene and its causative mutation have been identified.
Most of the mutations that we have identified are in novel
genes or genes that have not previously been predicted to
cause the observed phenotype. Therefore, identification of
the mutations responsible for the NTDs in our panel of
mouse lines promises to vastly increase our knowledge of
the genes and pathways that are required for proper neural
tube closure.

ANALYSIS OF MOUSE NTD MUTANTS

Our ongoing studies involve further characterization of
the mutant phenotypes and positional cloning of the mu-
tations. In order to characterize the mutant phenotypes, we
systematically examine mutant embryos for defects in pro-
cesses, which are known to result in NTDs such as neural
patterning, apoptosis, proliferation, and cell movement.
Furthermore, NTDs can also result from defects in the
development or integrity of the surface ectoderm, neural
crest, or mesoderm. Thus, the mutant phenotype is char-
acterized using both histological and molecular markers to

Figure 1. Three-generation breeding scheme for identification of
recessive mutations that result in NTDs. Mutagenized C57BL/6
(black) males were mated with female C3H/HeJ (white) mice to
establish the F1 generation. To identify F1 males that carry muta-
tions in genes required for neural tube closure, these males were
mated to wild-type females to generate G2 females. These G2
females were then mated to their fathers (F1 male), and the result-
ing litters were examined at embryonic day 9.5, 12.5, or 18.5 for
morphological defects including NTDs.
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pinpoint the defective tissue(s) and to provide clues as to
the cause of the NTD. Furthermore, observed defects in
tissues other than the neural tissue may reveal additional
functions of the mutated gene that are either unrelated to
the NTD or are a consequence of the primary defect caus-
ing the NTD. For instance, NTDs that are also associated
with heart and somite defects could suggest a role for the
gene in mesoderm development, which could be respon-
sible for causing the NTD. Using these approaches, we
have identified a number of mouse lines that display de-
fects in the morphology of the floor plate, and these lines
were subsequently shown to have defects in Sonic Hedge-
hog (Shh) signaling and dorsal-ventral neural tube pattern-
ing (see below). Additionally, in the openmind (opm) line,
we have detected an excess of head mesenchyme sur-
rounding the cranial neural tube during neural tube clo-
sure (our unpublished results). Previous studies of mouse
mutants that have defects in head mesenchyme, such as
Twist and CART1 mutant embryos, have demonstrated an
important role for the head mesenchyme in cranial neural
tube closure (Chen and Behringer, 1995; Zhao et al., 1996;
Soo et al., 2002), suggesting that the observed increase in
head mesenchyme in the opm mutant may account for the
NTD.

It is also important to examine the onset of the NTD to
determine when and which tissues are affected. For exam-
ple, development of the NTD is examined at stages during
neural tube closure (! embryonic day 8.5–9.5) to deter-

mine if the neural folds are elevating properly. In some
cases we find that neural folds elevate and appear to close,
yet if we examine embryos a day later, exencephaly is
observed, suggesting a possible defect in the fusion of the
folds. Other morphological defects during neural tube clo-
sure may also provide valuable clues as to the cause of the
NTD. For instance, the morphology of the head of ED 9.5
embryos in line 22C suggested a truncation of the most
anterior region. Upon examination of molecular markers of
anterior-posterior (AP) patterning, we found that molecu-
lar markers of both the forebrain and the anterior neural
ridge are reduced in size (our unpublished results). This
defect in anterior patterning could be responsible for the
NTD.

Last, positional cloning of the affected gene and deter-
mination of the expression pattern during neural tube
closure will be invaluable for determining the cause of the
NTD. For instance, we recently identified a mutation in the
F11 line in a putative extracellular matrix (ECM) molecule
that is expressed in the neural folds immediately before
and following neural tube closure (JR Timmer, KV Ander-
son, and L Niswander, unpublished results). The combi-
nation of the identity of the mutated gene and the unusual
expression pattern suggests that the gene may be involved
in fusion of the neural folds and that the NTD may arise
from a failure of neural fold fusion.

Since ENU generally induces point mutations, different
types of mutations and phenotypes can be identified than

Table 1
Mouse Lines with NTDs That Have Been Identified in the Sloan-Kettering Mouse Mutagenesis Screen

Line Phenotype
Mapped to

chromosome Gene

2 Exencephaly, craniofacial defects and omphalocele 15 ?
11A Exencephaly, cardiovascular defect, polydactyly 7 ?
12A Exencephaly 4 ?
12D Exencephaly 16 ?
16C Exencephaly, eye defect 8 ?
20 Exencephaly, curly tail, fused digits kidney and lung defects 2 Laminin "5
22C Exencephaly, small forebrain and eye defect 1 ?
26 Exencephaly 12 ?
27E Exencephaly 12 ?
34B Exencephaly 1 ?
Dey Exencephaly, spina bifida, gastrulation and eye defect 3 Novel
C2 Exencephaly, spina bifida 7 ?
F11 Exencephaly and vascular defects 3 Novel
Opm Exencephaly and eye defect 12 Novel
Z4 Exencephaly 18 ?
G2E Exencephaly and eye defect 4 Novel
7A5 Exencephaly and small forebrain 5 ?
31B Exencephaly and small forebrain 2
1B Exencephaly, spina bifida, branchial arch and cardiovascular defect 6 ?
F19 Exencephaly ? ?
33C Exencephaly 19 ?
12 Exencephaly 1 ?
lilR3 Exencephaly, neural patterning 16 ?
Kif3a Exencephaly, neural patterning, left-right patterning 11 Kif3a
Opb2 Exencephaly, spina bifida, neural patterning, left-right patterning 1 Rab23
2A Exencephaly, neural patterning 11 ?
Wimple Exencephaly, neural patterning, left-right patterning 5 IFT172
Ling-ling Exencephaly, neural patterning, left-right patterning 9 Novel
10 Exencephaly, neural patterning, eye defect and cardiovascular defect 10 ?
Flexo Exencephaly, neural patterning, left-right patterning 14 IFT88/polaris
Hennin Exencephaly, neural patterning, left-right patterning 16 Novel
20D Exencephaly, neural patterning, left-right patterning ? ?
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conducting genomewide recessive screens using a 3-gen-
eration breeding scheme (Kasarskis et al., 1998; Herron et
al., 2002). The advantage of gene trap strategies as opposed
to the generation of point mutations is that identification of
mutations is much easier. The sites of gene trap insertions
are determined using rapid amplification of cDNA ends
(5!RACE), whereas the point mutations are positionally
cloned. Positional cloning involves identification of the
chromosomal location typically using a backcross of
around 50 animals and then genome scanning with simple
sequence length polymorphisms (SSLP) markers or micro-
satellite markers followed by fine-resolution mapping and
positional cloning/candidacy, which relies on meiotic re-
combination mapping. However, with the completion of
the mouse genome sequence project, this is no longer an
overwhelming task. In fact, we have been able to map
some of our mutations to a single locus using fewer than
250 meioses; however, typically 500–1000 meioses are
needed to positionally clone a gene of interest. During this
time, the phenotype can be further characterized. The most
popular chemical mutagen for inducing point mutations
throughout the mouse genome is N-ethyl-N-nitrosourea
(ENU) and provides the advantage of generating allelic
series including hypomorphs, antimorphs, and neo-
morphs.

In our mouse mutagenesis screen, we have sought to
identify recessive point mutations in genes that result in
NTDs. To do so, we screened based on morphological
phenotypes at midgestation in embryos derived from par-
ents heterozygous for a set of random ENU-induced mu-
tations as illustrated in Figure 1 (Kasarskis et al., 1998;
Anderson, 2000). Male mice are mutagenized with a dose
of ENU that has been shown empirically to give approxi-
mately 30 loss-of-function mutations per genome. With the
mouse genome containing an estimated 30,000 genes, we
can screen approximately two-thirds of the mouse genome
by analyzing 1000 F1 males. F1 males that carry mutations
in genes required for neural tube closure are identified by
mating to wild-type females, then crossing to the resulting
G2 daughters. Mutations are then positionally cloned us-
ing PCR-based molecular markers that are polymorphic
between the strain of mouse that was mutagenized
(C57BL/6) and the strain of mouse to which they are
outcrossed (C3H/HeJ or castaneous).

NTDs represent the largest class of mutant phenotypes
that we identified in our screens for morphologically de-
tectable phenotypes that affect a variety of embryonic pro-
cesses including gastrulation, branching morphogenesis,
left-right axis development, limb patterning, and neural
tube closure. Of interest, this disproportionate number of
mutant lines identified in our screens is consistent with the
data in humans, where NTDs are the second most common
birth defect. From our ongoing screening, we have isolated
83 mutant lines from 400 F1 males screened that carry
recessive mutations and 32 of these lines exhibit defects in
neural tube closure (Table 1; also see http://mouse.ski.
mskcc.org for pictures of mutant phenotypes). This rela-
tively high number of lines with NTDs likely reflects the
sensitivity of neural tube closure to a wide variety of
defects in development of not only the neural tissue, but
the mesoderm, nonneural ectoderm, and neural crest. Thus
far, the majority of the mutations in these lines have been

mapped to a single chromosomal region and in some cases
the gene and its causative mutation have been identified.
Most of the mutations that we have identified are in novel
genes or genes that have not previously been predicted to
cause the observed phenotype. Therefore, identification of
the mutations responsible for the NTDs in our panel of
mouse lines promises to vastly increase our knowledge of
the genes and pathways that are required for proper neural
tube closure.

ANALYSIS OF MOUSE NTD MUTANTS

Our ongoing studies involve further characterization of
the mutant phenotypes and positional cloning of the mu-
tations. In order to characterize the mutant phenotypes, we
systematically examine mutant embryos for defects in pro-
cesses, which are known to result in NTDs such as neural
patterning, apoptosis, proliferation, and cell movement.
Furthermore, NTDs can also result from defects in the
development or integrity of the surface ectoderm, neural
crest, or mesoderm. Thus, the mutant phenotype is char-
acterized using both histological and molecular markers to

Figure 1. Three-generation breeding scheme for identification of
recessive mutations that result in NTDs. Mutagenized C57BL/6
(black) males were mated with female C3H/HeJ (white) mice to
establish the F1 generation. To identify F1 males that carry muta-
tions in genes required for neural tube closure, these males were
mated to wild-type females to generate G2 females. These G2
females were then mated to their fathers (F1 male), and the result-
ing litters were examined at embryonic day 9.5, 12.5, or 18.5 for
morphological defects including NTDs.
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MELANOMA INITIATION

A zebrafish melanoma model reveals
emergence of neural crest identity
during melanoma initiation
Charles K. Kaufman,1,2,3,4 Christian Mosimann,5 Zi Peng Fan,6,7 Song Yang,1,2
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The “cancerized field”concept posits that cancer-prone cells in a given tissue share an oncogenic
mutation, but only discreet clones within the field initiate tumors. Most benign nevi carry
oncogenic BRAFV600E mutations but rarely becomemelanoma.The zebrafish crestin gene is
expressed embryonically in neural crest progenitors (NCPs) and specifically reexpressed in
melanoma. Live imaging of transgenic zebrafish crestin reporters shows that within a cancerized
field (BRAFV600E-mutant; p53-deficient), a single melanocyte reactivates the NCP state, revealing
a fate change at melanoma initiation in this model. NCP transcription factors, including sox10,
regulate crestin expression. Forced sox10 overexpression in melanocytes accelerated melanoma
formation, which is consistent with activation of NCP genes and super-enhancers leading to
melanoma. Our work highlights NCP state reemergence as a key event in melanoma initiation.

U
nderstanding the earliest events in cancer
formation remains an incompletely ful-
filled goal in biology, with important im-
plications for human health. In cancer
initiation, an activated oncogene or inac-

tivated tumor suppressor can trigger tumor for-
mation. However, it is unclear as to why only
sporadic cells with these genetic alterations com-
plete the conversion to a malignant state when
they are present in a large group of cancer-prone
cells, sometimes described as a “cancerized field”
(1). Better characterizing initiating events would
help identify targets for early therapeutic inter-
ventions and also provide prognostic information

about which precancerous lesions are most likely
to progress to cancer.
Melanoma is a cancer of transformed melano-

cytes, which are pigment-producing cells derived
from the embryonic neural crest lineage. It is
frequently drivenbyBRAForRASmutations (~80%
of cases) (2, 3). Melanoma is treatable and curable
when it is localized and resected completely but
remains largely incurable once it has spread, even
when treated with new kinase- and immune
checkpoint–targeted therapies (4). Our labora-
tory previously developed an animal model of
a BRAFV600E-driven cancer by placing the hu-
man BRAFV600E gene under the control of the
melanocyte-specific mitfa-promoter in trans-
genic zebrafish (5). When crossed into a p53
mutant loss-of-function background, these zebra-
fish (referred to here as p53/BRAF) invariably
develop nevi and, after several months, invasive
melanoma (5). Despite creating this extensive
“cancerized field” in which all melanocytes harbor
both oncogenic BRAFV600E and p53 loss through-
out their life span, these p53/BRAF melanoma–
prone zebrafish all develop one to threemelanoma
tumors after several months of age, indicating
that other molecular alterations are important
for tumor initiation.

crestin transgenics mark neural crest

To investigate the dynamics and mechanism of
sporadic melanoma formation, we visualized and
characterized melanoma lesion initiation. The
functionally uncharacterized zebrafish crestin gene
marks the neural crest during embryonic devel-
opment, becomes undetectable by ~72 hours after

fertilization (6, 7), and is specifically reexpressed
inmelanoma tumors in adult zebrafish (8). We rea-
soned that a crestin-based reporter transgene
would allow us to track embryonic neural crest cells
as well as melanoma tumors in vivo, potentially
from their earliest onset. We amplified by means
of polyermase chain reaction (PCR) a 4.5-kb up-
stream region common to multiple crestin inser-
tions in the zebrafish genome and cloned this
element upstreamof an enhanced green fluorescent
protein (EGFP) reporter (Fig. 1A, crestin:EGFP).
In stable transgenic zebrafish embryos, this con-
struct reproduced crestinmRNAexpression through
EGFP fluorescence (Fig. 1, B and C, and fig. S1A),
and time-lapse videos demonstrated the dorsal
emergence and wide migration of these crestin-
expressing putative neural crest progenitor cells
(movies S1 and S2). Neural crest expression was
reproducible in multiple independent lines and
with additional reporter genes (creERT2 and
mCherry) (Fig. 1, D to G, and fig. S5, A to C). As
with endogenous crestin expression, transgenic
crestin:EGFP expression was not detectable after
3 days after fertilization and did not come back
on in wild-type juvenile or adult zebrafish.
To confirm that the crestin transgenes target

neural crest progenitors, we also generated trans-
genics for crestin:creERT2 to genetically mark
crestin-expressing embryonic cells using a Cre/
lox–dependent EGFP-to-mCherry switching line
(“ubi:switch”) (9) and genetically labeled neu-
ral crest-derived cells, including melanocytes/
pigment cells (Fig. 1, D and E, red cells), jaw
cartilage (Fig. 1F), and lateral line glia (Fig.
1G). Because the crestin gene is specific to zeb-
rafish, we wanted to ensure that crestin reporter
embryonic expression is consistent with another
conserved early neural crest marker, the tran-
scription factor sox10. Confocal analysis of double-
transgenic Tg(crestin_1kb:EGFP) and Tg(sox10:mCh)
(10) zebrafish embryos showed a high degree of
overlap in reporter gene expression (Fig. 1H),
with any differences matching published in situ
hybridization (ISH) data (11). Thus, our crestin
transgenic lines recapitulate crestin expression
and specifically mark the embryonic neural crest
stem/progenitor cell population.

crestin transgenics visualize
melanoma initiation

We next determined whether crestin:EGFP is re-
expressed in melanoma tumors, as noted previ-
ously by ISH (8). We found crestin:EGFP is
expressed in tumors arising on triple transgenic
p53/BRAF/crestin:EGFP adult zebrafish but is
absent in the remainder of the animal, high-
lighting its specificity to the tumor (Fig. 2A). We
next followed developing zebrafish in order to
observe the onset of crestin:EGFP+ expression.
Before EGFP-expressing patches of cells formed
raised melanoma lesions on a given fish (Fig. 2B),
we were able to detect single isolated EGFP+

cells in p53/BRAF/crestin:EGFP zebrafish (Fig. 2C).
We could track their persistence and enlargement
(fig. S2, A and B). Small patches of EGFP+ cells,
containing <50 cells, are readily tractable as they
enlarge (fig. S2C). Analysis of single scales with
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Testing the hypothesis that some cancers arise by reviving 
populations of embryonic stem cells



Neural crest cells



discrete crestin:EGFP+ patches demonstrated that
transgene expression detectable with fluorescence
microscopy overlaps with crestin mRNA detected
with ISH (Fig. 2D). Together, these observations
reveal that after pan-neural crest expression con-
fined to the embryo, our crestin reporter ex-

presses specifically and reproducibly in melanoma
tumors, thus providing an in vivo genetic label for
melanoma cells that is earlier than with previous
detection methods (5, 12).
We next addressed the dynamics of reemerging

crestin expression in cohorts of p53/BRAF/crestin:

EGFP zebrafish. At the population level, crestin:
EGFP+ patches of cells (fig. S1, B and C) were
visible before the appearance of grossly raised
melanoma lesions (Fig. 2E, fig. S1D, and movie
S3). The crestin:EGFP expression is undetectable
in the p53/BRAF fish from 3 to >21 days after
fertilization, which is again consistent with pre-
vious in situ analyses for endogenous crestin.
We tracked individual small patches of crestin:
EGFP+ cells over time as they progressed into
fully formed raised melanoma lesions (Fig. 2E)
and found that all melanomas tracked in this
manner initiated from crestin:EGFP+ patches of
cells (30 out of 30). Thus, if a patch is seen in the
p53/BRAF background, it will become an overt
melanoma. These data demonstrate that reemer-
gence of crestin:EGFP expression, and a neural
crest progenitor state, correlates with melanoma
initiation in an in vivo model of de novo mela-
noma formation.
To establish that pretumor patches of crestin:

EGFP+ cells are tumorigenic and can autono-
mously expand locally after transplant, we per-
formed scale auto-transplants on p53/BRAF/
crestin:EGFP zebrafish (13). After transplant,
patches of crestin:EGFP+ cells survive and expand
at the new site. The EGFP+ cells persist and
further expand when later removing the tran-
splanted scale, suggesting that the cells have
invaded the hypodermis (Fig. 2G, representa-
tive example). We achieved similar results with
isolated scales placed in tissue culture but on a
shorter time scale (figs. S3A, and S4, A and B)
and with allotransplants to sublethally irradiated
recipient zebrafish (fig. S3B) (8). Thus, early
patches of crestin:EGFP–expressing cells are trans-
plantable in a manner suggesting that they are
already tumorigenic.

Transcriptional regulators
of crestin expression

As the crestin element proved to be a highly
specific and distinct tool for monitoring neural
crest andmelanoma development, we aimed to
identify (i) a minimal element within the 4.5-kb
crestin promoter/enhancer that could drive this
expression pattern and (ii) key transcriptional
regulators within the element. Sequence analysis
of the crestin locus, which is replicated through-
out the zebrafish genome >40 times, is similar
to another retroelement called bhikari that is ex-
pressed in early mesendoderm (fig. S6A) (6, 7, 14).
Both a 1-kb segment from the putative retroele-
ment promoter region and a smaller 296–base
pair (bp) subregion fully reproduced the neural
crest- and melanoma-specfic expression pattern
of the full 4.5-kb crestin element (Fig. 1H and fig.
S5, A to G), with slightly weaker expression for
the 296-bp element. Hence, key neural crest reg-
ulatory elements are contained in this 296-bp of
DNA, although additional contributory binding
sites may also be functional in the context of the
larger crestin element.
Database searches identified multiple predicted

transcription factor binding sites for important
neural crest developmental regulators within the
296-bp segment, including two sox10, one pax3,
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Fig. 1. The crestin promoter/enhancer drives neural crest-specific gene expression. (A) Prototypical
crestin retrotransposon locus with predicted ORF, LTR-like, and U3-like promoter regions. Shown are
locations of 4.5- and 1-kb segments used for crestin:EGFP constructs (white box/promoter arrow in-
dicate b-globin gene minimal promoter). (B) Endogenous expression pattern of crestin transcript by means
of ISH (purple staining) at 24 hours after fertilization marks developing and migrating neural crest cells.
(C) This expression pattern (green) is recapitulated by a stable Tg(crestin:EGFP) embryo at 24 hours after
fertilization. (D to G) Genetic lineage tracing of cells that express crestin [Tg(crestin:creERt2;crystallin:
YFP) X Tg(–3.5ubi:loxP-GFP-loxP-mCherry)] marks multiple neural crest lineages (red cells), including
melanocytes (bracket) on (D) the dorsum and (E) the eye (72 hours after fertilization), (F) jaw cartilage
(ventral view, 5 days after fertilization), and (G) glial cells of the lateral line (arrows, dorsal view posterior
to the yolk, 72 hours after fertilization). (H) Tg(crestin:EGFP) expression overlaps substantially with a
sox10:mCh transgene (confocal image, dorsal view over yolk, 24 hours after fertilization).
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the gene crestin is expressed in neural crest cells

The authors make a transgenic line that will report crestin 
expression by driving EGFP
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discrete crestin:EGFP+ patches demonstrated that
transgene expression detectable with fluorescence
microscopy overlaps with crestin mRNA detected
with ISH (Fig. 2D). Together, these observations
reveal that after pan-neural crest expression con-
fined to the embryo, our crestin reporter ex-

presses specifically and reproducibly in melanoma
tumors, thus providing an in vivo genetic label for
melanoma cells that is earlier than with previous
detection methods (5, 12).
We next addressed the dynamics of reemerging

crestin expression in cohorts of p53/BRAF/crestin:

EGFP zebrafish. At the population level, crestin:
EGFP+ patches of cells (fig. S1, B and C) were
visible before the appearance of grossly raised
melanoma lesions (Fig. 2E, fig. S1D, and movie
S3). The crestin:EGFP expression is undetectable
in the p53/BRAF fish from 3 to >21 days after
fertilization, which is again consistent with pre-
vious in situ analyses for endogenous crestin.
We tracked individual small patches of crestin:
EGFP+ cells over time as they progressed into
fully formed raised melanoma lesions (Fig. 2E)
and found that all melanomas tracked in this
manner initiated from crestin:EGFP+ patches of
cells (30 out of 30). Thus, if a patch is seen in the
p53/BRAF background, it will become an overt
melanoma. These data demonstrate that reemer-
gence of crestin:EGFP expression, and a neural
crest progenitor state, correlates with melanoma
initiation in an in vivo model of de novo mela-
noma formation.
To establish that pretumor patches of crestin:

EGFP+ cells are tumorigenic and can autono-
mously expand locally after transplant, we per-
formed scale auto-transplants on p53/BRAF/
crestin:EGFP zebrafish (13). After transplant,
patches of crestin:EGFP+ cells survive and expand
at the new site. The EGFP+ cells persist and
further expand when later removing the tran-
splanted scale, suggesting that the cells have
invaded the hypodermis (Fig. 2G, representa-
tive example). We achieved similar results with
isolated scales placed in tissue culture but on a
shorter time scale (figs. S3A, and S4, A and B)
and with allotransplants to sublethally irradiated
recipient zebrafish (fig. S3B) (8). Thus, early
patches of crestin:EGFP–expressing cells are trans-
plantable in a manner suggesting that they are
already tumorigenic.

Transcriptional regulators
of crestin expression

As the crestin element proved to be a highly
specific and distinct tool for monitoring neural
crest andmelanoma development, we aimed to
identify (i) a minimal element within the 4.5-kb
crestin promoter/enhancer that could drive this
expression pattern and (ii) key transcriptional
regulators within the element. Sequence analysis
of the crestin locus, which is replicated through-
out the zebrafish genome >40 times, is similar
to another retroelement called bhikari that is ex-
pressed in early mesendoderm (fig. S6A) (6, 7, 14).
Both a 1-kb segment from the putative retroele-
ment promoter region and a smaller 296–base
pair (bp) subregion fully reproduced the neural
crest- and melanoma-specfic expression pattern
of the full 4.5-kb crestin element (Fig. 1H and fig.
S5, A to G), with slightly weaker expression for
the 296-bp element. Hence, key neural crest reg-
ulatory elements are contained in this 296-bp of
DNA, although additional contributory binding
sites may also be functional in the context of the
larger crestin element.
Database searches identified multiple predicted

transcription factor binding sites for important
neural crest developmental regulators within the
296-bp segment, including two sox10, one pax3,
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(C) This expression pattern (green) is recapitulated by a stable Tg(crestin:EGFP) embryo at 24 hours after
fertilization. (D to G) Genetic lineage tracing of cells that express crestin [Tg(crestin:creERt2;crystallin:
YFP) X Tg(–3.5ubi:loxP-GFP-loxP-mCherry)] marks multiple neural crest lineages (red cells), including
melanocytes (bracket) on (D) the dorsum and (E) the eye (72 hours after fertilization), (F) jaw cartilage
(ventral view, 5 days after fertilization), and (G) glial cells of the lateral line (arrows, dorsal view posterior
to the yolk, 72 hours after fertilization). (H) Tg(crestin:EGFP) expression overlaps substantially with a
sox10:mCh transgene (confocal image, dorsal view over yolk, 24 hours after fertilization).
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transgene expression detectable with fluorescence
microscopy overlaps with crestin mRNA detected
with ISH (Fig. 2D). Together, these observations
reveal that after pan-neural crest expression con-
fined to the embryo, our crestin reporter ex-

presses specifically and reproducibly in melanoma
tumors, thus providing an in vivo genetic label for
melanoma cells that is earlier than with previous
detection methods (5, 12).
We next addressed the dynamics of reemerging

crestin expression in cohorts of p53/BRAF/crestin:

EGFP zebrafish. At the population level, crestin:
EGFP+ patches of cells (fig. S1, B and C) were
visible before the appearance of grossly raised
melanoma lesions (Fig. 2E, fig. S1D, and movie
S3). The crestin:EGFP expression is undetectable
in the p53/BRAF fish from 3 to >21 days after
fertilization, which is again consistent with pre-
vious in situ analyses for endogenous crestin.
We tracked individual small patches of crestin:
EGFP+ cells over time as they progressed into
fully formed raised melanoma lesions (Fig. 2E)
and found that all melanomas tracked in this
manner initiated from crestin:EGFP+ patches of
cells (30 out of 30). Thus, if a patch is seen in the
p53/BRAF background, it will become an overt
melanoma. These data demonstrate that reemer-
gence of crestin:EGFP expression, and a neural
crest progenitor state, correlates with melanoma
initiation in an in vivo model of de novo mela-
noma formation.
To establish that pretumor patches of crestin:

EGFP+ cells are tumorigenic and can autono-
mously expand locally after transplant, we per-
formed scale auto-transplants on p53/BRAF/
crestin:EGFP zebrafish (13). After transplant,
patches of crestin:EGFP+ cells survive and expand
at the new site. The EGFP+ cells persist and
further expand when later removing the tran-
splanted scale, suggesting that the cells have
invaded the hypodermis (Fig. 2G, representa-
tive example). We achieved similar results with
isolated scales placed in tissue culture but on a
shorter time scale (figs. S3A, and S4, A and B)
and with allotransplants to sublethally irradiated
recipient zebrafish (fig. S3B) (8). Thus, early
patches of crestin:EGFP–expressing cells are trans-
plantable in a manner suggesting that they are
already tumorigenic.

Transcriptional regulators
of crestin expression

As the crestin element proved to be a highly
specific and distinct tool for monitoring neural
crest andmelanoma development, we aimed to
identify (i) a minimal element within the 4.5-kb
crestin promoter/enhancer that could drive this
expression pattern and (ii) key transcriptional
regulators within the element. Sequence analysis
of the crestin locus, which is replicated through-
out the zebrafish genome >40 times, is similar
to another retroelement called bhikari that is ex-
pressed in early mesendoderm (fig. S6A) (6, 7, 14).
Both a 1-kb segment from the putative retroele-
ment promoter region and a smaller 296–base
pair (bp) subregion fully reproduced the neural
crest- and melanoma-specfic expression pattern
of the full 4.5-kb crestin element (Fig. 1H and fig.
S5, A to G), with slightly weaker expression for
the 296-bp element. Hence, key neural crest reg-
ulatory elements are contained in this 296-bp of
DNA, although additional contributory binding
sites may also be functional in the context of the
larger crestin element.
Database searches identified multiple predicted

transcription factor binding sites for important
neural crest developmental regulators within the
296-bp segment, including two sox10, one pax3,
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locations of 4.5- and 1-kb segments used for crestin:EGFP constructs (white box/promoter arrow in-
dicate b-globin gene minimal promoter). (B) Endogenous expression pattern of crestin transcript by means
of ISH (purple staining) at 24 hours after fertilization marks developing and migrating neural crest cells.
(C) This expression pattern (green) is recapitulated by a stable Tg(crestin:EGFP) embryo at 24 hours after
fertilization. (D to G) Genetic lineage tracing of cells that express crestin [Tg(crestin:creERt2;crystallin:
YFP) X Tg(–3.5ubi:loxP-GFP-loxP-mCherry)] marks multiple neural crest lineages (red cells), including
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(ventral view, 5 days after fertilization), and (G) glial cells of the lateral line (arrows, dorsal view posterior
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Control experiment shows that 
crestin:EGFP = crestin mRNA 

and 
that it is expressed in Neural crest cells 
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Fig. 2. Tg(crestin:EGFP) specifically marks melanoma tumors and pre-
cursor lesions. (A) Spontaneously arising tumors (outlined) in p53/BRAF/
crestin:EGFP zebrafish express EGFP (brackets), whereas the remainder of
the animal is negative. (B) crestin:EGFP expression is also visible in precursor,
nonraised lesions. (C) Example of a single crestin:EGFP+ cell in p53/BRAF
background. (D) Scales expressing crestin:EGFP from precursor, nonraised
regions [(B), bottom, arrow] were plucked, photographed [(D), left and
middle], and subjected to ISH for crestin transcript [(D), right]. There is a
concordance of EGFP (green) and crestin transcript (purple, dotted outlines,
scales curl during ISH procedure, indicated by the curved arrow, observed in
5 of 5 scales). (Bottom right) crestin:EGFP– scales are negative for crestin
ISH staining (observed in 7 of 7 tested scales). (E) Cohorts of p53/BRAF/

crestin:EGFP zebrafish were tracked over time for the appearance of crestin:
EGFP+ patches and tumors, with crestin:EGFP+ cells/patches (green line)
identifiable before raised melanoma tumors (black line). (F) Example of an
EGFP+ preclinical patch tracked over time (6, 9, 11.5, and 17 weeks) as it
expands into a clinically apparent melanoma tumor. (G) Scale autotransplant
and expansion of crestin:EGFP+ patch of cells. At day 0, the recipient site is
free of crestin:EGFP+ cells (pre–scale transplant), but immediately after trans-
plant of a single scale (post–scale transplant), the patch of EGFP+ cells is
apparent (white circle). This patch expands outward, and even upon removal
of the original transplanted scale after the day 33 photograph, EGFP+ cells
remain in place and continue to expand. The magnification and size of white
circle is the same in each image.
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The authors next put their crestin:EGFP reporter into a p53 and 
BRAF mutant background and waited!

Normally in adult animal crestin is not expressed 

But sometimes a cell would pop up
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background. (D) Scales expressing crestin:EGFP from precursor, nonraised
regions [(B), bottom, arrow] were plucked, photographed [(D), left and
middle], and subjected to ISH for crestin transcript [(D), right]. There is a
concordance of EGFP (green) and crestin transcript (purple, dotted outlines,
scales curl during ISH procedure, indicated by the curved arrow, observed in
5 of 5 scales). (Bottom right) crestin:EGFP– scales are negative for crestin
ISH staining (observed in 7 of 7 tested scales). (E) Cohorts of p53/BRAF/

crestin:EGFP zebrafish were tracked over time for the appearance of crestin:
EGFP+ patches and tumors, with crestin:EGFP+ cells/patches (green line)
identifiable before raised melanoma tumors (black line). (F) Example of an
EGFP+ preclinical patch tracked over time (6, 9, 11.5, and 17 weeks) as it
expands into a clinically apparent melanoma tumor. (G) Scale autotransplant
and expansion of crestin:EGFP+ patch of cells. At day 0, the recipient site is
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plant of a single scale (post–scale transplant), the patch of EGFP+ cells is
apparent (white circle). This patch expands outward, and even upon removal
of the original transplanted scale after the day 33 photograph, EGFP+ cells
remain in place and continue to expand. The magnification and size of white
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crestin+ melanomas grow
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scales curl during ISH procedure, indicated by the curved arrow, observed in
5 of 5 scales). (Bottom right) crestin:EGFP– scales are negative for crestin
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crestin:EGFP zebrafish were tracked over time for the appearance of crestin:
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identifiable before raised melanoma tumors (black line). (F) Example of an
EGFP+ preclinical patch tracked over time (6, 9, 11.5, and 17 weeks) as it
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On a side note transgenic animals also make adorable pets



GSK3b inhibitor Chiron Technologies 99021 (CHIR99021) and
subsequent incubation in B27-supplemented media were
sufficient to induce tubular differentiation, whereas insulin and
WNT inhibition steps were dispensable (Supplementary Fig. 3c,d;
the optimized protocol is shown in Fig. 1a).

We examined these tubular organoids for the expression of
kidney markers. Lotus tetragonolobus lectin (LTL), a marker of
kidney proximal tubules, reacted strongly with tubular structures
and appeared enriched in tubular lumens (Fig. 2b,c). By
comparison, epiblast spheroids examined side-by-side with
tubules had negligible affinity for LTL (Supplementary Fig. 3e).

As LTL reacts strongly with kidney tubules and also with certain
other epithelia, we performed a more thorough characterization
of these organoids with markers of kidney and other organs.
Tubules expressed the nephron progenitor/renal vesicle markers
Lin11-Isl1-Mec3 (LIM) homeobox 1 (LHX1) and paired box gene
2 (PAX2; Fig. 2b). Sine oculis homeobox homologue 2 (SIX2) was
expressed in mesenchyme adjacent to the tubules but not in the
tubules themselves, consistent with the developmental restriction
of this marker to the metanephric mesenchyme (Fig. 2b). The
endocytosis receptors low density lipoprotein-related protein 2
(megalin) and cubilin were co-expressed apically and co-localized
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endothelial compartments. White dashed outline highlights a representative tubular terminus. Images are representative of one hESC line and three iPSC
lines from different patients. (h) Number of tubular organoids formed per unit surface area in cultures of hESCs and iPSCs (left) and per cent of these LTLþ

organoids associated with CD31þ and PODXLþ cell types within the organoid (right). (i) Confocal images of organoid-derived human tubule (H) with LTL
reactivity after 3 weeks of growth inside the developing mouse kidney cortex (m). Scale bars, 100mm. Error bars, s.e.m (nZ3 experiments).
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Figure 7. This schematic illustration (adapted with permission from an original by 

Professor Bert van Zupthen) attempts to describe trends in the use of animals for scientific 

purposes in the Western world across time. It depicts the emergence of the first vivisection 

studies by classical Greek physicians, the absence of animal-based research—along with 

most medical and scientific research—across the Middle Ages, its resurgence in the 

Renaissance onwards, and the rapid increase in animal studies following the rise of  

science-based physiology and medicine in the nineteenth century. The curves represented 

are nevertheless conjectural, as there are no reliable statistics on animal use for most of the 

period covered. Even nowadays it is hard to estimate trends in animal research, as data 

from several developed countries is insufficient (for instance, in the United States, rodents, 

fish and birds are not accounted for in the statistics). The available data, however, suggest 

that the number of animals used in research and testing in the Western world peaked in the 

1970s, and decreased until the late 1990s, or early 2000s, to about half the number of  

30 years earlier, and stabilizing in recent years. While many, if not most, researchers do not 

foresee an end to animal experiments in biomedicine, the European Commission has 

nevertheless set full replacement of animal experiments as an ultimate goal [204], and the 

Humane Society of the United States has the optimistic goal of full replacement by the  

year 2050 [192].

8. Conclusion 

The historical controversy surrounding animal research is far from being settled. While the key 

arguments in this debate have not differed significantly since the rise of antivivisectionism in 

nineteenth-century England—and even before—we have since then moved a long way forward in 

regards to the protection of animals used in research and transparency regarding such use. While 

animal experiments have played a vital role in scientific and biomedical progress and are likely to 

continue to do so in the foreseeable future, it is nonetheless important to keep focusing on the 

continuous improvement of the wellbeing of laboratory animals, as well as further development of 

replacement alternatives for animal experiments.  
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Simple Summary: This article reviews the use of non-human animals in biomedical 

research from a historical viewpoint, providing an insight into the most relevant social and 

moral issues on this topic across time, as well as to how the current paradigm for ethically 

and publically acceptable use of animals in biomedicine has been achieved.  

Abstract: The use of non-human animals in biomedical research has given important 

contributions to the medical progress achieved in our day, but it has also been a cause of 

heated public, scientific and philosophical discussion for hundreds of years. This review, 

with a mainly European outlook, addresses the history of animal use in biomedical research, 

some of its main protagonists and antagonists, and its effect on society from Antiquity to 

the present day, while providing a historical context with which to understand how we 

have arrived at the current paradigm regarding the ethical treatment of animals in research. 

Keywords: animal research; animal testing; biomedical research; animal ethics; history  

of science

1. Introduction 

Animal experimentation has played a central role in biomedical research throughout history. For 

centuries, however, it has also been an issue of heated public and philosophical discussion. While there 

are numerous historical overviews of animal research in certain fields or time periods, and some on its 

ethical controversy, there is presently no comprehensive review article on animal research, the social 

controversy surrounding it, and the emergence of different moral perspectives on animals within a 

historical context. This perspective of animal use in the life sciences and its moral and social 
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