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Normally folded prion protein (PrPC) and its functions in
healthy brains remain underappreciated compared with the
intense study of its misfolded forms (“prions,” PrPSc) during the
pathobiology of prion diseases. This impedes the development
of therapeutic strategies in Alzheimer’s and prion diseases. Dis-
rupting the zebrafish homologs of PrPC has provided novel
insights; however, mutagenesis of the zebrafish paralog prp2 did
not recapitulate previous dramatic developmental phenotypes,
suggesting redundancy with the prp1 paralog. Here, we gener-
ated zebrafish prp1 loss– of–function mutant alleles and dual
prp1�/�;prp2�/� mutants. Zebrafish prp1�/� and dual prp1�/�;
prp2�/� mutants resemble mammalian Prnp knockouts insofar
as they lack overt phenotypes, which surprisingly contrasts with
reports of severe developmental phenotypes when either prp1
or prp2 is knocked down acutely. Previous studies suggest that
PrPC participates in neural cell development/adhesion,
including in zebrafish where loss of prp2 affects adhesion and
deposition patterns of lateral line neuromasts. In contrast with
the expectation that prp1’s functions would be redundant to
prp2, they appear to have opposing functions in lateral line neu-
rodevelopment. Similarly, loss of prp1 blunted the seizure sus-
ceptibility phenotypes observed in prp2 mutants, contrasting
the expected exacerbation of phenotypes if these prion
gene paralogs were serving redundant roles. In summary, prion
mutant fish lack the overt phenotypes previously predicted, and
instead they have subtle phenotypes similar to mammals. No
evidence was found for functional redundancy in the zebrafish
prion gene paralogs, and the phenotypes observed when each
gene is disrupted individually are consistent with ancient func-
tions of prion proteins in neurodevelopment and modulation of
neural activity.

Reduced normal cellular prion protein (PrPC)3 function(s)
are a likely contributor to prion disease progression (despite its
loss not being sufficient for disease (1, 2)); thus, it is important
to understand the normal physiological functions of PrPC to
devise effective disease therapies. Furthermore, removal of
PrPC is considered a promising therapeutic avenue for prion
and Alzheimer’s diseases (3, 4), and knowing its function is
critical to predicting safety and mitigating detrimental effects of
treatment. Although the normal functions of PrPC are not well
characterized, it is known to interact with numerous extracel-
lular matrix and cell-surface proteins including laminin (5) and
NCAM (6, 7). Further investigation of these interactions
revealed participation of PrPC in processes such as neuritogen-
esis and neurite outgrowth (8 –10). Recently, it was also found
that PrPC is involved in polysialylation of NCAM during
epithelial–to–mesenchymal transitions (11). Understanding
the putative PrPC functions that are relevant in vivo has been
hindered by the lack of overt phenotypes in Prnp knockout
mice (12, 13), highlighting the need for alternative in vivo sys-
tems and methods. Zebrafish have emerged as genetically trac-
table disease models and can be used to complement studies
performed in other model organisms such as rats and mice (14);
here, we used zebrafish as a model system to further uncover
functions of PrPC.

Zebrafish possess two copies of the prion gene (15), and this
type of duplication relative to mammalian homologs is com-
mon due to a whole-genome duplication in the fish lineage.
Both paralogs of zebrafish prion genes, prp1 and prp2, are sim-
ilar in possessing all the recognizable linear domains of mam-
malian prion proteins (Fig. 1) (15–18); specific gene identifiers
are listed under “Experimental procedures” and see “Discus-
sion” for dismissal of a putative third paralog). The mammalian
and fish homologs do not share high percent identity, as the
latter are longer, but both are predicted to have the repeat
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domains, hydrophobic domains, glycine zippers, and post-
translational modifications (GPI-anchor, disulfide bridge, and
N-linked glycosylations) that are present in the canonical mam-
malian prion protein (15, 16, 19 –21). The functional conserva-
tion among these genes is strongly supported by experiments
where mammalian prion proteins rescue phenotypes observed
following disruption of fish prion genes (18, 22, 23). The recip-
rocal approach expressing fish PrPC in mammalian cells dem-
onstrates that fish PrPC has post-translational modifications
(glycosylation) similar to its mammalian homologs (20, 24).
Predicted protein products of prp1 and prp2 are present in
zebrafish brain, as detected by proteomics, including at least
prp2 being in synaptosomal preparations (25, 26).

We recently engineered mutations of prp2 and were sur-
prised to observe that the fish developed normally, with pheno-
types that included deeply conserved roles in NMDA receptor
dysregulation, learning/memory, and seizure susceptibility (16,
27). This contrasted several works (including our own) using
prion knockdown to produce dramatic early defects and sug-
gested that PrPC is required for embryonic development (16, 22,
28). To reconcile this discrepancy, we hypothesized that the
two PrPC paralogs in zebrafish, prp1 and prp2, might have par-
tially redundant roles such that prp1 was masking phenotypes
in our prp2 mutants. This work addresses this hypothesis, using
targeted mutagenesis to disrupt prp1, and seeks to resolve
whether PrPC mutation in zebrafish can fulfill its promise of
revealing key roles in neurophysiology and neurodevelopment
that have been lacking in similar experiments using PRNP
knockout mammals.

Indeed, previous studies in zebrafish have helped to uncover
conserved in vivo functions of PrPC, including roles in early
development and neuroprotective functions. Transient knock-
down of prp1 with a high dose of prp1 morpholino (MO) was
found to arrest development during gastrulation (18), and at a
lower dose caused developmental delay, CNS malformations,
and apoptosis (22). These phenotypes could be reversed
through ectopic delivery of zebrafish and mammalian Prnp
mRNA (18, 22). Similarly, prp2 morphants had differential
expression of genes linked to apoptosis, neurogenesis, and
embryonic development (29) and exhibited developmental def-
icits (18, 22, 29, 30). However, ectopic delivery of prp2 mRNA
was not readily able to rescue these developmental phenotypes
(18, 22, 30); thus, specificity of prp2 morpholinos remains
unverified. Zebrafish studies have also revealed that PrPC par-
ticipates in cell adhesion in vivo. Prp1 knockdown has revealed
a role for prp1 in mediating cell adhesion through E-cadherin
and Src kinases (18, 23, 28). Furthermore, we found that prp1
and appa loss have synergistic roles in neuroprotection and
cell adhesion and that PrPC and APP physically interact (22),
thus arguing for a specific niche role for PrP1 in its interaction
with APP that can be extended to mammals and expands the
research space for considering a role for PrPC in Alzheimer
disease. Therefore, morpholino knockdown of prion paralogs
in zebrafish, when accompanied by stringent controls of mRNA
rescue, has generated enticing support for novel hypotheses
about the role of PrPC loss– of–function in neurodegenerative
diseases (2).

Our first aim was to deploy targeted mutagenesis to engineer
prp1 loss– of–function alleles. We generated two lines of fish
with frameshift mutations in prp1 that are predicted to be null
alleles. Both lines of prp1�/� mutants as well as compound
prp1�/�;prp2�/� mutants resembled mouse Prnp knockouts
in that they appeared overtly normal, except that prp1�/�

mutants were slightly smaller at larval stages. Interestingly,
concerted loss of both prp1 and prp2 mutants reversed this
reduction in larval size. Similarly, a combined loss of prp1 and
prp2 did not exacerbate defects in neural hyperexcitability and
instead led to a blunting of seizure susceptibility phenotypes.
We also characterized the lateral line, as this is an accessible site
to assess role(s) for PrPC in cell cohesion during neurodevelop-
ment (30). Rather than prp1 and prp2 having the hypothesized
redundant roles in neuromast patterning, the lateral line phe-
notypes in mutants were contrasting and nonadditive. Overall,
these data suggest that prp1 and prp2 might have opposing/
competing roles in the signaling pathway(s) underlying neuro-
development and neural excitability in at least some tissues.

Results

prp1 TALENs induced somatic and germline mutations in prp1

We sought to disrupt the function of prp1 via targeted
mutagenesis by targeting the 5� end of the first (and only) cod-
ing exon with Tal Effector Nucleases (TALENs; custom restric-
tion enzymes designed to engineer dsDNA breaks), such that
small insertions or deletions producing frameshift mutations
would lead to loss of all predicted protein domains (Fig. 1). To
ensure that TALENs were capable of producing mutations in
vivo, we first analyzed somatic cutting in embryos injected with
the prp1 TALEN reagents. High-resolution melt analysis
(HRM) on genomic DNA from three pools of 20 injected
embryos revealed different melt profiles compared with the
uninjected controls. Somatic cutting of the target genomic
DNA was confirmed, in that cloning and HRM analysis on 12 of
these clones identified two clones (17%) where sequencing
revealed 1- or 6-bp deletions (Fig. S1A).

Germline transmission of similar mutations was observed,
allowing us to generate frameshift (predicted null) mutations in
the prp1 gene of adult fish. F0 generation fish showed interest-
ing melt profiles compared with controls (sample melt profiles
shown in Fig. S1B). These interesting clones originated from
three pairs of fish, and sibling fish from these crosses were
raised to adulthood and genotyped.

Identification of fish heterozygous for the prp1 ua5003 and
ua5004 frameshift alleles

To identify F1 generation fish carrying mutations in prp1, 48
of their adult progeny in the F2 generation were fin-clipped;
these were progeny of fish injected with prp1 TALENS as above.
Two males and three females had different HRM profiles than
the controls. Upon sequencing clones from these individual
fish, it was found that one male had an 8-bp deletion and an
I10T missense mutation (designated as allele ua5003, Fig. 1A),
whereas three females and one male had a 19-bp deletion (des-
ignated as allele ua5004, Fig. 1A). “ua” in our allele names is the
identifier assigned by ZFin.org, the Zebrafish Model Organism
Database, to denote “University of Alberta.” These frameshift
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alleles are predicted to produce truncated nonsense proteins
(Fig. 1C) that lack all recognizable domains of the mature prion
protein.

Both prp1 mutant alleles appear to be phenotypically normal,
except being slightly smaller than prp1�/� at larval stages

To test whether prp1 is required for zebrafish development,
we bred fish with the prp1ua5003/ua5003 or prp1ua5004/ua5004

alleles to homozygosity. We observed no overt phenotypes at
larval stages (Fig. 1B). Post-larval growth and maintenance also
appeared normal, such that adult zygotic mutants were indis-
tinguishable from WT (adult fish with the ua5003 or ua5004
alleles are shown in Fig. S2, B and C). To test the hypothesis that
maternally provided prp1 mRNA is sufficient to mask early
developmental phenotypes, we raised homozygous maternal
zygotic mutants for the prp1 ua5003 and ua5004 alleles. Again,
we observed no overt phenotypes (Fig. 2), except that prp1�/�

maternal zygotic mutants with the ua5003 and ua5004 alleles
were �3 and 2.5%, respectively, shorter than prp1�/� fish at
50 h post-fertilization (hpf) (Fig. 2B; p � 0.05). Thus, reduced
body size is a consistent phenotype across two independent
disruptions of prp1, but its biological significance (if any)
remains to be determined.

Maternal zygotic prp1�/� fish have reduced prp1 transcript
abundance

Because we did not observe overt phenotypes in our prp1
mutants as has been observed in prp1 morphants (18, 22), we
tested the alternative hypothesis that the prp1 alleles were not
null alleles. We found that prp1 transcript abundance was
reduced 10-fold in 3 dpf maternal zygotic prp1ua5003/ua5003 lar-
vae compared with WT (Fig. 2E, p � 0.0027). In contrast, prp2
transcript abundance was not altered in these prp1ua5003/ua5003

larvae (Fig. 2F; although note that prp2 transcript abundance is
reduced in prp2 mutants (see Fig. 2H and Fig. S2E) (16). Simi-
larly, compound mutant maternal zygotic prp1�/�;prp2�/�

larvae had dramatically reduced transcript abundance for both
prp1 and prp2 compared with WT (Fig. 2, G and H; n � 21; p �
0.001). Considering the other allele, prp1 transcript abundance
was reduced in 2 dpf maternal zygotic prp1ua5004/ua5004 larvae
by about 50% compared with WT larvae (Fig. S2A, p � 0.0012).
Overall, it appears that prp1 transcript levels are reduced in fish
with the prp1 ua5003 and ua5004 alleles, perhaps through non-
sense-mediated decay (31).

These transcripts were characterized further, with special
attention to the possibility that the deletions we engineered in
mutant prp1 or prp2 transcripts might produce unexpected

Figure 1. Two stable mutant lines of prp1�/� zebrafish were engineered and both lack overt developmental phenotypes. A, targeted mutagenesis of
the prion protein 1 (prp1) gene via TALENs resulted in deletions within the first 50 bp of the translation start site. The coding region of the prp1 gene (gray box)
is within a single exon, homologous to the mammalian PRNP gene structure; �4.25 kb of chromosome 10 is schematized. TALENs were designed to cut the
zebrafish genome specifically at the start of the prp1-coding region within exon 2. Two frameshift alleles were isolated: zebrafish with the prp1ua5003 allele have
an 8-bp deletion (�8bp), and zebrafish with the prp1ua5004 have a 19-bp deletion (�19bp). The predicted protein products of these mutants are truncated
because both of these frameshifts lead to a stop codon early in each allele, and the remaining peptides have no similarity to prion proteins. B, heterozygous
prp1�/ua5003 and zygotic prp1ua5003/ua5003 larvae are similar in appearance to WT larvae at 50 h post-fertilization. C, predicted wildtype (WT) Prp1 protein shares
most predicted domains with mammalian prion protein (PrPC), although they differ in length. All recognizable PrPC domains are lost in the mature
predicted protein products of these mutant fish (bottom). These include signal peptides (S), repetitive region, a central hydrophobic domain (H), a GPI
anchor, glycine zipper (GXXXG), disulfide bridge (S—S), and N-linked glycosylation sites. Putative proteins from the ua5003 allele and ua5004 allele have
a signal peptide, followed by nonsense sequence (36 and 2 amino acids (a.a.), respectively) and early stop codons; the signal peptide is cleaved off of
the mature PrPC protein.
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mRNA splicing in ways that might allow functional protein to
be produced. Two approaches were used. First, transcripts
were characterized with 5�-rapid amplification of cDNA ends
(RACE) using gene-specific primers positioned in the middle
of the only coding exon of each gene and positioned 3� of
the mutations. Compound prp1ua5003/ua5003;prp2ua5001/ua5001

mutant larvae at 2 dpf had prp1 and prp2 transcripts with 5�
ends that were indistinguishable from WT in length (Fig. S10),
and this was confirmed via sequencing.

Second, transcripts were characterized by examining the
alignment of RNA-sequencing reads to the chromosomal loca-

tions containing prp1 and prp2 genes (on chromosomes 10 and
25, respectively); we predicted that any unexpected transcript
configuration in the mutants would be revealed by reads align-
ing outside of the exons, and this would occur differentially in
mutant but not in WT RNA-Seq reads. RNA-sequencing to a
large depth (	41 million reads) revealed no out-of-place RNA-
Seq reads from prp1�/�;prp2�/� mutants relative to the exons
of prp1 or prp2 genes (Fig. S11). Incidentally, the abundance of
read alignments (Fig. S11) independently confirmed that the
absolute abundances of both prp1 and prp2 transcripts are
reduced in prp1�/�;prp2�/� mutants (to 21 and 10% of WT

Figure 2. Maternal zygotic prp1ua5003/ua5003 and prp1ua5004/ua5004 zebrafish are predicted to be nulls and have no overt phenotypes except being
slightly smaller than WT as larvae. A, maternal zygotic prp1ua5003/ua5003 and prp1ua5004/ua5004 zebrafish larvae have no overt phenotypes at 50 hpf. B, mean
lengths of maternal zygotic prp1ua5003/ua5003 larvae and maternal zygotic prp1ua5004/ua5004 larvae are reduced by 3 and 2.5%, respectively, compared with
prp1�/� larvae at 50 hpf. *, p � 0.05 with the Kruskal Wallis test. n refers to the number of zebrafish. C and D, maternal zygotic prp1ua5003/ua5003 (C) and maternal
zygotic prp1ua5004/ua5004 zebrafish (D) survive to adulthood and have no overt phenotypes compared with WT fish. prp1 transcript abundance is reduced in both
mutant alleles. E, prp1 transcript abundance was reduced by �10-fold in 3 dpf prp1ua5003/ua5003 larvae compared with 3 dpf WT larvae. Data are normalized to
the WT fish. **, p � 0.0027 with the unpaired t test. n refers to the number of biological replicates (15–20 larvae/biological replicate. See also supporting Fig. S2A
and E). F, prp2 transcript abundance was not altered in prp1ua5003/ua5003 larvae. G and H, prp1 and prp2 are both substantially decreased in compound maternal
zygotic prp1ua5003/ua5003;prp2ua5001/ua5001 mutants. ***, p � 0.001 with the unpaired t test. This dramatically reduced gene product abundance is also apparent
when quantified by RNA-Seq (supporting Fig. S11) and is complemented by lack of evidence for cryptic splicing of mutant transcripts (supporting Figs. S10 and
S11), all of which should be considered within the context that the predicted mutant PrP1 and PrP2 proteins lack all recognizable PrPC domains (Fig. 1).
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abundances, respectively, at 3 dpf). Overall, following careful
characterization, we could find no evidence that prp1 or prp2
transcripts in our engineered mutants have any opportunity to
make a functional protein.

Several attempts to make custom monoclonal and polyclonal
antibodies in mice and rabbits, using in-house and commercial
services, were not successful in producing reagents that gave
specific bands on Western blottings; therefore, we have been
unable to query whether our mutants have reduced abundance
of PrP1 protein. The reduced prp1 transcript abundance, com-
bined with the N-terminal frameshift deletion that predicts
absence of all recognizable prion protein domains (Fig. 1C), is
strong evidence that mature PrP1 protein is either nearly or
completely absent in our maternal zygotic mutants. The same
arguments apply for prp2 likely being a null allele, as we
reported previously (16), and data herein (including 5�-RACE
and RNAseq) strengthen this conclusion.

Maternal zygotic prp1�/�;prp2�/� fish have no overt
phenotypes

As neither prp1�/� mutants nor prp2�/� mutants exhibited
overt phenotypes in larval or adult stages, we hypothesized that
prp1 and prp2 have partially redundant functions in zebrafish
development. We therefore created maternal zygotic com-
pound prp1�/�;prp2�/� mutants. These fish did not have
overt phenotypes, compared with WT fish at larval (50 hpf, Fig.
3A) or adult (Fig. 3C) stages. Considering the second prp1
allele, maternal zygotic compound prp1ua5004/ua5004;
prp2ua5001/ua5001 mutants also survive into adulthood with-
out displaying overt phenotypes (Fig. S2D). Loss of prp2 also
appeared to rescue the smaller size of prp1�/� larvae,
because compound maternal zygotic prp1�/�;prp2�/�

mutants were instead �2% longer than WT fish at 50 hpf (Fig.
3B; p � 0.0123).

Loss of prp1 reduces the number of neuromasts in the
developing zebrafish posterior lateral line

PrPC has previously been shown to contribute to neurite out-
growth (8, 9, 32), and transient disruption of the zebrafish prp2
paralog with either morpholinos or mutagenesis was found to
affect lateral posterior lateral line (PLL) primordium migration
and neuromast number (30) using an established alkaline phos-
phatase staining protocol (33, 34). WT larvae typically have five
primary trunk neuromasts and two to three terminal neuro-
masts at the tip of the tail arising from the primI primordium
(Fig. 4A) (35). In some cases, the sixth primary neuromast is
deposited before the primordium reaches the tip of the tail (36).
2 dpf maternal zygotic prp1ua5004/ua5004 mutants had fewer
trunk neuromasts than age-matched WT AB strain zebrafish
(Fig. S12, A and B, p � 0.05). To verify this phenotype, we
crossed our prp1 ua5004 allele into the Tg(cldnb:gfp) line. In
this line, GFP labels the cell membranes of all PLL cells, includ-
ing those of the neuromasts, the interneuromast cells, and the
migrating primordium (37). The trunk neuromast number was
reduced in 50 hpf cldnb:gfp-labeled zygotic prp1ua5004/ua5004

fish and prp1�/ua5004 fish compared with age-matched cldnb:
gfp-labeled prp1�/� fish (Fig. 4, C and D, and Fig. S12C, p �
0.05). The difference in neuromast number between WT cldnb:

gfp fish compared with nontransgenic WT fish stained with
alkaline phosphatase is likely attributable in large part to the
labeling method. Both mature and immature neuromasts
express gfp mRNA under the cldnb promoter, whereas mature

Figure 3. Putative redundancy between zebrafish prion gene paralogs
does not account for lack of overt phenotypes. A, maternal zygotic com-
pound prp1ua5003/ua5003;prp2ua5001/ua5001 mutants (bottom) have no overt
phenotypes compared with WT fish (top) at 50 hpf. B, prp1ua5003/ua5003;
prp2ua5001/ua5001 mutants have a mean length that is increased by �2% com-
pared with WT fish. *, p � 0.0123 with the unpaired t test. Sample size (n �)
refers to the number of fish. C, maternal zygotic compound prp1ua5003/ua5003;
prp2ua5001/ua5001 mutants (bottom) survive to adulthood and have no overt
phenotypes compared with WT fish (top).
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neuromasts produce more alkaline phosphatase, accounting
for different absolute counts (33), although note that the trends
in our phenotypes were consistent regardless of method. To
ensure that the observed phenotype was not due to develop-
mental delay, the neuromast number was also examined in 3
dpf larvae. Again, trunk neuromast number was reduced in
prp1ua5004/ua5004 larvae compared with age-matched WT AB
strain larvae (Fig. 4E, p � 0.05), as assessed through alkaline
phosphatase labeling. Upon counter-staining with phalloidin,
to more readily visualize the somites and thus document neu-
romast position, it was found that the L1 neuromast was depos-
ited more posteriorly (near somites 7– 8) in 20% of the 3 dpf
prp1ua5004/ua5004 fish compared with the WT fish examined,
wherein the L1 neuromast was deposited near somites 5 and 6
(although 10% of WT fish examined on a different day had L1
positioned near somites 7 and 8 as well; data not shown). Unex-
pectedly, when we compared the number of neuromasts in 3

dpf maternal zygotic prp1ua5003/ua5003 to age-matched WT lar-
vae, we found approximately the same number of neuromasts
in both genotypes (Fig. 4E). For this reason, it is possible that
developmental delay contributes to the lateral line phenotype
observed in 2 dpf prp1�/� larvae. Altogether, these data sup-
port that prp1 is involved in normal development of the
zebrafish PLL.

Loss of prp2 increases the number of neuromasts in the
developing zebrafish posterior lateral line

We hypothesized that prp1 and prp2 have redundant roles in
PLL development, and we expected that loss of prp2 would also
disrupt PLL neuromast deposition. As neuromast patterning
was previously found to be disrupted in prp2 morphants and
mutants (30), we examined neuromast position and number in
maternal zygotic prp2ua5001/ua5001 mutants. We previously
reported that the L1 neuromast was prematurely deposited in

Figure 4. Neurodevelopment, as revealed by neuromast number, is altered in zebrafish prion mutants, and the prp1 and prp2 paralogs have oppos-
ing phenotypes. A, schematic of the development of the zebrafish PLL at 48 hpf, when Prim I (solid red line) has completed its migration toward the tail. It
originated as a placode posterior to the otic vesicle (o.v.). During its migration, it deposited five lateral proneuromasts (L1–L5) and a stream of interneuromast
cells on each side of the body. At about 40 hpf, PrimI reached the tip of the tail to produce 2–3 terminal neuromasts (Ter.), and a second primordium (dashed
blue line) formed near the otic vesicle. This primordium deposited the first two dorsal neuromasts (D1 and D2) and the first two secondary neuromasts (LII.1 and
LII.2) (35). B, neuromasts at 72 hpf. C and D, 2 dpf cldnb:gfp prp1�/� WT larvae (left) have six trunk neuromasts, and a 2-dpf maternal zygotic cldnb:gfp
prp1ua5004/ua5004 mutant (right) has four trunk neuromasts (quantified in supporting Fig. S12). E, loss of prp2 increased neuromasts, whereas loss of prp1
decreased neuromasts. Loss of prp2 rescued the defects caused by loss of prp1. **, p � 0.05; ***, p � 0.01; ****, p � 0.0001 with the Kruskal-Wallis test.
Alternatively, these symbols represent **, p � 0.01; ***, p � 0.001; ****, p � 0.0001 calculated with one-way ANOVA. ns � not significant. † refers to one instance
where nonparametric statistics disagree with parametric statistics, as Kruskal-Wallis reports p � 0.065 on this small sample size; however, a biologically and
statistically significant reduction in this abundance is apparent with larger sample size (as per supporting Fig. S12) and by ANOVA and in the ua5003 allele.
Sample sizes (n �) refer to the number of fish. Raw data plotted in E is provided in supporting Table S4, and endogenous alkaline phosphatase labeling was
used to visualize these neuromasts.
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maternal zygotic prp2ua5001/ua5001 mutants (30). Here, we con-
firmed and extended this conclusion, finding that the L1 neu-
romast was deposited prematurely (near somites 1–3) in 92% of
maternal zygotic prp2ua5001/ua5001 mutants. In WT fish, the L1
neuromast was typically found near somites 5 and 6, with a
range between the 3rd and 8th somites. Additionally, the
maternal zygotic prp2ua5001/ua5001 mutants had extra primI
trunk neuromasts at 3 dpf compared with age-matched WT AB
strain (prp2�/�) fish (Fig. 4E and Fig. S12D, p � 0.0001). Com-
paring these data with that of the previous section, an unex-
pected contrast emerges: prp1 promotes neuromast formation
and/or deposition, whereas prp2 restricts the number of neu-
romasts in the PLL. Our hypothesis that prp1 and prp2 princi-
pally have redundant roles in PLL development was therefore
rejected.

Combined loss of prp1 and prp2 restores the number of
posterior lateral line neuromasts to WT levels

Considering that prp1 and prp2 have opposite effects on neu-
romast abundance when they are lost, as reported above, we
next examined whether a genetic interaction between prp1
and prp2 might exist in neuromast number and patterning.
Heterozygous loss of both prp1 and prp2 in 3 dpf compound
prp1�/ua5004;prp2�/ua5001 fish did not disrupt the neuromast
number compared with age-matched WT AB strain (prp1�/�;
prp2�/� fish) (Fig. 4E). Additionally, the L1 neuromasts in
compound heterozygous prp1�/ua5004;prp2�/ua5001 mutants
were positioned near somites 4 – 6, matching the pattern
seen in WT AB strain zebrafish. To further test whether an
interaction between prp1 and prp2 might exist in neuromast
number and patterning, we bred to generate compound
homozygous fish. The neuromast number in 3 dpf compound
prp1ua5003/ua5003;prp2ua5001/ua5001 larvae was also reduced
(although not significantly) relative to the number of neuro-
masts in 3 dpf prp2ua5001/ua5001 fish (Fig. 4E). Overall, con-
certed loss of prp1 and prp2 in prp1�/�;prp2�/� double
mutants tended to revert the apparently opposing phenotypes that
were observed in single prp1�/� and prp2�/� mutants; these data
further reject our hypothesis that the prion gene paralogs are prin-
cipally redundant during PLL neurodevelopment.

Combined loss of prp1 and prp2 does not exacerbate seizure
susceptibility phenotypes

A role for PrPC in seizures has been debated, due to disparate
seizure susceptibility phenotypes in various Prnp knockout
mice (1, 38, 39), which may (or may not) be related to seizures
observed in Alzheimer’s and prion disease patients (40 –43).
Zebrafish, as a disparate system, contributed to resolving this
controversy when it was reported that prp2ua5001/ua5001 mutant
zebrafish larvae have increased susceptibility to convulsant,
perhaps via modulating NMDA receptors, among other mech-
anisms (16). We sought to further clarify this issue, and we
asked whether control of neural excitability is a shared function
of ancient prion gene products, by investigating whether our
prp1 mutants exhibit seizure susceptibility phenotypes. Meas-
uring larval locomotion in response to a low-dose range of the
convulsant pentylenetetrazole (PTZ) induces stage II seizures
resembling a whirling motion as larvae swim erratically around

the well of a 96-well plate (Fig. 5A) (44). We predicted that loss
of prp1 would increase responses to convulsant, as this appears
to be a common effect of PrPC disruption in various systems
(see debate above). We also expected that loss of prp1 would
synergize with loss of prp2 in this regard, a prediction emanat-
ing from our hypothesis that these paralogous genes serve
redundant roles.

Larvae lacking prp1 were found to be more susceptible to the
convulsant PTZ compared with WT (representative example in
Fig. 5A). This was especially apparent during responses to low
doses of PTZ, where maternal zygotic prp1 mutants had
approximately double the activity compared with WT (Fig. 5C;
p � 0.05 at 5 and 10 mM PTZ). Larvae lacking prp1 did not
present with significant changes in basal activity levels (Fig. 5D)
compared with WT. This increased susceptibility to convulsant
in prp1 mutants was robust, being apparent when seizure sus-
ceptibility was assessed with various methods, including swim
velocity (Fig. S7), or when considering a second allele of prp1 in
various metrics of seizure intensity and using altered equip-
ment parameters (Fig. S8 and see “Experimental procedures”),
or when assessing sensitivity to convulsants via measuring
abundance of the immediate early gene c-fos (Fig. S9). This
seizure susceptibility in prp1 mutants was reminiscent of phe-
notypes following loss of prp2 (see new data in Fig. 5 and Figs.
S7 and S9) (16) although lesser in its impact upon the pheno-
type. Indeed, at all doses of the convulsant we investigated, loss
of prp2 significantly increased seizure susceptibility above WT
(Fig. 5C, p � 0.0001) and was severalfold more impactful on
seizures than loss of prp1 (Fig. 5C).

The similarity of these seizure susceptibility phenotypes is
consistent with our hypothesis that prp1 and prp2 play redun-
dant roles in regulating neuron excitability. To test this further,
we assessed concerted loss of prp1 and prp2 and predicted an
exacerbation of the seizure phenotype. Contrary to this expec-
tation, compound prp1ua5003/ua5003;prp2ua5001/ua5001 larvae
were found to have blunted seizure susceptibility compared
with the prp2ua5001/ua5001 larvae at most doses (Fig. 5C and
Figs. S7 and S9). Indeed the seizure activity of prp2�/� mutants
was significantly higher than that of compound prp1�/�;
prp2�/� mutants (Fig. 5C, p � 0.0001) at three of the four doses
tested. Loss of prp1 did not significantly impact the baseline
stochastic activity levels of larvae, nor did it significantly alter
the impact of prp2 mutation on baseline activity (Fig. 5D and
Fig. S7).

In sum, loss of prp1 increases seizure susceptibility in
zebrafish larvae akin to observations on prp2 mutants made
previously (16) and confirmed herein. However the impact of
prp1 and prp2 on seizures does not appear to be redundant, and
instead it appears that loss of prp1 blunts the impact of prp2
loss, suggesting opposing actions of these gene products in reg-
ulating neural or synaptic activity.

Discussion

Engineering prion mutant zebrafish refines the cadre of
conserved functions for prion protein

The functions of PrPC in healthy brains has remained a mat-
ter of interest and debate, in part due to the complexity of its
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numerous putative functions and in part due to the potential
impact of PrPC functions being lost during disease or during
treatment thereof. Zebrafish, and their purported phenotypes
when PrPC homologs are disrupted, offer very good potential to
continue contributing to this debate. Here, we successfully used
TALENs to engineer two lines of zebrafish that have frameshift
mutations in prp1, a homolog of the mammalian gene encoding
PrPC. We also generated compound maternal zygotic prp1�/�;
prp2�/� zebrafish, such that all recognizable homologs of PrPC

are predicted to be absent. The lack of overt developmental
phenotypes in these zebrafish prion mutants is in line with what
has been observed in Prnp knockout mice, goats, and cattle (12,
13, 45, 46) and in goats with a naturally occurring Prnp null
allele (47). The phenotypes that were observed in these mutants
include defects in neurodevelopment and neurophysiology at
the level of seizure susceptibility. The details of these pheno-
types suggest conserved, ancient, and nonredundant actions of
prion genes in these spheres of broad interest for revealing
prion protein function and evolution.

Importantly, the mutant phenotypes characterized herein
differ substantially in severity from the developmental defects

and CNS cell death found by several groups, including our own,
in prp1 morphants (1, 2, 18, 19, 21–23, 28, 48, 49). These mor-
phant phenotypes have included defects in cell adhesion and
molecular interactions that inform hypotheses about the
importance of PrPC in neurodevelopment and disease. Loss of
prp1, as induced by high doses of morpholino, is also reported
to halt embryo gastrulation, which has been one of several key
observations that inspires framework hypotheses about the
early evolution of PrPC homologs from zinc transporter pro-
teins (50 –53) and their role in cell adhesion during epithelial–
to–mesenchymal transition (11, 54 –57). The differences
between the morphant and mutant phenotypes could be for
technical reasons. For example, 1) either we have not created
null alleles; 2) phenotypes in the mutants are masked by mater-
nal WT transcripts deposited in the egg; or 3) the morpholinos
have off-target effects. A separate, biological explanation for
the disparity is also important to consider; the acute loss of
Prnp homologs could produce different phenotypes com-
pared with chronic loss in Prnp�/� homolog mutants (e.g.
through genetic compensation). Below, we consider these
alternatives in turn.

Figure 5. Product of the prion gene prp1 protects from seizures akin to its paralog prp2 but through separate pathways. Seizures in zebrafish larvae
responding to the convulsant PTZ were quantified as increased locomotor activity. A, loss of prp1 increases response to convulsant. Top, zebrafish larvae (4 days
post-fertilization) were monitored in 96-well plates over the course of hours (representative movement during 2 min of PTZ exposure reported as red traces).
Graph, typical activity traces of two individual larvae are shown, one of each genotype, before and during the presence of PTZ. Typical prp1�/� larvae (blue
trace) have approximately double the activity of typical WT (black trace), and in these particular individuals the ratio of PTZ-induced activity relative to basal
activity was 13.29 and 32.61 for WT and prp1�/�, respectively. B, disruption of either prion gene paralog increases seizure susceptibility, represented here as the
mean of many activity tracings from larvae before and during exposure of 10 mM PTZ. Lines represent mean activity as % change in pixels within each minute,
and shaded ribbons display 
S.E. C, applying PTZ in a dose-response format reveals loss of prp1 significantly increases seizure susceptibility. Loss of prp2 is more
impactful on seizure susceptibility compared with loss of prp1. Concerted loss of prp1 and prp2 does not exacerbate seizure susceptibility and instead
significantly reduces it compared with loss if prp2 alone. D, loss of prp2 reduced baseline activity of zebrafish larvae, whereas loss of prp1 did not measurably
impact basal activity. Average baseline activity for each individual was recorded over 1 h (lines represent mean and error bars represent 
 S.E.). Data in B and
C were assessed by two-way ANOVA and in D by one-way ANOVA. Sample sizes (n �) represent the number of larvae tested. * indicates statistically significant
compared with WT. # indicates statistically significant compared with prp1�/�;prp2�/�. One symbol (* or #) indicates p � 0.05; two symbols indicate p �
0.01; three symbols indicate p � 0.001; and four symbols indicate p � 0.0001. Allele ua5003 of prp1 used throughout; see supporting Fig. S8 for other
alleles. The same behavioral traces were used to calculate velocity as an alternative metric of seizure intensity, which broadly shows the same
relationships (supporting Fig. S7).
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First, although we have not definitively demonstrated that we
have created null alleles due to lack of suitable antibodies (see
“Results”), the two frameshift mutations we engineered are
both predicted to produce truncated proteins lacking all recog-
nizable domains of prion proteins (Fig. 1). Furthermore, we
report here that the prp1 transcript levels are substantially
reduced in both of our engineered lines of prp1�/� mutants
(but prp2 transcript abundance is normal in prp1 mutants; the
reciprocal is also true, only prp2 is reduced in prp2 mutants).
Because the total abundance of prp1 in WT zebrafish larvae is
not large (e.g. compared with prp2), measuring decreases in
abundance begins to be similar to reporting baseline noise
when the transcript is absent: a 90% decrease in prp1 abun-
dance is comparable with decreasing the RT-qPCR signal into
the region of the baseline noise. Notably, there is no formal
reason to expect the small deletions we engineered (e.g. 8 bp
deleted, producing a frameshift mutation, see Fig. 1) to result in
any decreased transcript abundance as would be expected
following gene knockout. In this context, the reduction in
prp1 transcripts, presumably by nonsense-mediated decay, is
impressively thorough and perhaps indicates a substantial def-
icit. Similarly, we previously reported a marked reduction in
prp2 transcript levels in prp2ua5001/ua5001 fish (16) and that
remains apparent in our prp1�/�;prp2�/� fish (independently
assessed by RT-qPCR and RNA-Seq). Furthermore, our
5�-RACE and RNA-Seq analyses imply that the transcripts
made are the predicted loss– of–function alleles, i.e. no unex-
pected transcript splicing is observed. Thus, prp1�/�;prp2�/�

fish are expected to have, at minimum, a substantial loss of PrPC

function via both truncated predicted proteins and decreased
abundance: if they are not null mutants, then they are reason-
ably assumed herein to be strong hypomorphs. Arguably, the
loss of gene function in the strong hypomorphs ought be com-
parable with or greater than that produced by morpholino-
based gene knockdown. Two independent mutant alleles of
prp1 were generated, each producing a different frameshift in
the sole coding exon; therefore, each is predicted to truncate
the protein into a different null allele lacking all recognizable
prion protein domains (Fig. 1). That many of the phenotypes we
predicted are indeed observable in our larvae, although not as
dramatic as perhaps expected, also argues in favor of gene dis-
ruption having been successful. Indeed, although the various
phenotypes in the prp1 mutants (neurodevelopment, larval
size, and seizure susceptibility) seem subtle, they were consis-
tent with predictions and are also robust and specific, insomuch
that they can be reversed or blunted in a coordinate manner
following disruption of a related gene paralog (prp2).

Second, another possible reason for the discrepancy between
mutant and morphant phenotypes is that the morpholinos
deployed against prp1 and prp2 are expected to impact mater-
nally deposited mRNA in the embryo, whereas mutants gener-
ated from an incross of heterozygous parents might have WT
transcripts present in their embryos. Indeed, maternal zygotic
deposition of transcript has been documented for both prp1
(18) and prp2 (16). To address this, we generated maternal
zygotic embryos by breeding fish that were homozygous-mu-
tant for the prion gene paralogs such that the embryos are
expected to completely lack WT transcript. We completed this

for multiple prp1 alleles by breeding these with fish carrying the
prp2 ua5001 allele. We observed that maternal zygotic embryos
were normal in the double prp1ua5003/ua5003;prp2ua5001/ua5001

mutants, and also with an alternative prp1 allele generating
maternal zygotic prp1ua5004/ua5004;prp2ua5001/ua5001 embryos.
Indeed, these maternal zygotic embryos and larvae were viable
and raised to adulthood without displaying overt phenotypes.
Therefore, it is unlikely that maternal contribution of WT tran-
script is masking phenotypes in our mutants, removing this
potential difference compared with morphants.

Third, although we and others have presented data that
argue strongly in favor of the specificity of the prp1 MO, some
off-target toxicity may yet exist, and this would likely be exac-
erbated upon delivery of higher morpholino doses. Rescue of a
morphant phenotype with cognate mRNA is an important con-
trol to test for morpholino specificity (58, 59). We previously
showed that prp1 morphant phenotypes, using low doses of
MO, can be partially rescued by injection of cognate prp1
mRNA or homologous mammalian Prnp mRNA, but not by
similar mRNAs encoding prp2 or shadoo (22). Therefore,
mRNA rescue experiments in past efforts were thorough (thou-
sands of embryos were phenotyped in dozens of replicated
mRNA � MO rescue combinations; control mRNA injections
with engineered STOP codons were used, and mRNA rescue
using paralogs was successful but only in certain contexts, etc.)
(22) and are strongly supportive of MO specificity at these low
MO doses.

An additional test of MO specificity is to assess the predic-
tion that MO-induced phenotypes will be reduced when the
MO is injected into embryos that are loss– of–function mutants
for the MO target gene. This strategy was attempted here; we
sought to define prp1 MO specificity by delivering it to prp1
mutants, although this required higher doses of MO than we
used previously (22) so that a MO-induced phenotype could
be observed (in our hands, disruptions to gastrulation are very
rare with these MO reagents, but other morphological defects
are apparent, see Fig. S13). High-dose prp1 MO did not have
any less impact on prp1 mutants compared with WT embryos
(Fig. S13). Thus, this test does not support prp1 MO specificity
at high MO doses. Testing MO specificity in this fashion at low
prp1 MO dosage is precluded by lack of phenotypes produced;
therefore, the thorough tests reviewed above remain as the best
available evidence and strongly support prp1 MO specificity at
the low doses previously used (22).

In this instance, one reasonable interpretation of the data is
that both the mutagenesis and morpholino approaches toward
disrupting prp1 have good efficacy and specificity, at least at
some doses, despite producing disparate results (see below). On
the other hand, both approaches present with sufficient com-
plexity that it is not possible to draw final conclusions. Our
interpretations of these phenotypes, with respect to the role of
PrPC in development and in healthy brains, thus intentionally
avoids contrasting mutant versus morphant data sets and
centers instead on the phenotypes that were found to be in
common during disparate disruptions of PrPC homologs in
zebrafish. Going forward, and in consideration of this complex-
ity, we do not expect to use morpholino reagents to address
questions regarding PrPC loss– of–function.
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Moving beyond the putative technical intricacies discussed
above, there may also be more fundamental (more biologically
interesting) reasons why prion loss– of–function phenotypes
would differ between techniques. For context, it is worth con-
sidering how varied the phenotypes have been among the var-
ious Prnp knockout mice (60), so some variation in outcomes
when we are instead applying distinct methods of gene disrup-
tion might not be surprising. Beyond such (un)expected varia-
tions, it is notable that morpholino knockdown acutely exposes
the larvae to loss of prion protein function; this contrasts the
mutagenesis or prion knockout approaches, wherein gene com-
pensation is likely. Mutagenesis and breeding toward homozy-
gosity have an unavoidable consequence of selecting for indi-
viduals that can survive (and thrive to breeding age) with
disrupted prion protein (e.g. consider the multiple generations
of heterozygous animals that preceded the homozygous ani-
mals characterized herein; consider that homozygous animals
failing to compensate may never successfully develop). Thus,
gene compensation is reasonably likely, and individuals with
prion genes mutated or knocked out likely have compensatory
alterations in other gene products in the prion network. Indeed
an interesting parallel was observed following disruption of
Shadoo (“shadow of prion protein,” Sprn, a closely related fam-
ily member of PrPC) in mice. Acute loss of Shadoo by lentiviral
delivery of shRNA led to lethality, and this was dependent upon
a Prnp KO background, whereas Shadoo knockout mice reveal
no overt phenotypes even when combined with Prnp KO (61–
63). Thus, in both mice and zebrafish loss of prion gene paralogs
by acute methods leads to embryonic lethality, whereas stable
mutation or knockout produces only subtle phenotypes. One
approach to reconcile the disparate impacts following acute
loss versus long-term loss of PrPC would be via conditional abla-
tion such as in the Cre-Lox system. In this strategy, fish or mice
with floxed Prnp alleles would not be expected to experience
any Prnp loss– of–function (or undergo selection pressure due
to loss of PrPC function) prior to being bred into animals with a
Cre-driver line. This would allow acute disruption (although
maybe not complete loss) of these proteins while avoiding the
eccentricities of gene knockdown and the selection pressure
leading to compensation inherent in gene knockout. Condi-
tional knockout of mouse Prnp has indeed produced intriguing
results (64); however, we are not aware of this experiment being
done using a driver line with the broad Cre expression as our
experimental design would demand (2).

In the meantime, we have generated zebrafish loss– of–
function Prnp mutants that can now be used to interrogate the
normal molecular and physiological functions of PrPC. Several
of these intriguing functions may be partially lost or subverted
during prion diseases and Alzheimer’s disease.

The zebrafish genome contains a third gene that was anno-
tated as a prion protein gene due to some recognizable motifs in
a similar gene in Fugu (15, 65), although this was prior to a
reliable genome assembly and the identification of prp1 or prp2;
however, this gene (“prnpa” or “PrP3,” ZFIN ID: ZDB-GENE-
041217-6) is not an obvious paralog of prp1 or prp2 and is not
apparently present in the genomes of animals beyond some
fishes. The predicted gene product lacks the critical domains
and organization that would assign it even as a member of

related Doppel or Shadoo protein families or in the broader ZIP
(Zrt-Irt-like protein) family from which PrPC evolved. Thus, as
noted during its original description, prnpa is not recognizable
to a prion biologist due to structural inconsistencies (65), and
although it may indeed emerge to be of interest elsewhere, it is
not expected that it will contribute to understanding prion biol-
ogy and therefore is not considered further here.

The phenotypes observed in our prion mutants include mar-
ginally reduced larval size, disruptions to neurodevelopment
revealed in the lateral line, and susceptibility to seizures. We
discuss the latter two topics below, and we broadly note that in
all three of these phenotypes it was observed that the coordi-
nate loss of both prp1 and prp2 either reduced or blunted the
phenotypes compared with losing either gene alone; this dem-
onstrates that the prion gene paralogs are not redundant in
(several of) their function(s) as we had predicted. The apparent
oppositional actions of the paralogs inspires some speculations
about their roles, which remain untested but are introduced
below.

Prion proteins contribute to cell cohesion during neurode-
velopment, as revealed by neuromast patterning within the
zebrafish PLL. Upon finding that prp1�/� mutants and com-
pound prp1�/�;prp2�/� fish have no overt phenotypes, we
proceeded to use these fish to study the role of PrPC in neural
development. We hypothesized that the zebrafish prp1 and
prp2 would have redundant functions in PLL development. We
found that both prp1 and prp2 contributed to neuromast pat-
terning, but they appeared to have opposing roles: loss of prp1
(in prp1�/� mutants) led to a reduced number of neuromasts,
consistent with the phenotype previously observed in prp2
morphants (30), whereas loss of Prp2 in prp2�/� mutants led to
an increase in neuromast number and premature deposition of
the L1 neuromast. These results countered our expectation that
prp1 and prp2 would be redundant in development of the PLL
such that their concerted disruption would exacerbate the
observed phenotypes.

Hypothetical mechanisms underlying abnormal neuromast
patterning in zebrafish PrP mutants

We speculate that zebrafish prp1 or prp2 loss– of–function
could interfere with neuromast formation/deposition at multi-
ple levels. First, loss of Prp1 function could reduce neuromast
number at the level of Wnt/�-catenin signaling. Inhibition of
�-catenin has been found to reduce the number of proneuro-
masts in the developing lateral line primordium (66). GSK-3�
phosphorylates cytosolic �-catenin, inducing its destruction by
the proteasome (67). As PrPC has been shown to inactivate
GSK-3� through caveolin/Lyn (68), reduction in neuromast
number in prp1�/� mutants could be due to increased degra-
dation of �-catenin and subsequent reduction in �-catenin sig-
naling. Furthermore, loss of Prp2 function could increase neu-
romast number and cause premature deposition of the L1
neuromast by disrupting Notch signaling. Notch signaling nor-
mally restricts hair cell progenitor formation (69). In part, this is
because atoh1a, expressed by hair cells, restricts E-cadherin
expression (69). Therefore, it is possible that prp2 loss– of–
function causes an increase in neuromast number by impacting
the Notch pathway. Finally, differential localization and/or lev-
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els of cell adhesion molecules in prp1�/� and prp2�/� mutants
may influence proneuromast rosette cohesion (and hence neu-
romast number and patterning). E-cadherin is one candidate
cell adhesion protein that may be mislocalized in prp1�/�

and/or prp2�/� mutants. PrPC down-regulation has been
shown to contribute to abnormal adherens junctions in human
A431 epidermoid carcinoma cells (70). The authors proposed
that PrPC participates in activating Src kinases that in turn
reduce macropinocytosis of E-cadherin from adherens junc-
tions by promoting epidermal growth factor receptor endocy-
tosis (70). Testing these hypotheses within the zebrafish PLL
will provide further insight into the functions of PrPC.

Prion protein has an ancient and conserved role in regulating
neural activity

PrPC is linked to several neuroprotective functions, although
the molecular mechanisms typically remain to be revealed. One
such case is a role for PrPC in regulating neural excitability,
perhaps on a continuum toward excitotoxicity, such that a lack
of PrPC leads to disruptions of various channel physiologies and
seizure susceptibility. Intriguingly, seizures occur in a subset of
patients with prion and Alzheimer’s disease, which might coor-
dinate with a loss of PrPC function (40 –43). Observations in
Prnp knockout mice have revealed a seizure susceptibility phe-
notype, and controversy surrounding this topic appears to be
partially reconciled by considering differences in how the
knockout mice were engineered (38, 39). Furthermore, data
from zebrafish prp2 mutants supported a role for PrPC in reg-
ulating seizures in an independent system (16). Intriguingly,
this also implies that the PrPC in the last common ancestor of
fish and mammals had a role in regulating neural excitability.
Indeed that notion was partially supported by examining the
impact of PrPC loss on NMDA receptors, wherein the kinetics
of channel closing were pushed toward hyperexcitability in
both fish and mice (16). Further roles for PrPC at the synapse
appear to be shared between mice and zebrafish, because its
loss in either species leads to deficits in learning and memory
(27, 71).

It is therefore of substantial interest to appreciate whether
other divergent PrPC variants may impact seizure susceptibil-
ity. Broadly, our characterization of increased seizure suscepti-
bility in prp1�/� mutant zebrafish confirms this in a second fish
paralog and adds good support to the notion that an ancient
PrPC had some role in regulating neurophysiology.

Intriguingly, loss of prp1 did not exacerbate the similar
seizure susceptibility phenotype we documented for prp2
mutants. Indeed, we had predicted the impacts would be addi-
tive or synergistic, such that compound mutants would present
with more dramatic responses to convulsants. Our data clearly
reject this, and the loss of prp1 significantly blunted the seizure
susceptibility of prp2 mutant fish. This suggests that the
impacts of prp1 and prp2, while producing similar outcomes,
are occurring through disparate mechanisms. Future work
should focus on comparing and contrasting these mechanisms,
as they have the potential to reveal the nuances of how PrPC

impacts upon neurophysiology, including excitotoxicity, learn-
ing, and memory. It may be that future work documenting dif-
ferences in the PrPC paralog structures would lead to novel

hypotheses. Some speculation about such mechanisms are
detailed below, in hope they suggest some new experimental
designs.

Hypothetical mechanisms to explain the apparent rescue of
developmental phenotypes and hyperactivity in compound
prp1�/�;prp2�/� compound mutants

One alternative hypothesis to explain the apparent rescue of
neuromast patterning in compound prp1�/�;prp2�/� mutants
is that Prp1 and Prp2 act at different stages of development (e.g.
have sub-functionalized roles in neuromast patterning), and a
disruption in one phase of development is countered by a sec-
ond disruption later in development. An example was discussed
above, and it may be that loss of Prp1 may cause a partial reduc-
tion in Wnt/�-catenin signaling leading to an initial reduction
in the number of proneuromast rosettes in the primordium.
Later, however, loss of Prp2 function may reduce Delta/Notch
lateral inhibition producing an extra hair cell progenitor (and
eventually an extra proneuromast rosette).

An alternative explanation that could account for the appar-
ent rescue of phenotypes observed in single mutants (neuro-
mast patterning defects, body size, and hyperactivity) in com-
pound prp1�/�;prp2�/� mutants is that the gene paralogs have
evolved antagonistic roles (e.g. see schema in Fig. S6). Antago-
nistic roles have been observed for other gene paralog pairs.
For example, in zebrafish the ribosomal protein L22 (Rpl22)
represses SmadI expression and hematopoietic stem cell
emergence, whereas its paralog ribosomal protein L22 like1
(Rpl22l1) activates SmadI expression and hematopoietic stem
cell emergence (72). Furthermore, in mammals it has been
found that the regulator of nonsense transcripts 3B (UPF3B)
activates nonsense-mediated decay through its interaction with
the exon–junction complex (EJC). In contrast, EPF3A acts as a
repressor of nonsense-mediated decay due to its weaker inter-
action with EJC. Hence, gene paralogs may develop antagonis-
tic roles of the parent gene due to disruption of an important
functional domain (73). Therefore, it is possible that loss of
prp1 dampens sensitivity to convulsant in prp2�/� larvae
because Prp1 and Prp2 have an antagonistic effect on a com-
mon pathway. Furthermore, it is possible that prp2 cannot
replace prp1 in regulating larval size because Prp2 cannot effec-
tively interact with a protein with which Prp1 normally inter-
acts. In single mutants, the remaining prp paralog outcompetes
with a third protein for a place in the relevant protein complex.
However, in double prp mutants, this third protein would be
expected to be able to compensate for loss of the active prp
paralog. It remains to be determined what protein(s) might be
at the center of this putative antagonism, although candidates
may include molecules such as metabotropic glutamate recep-
tor 5 and APP that are thought to transduce extracellular sig-
nals bound to PrPC through to the intracellular compartment
(2, 8, 22, 74, 75). Identifying commonalities and differences
among the functions of zebrafish prp1, prp2, and mammalian
Prnp is expected to inspire new hypotheses about the key
functions of PrPC and their relevance to the etiology of
neurodegeneration.
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Conclusions

In summary, we have generated new genetic resources to
study the function of PrPC in healthy organisms (zebrafish
prp1�/� and compound prp1�/�;prp2�/� mutants), through
early development and in adulthood, and demonstrated that
zebrafish prion proteins participate in neuromast patterning
and regulating neurophysiology. As such, loss of functional
PrPC during prion and Alzheimer’s disease may impair adult
neurogenesis, neuron survival, or contribute to producing dis-
ease symptoms such as memory loss. Further study of the
mechanisms through which prion proteins contribute to neu-
romast patterning and neurophysiology in the zebrafish will
provide new insights into the role of PrPC in neural develop-
ment and maintenance. Considering the disruption/subversion
of the function of PrPC in both prion disease and Alzheimer’s
disease (1, 2), these studies will likely uncover putative thera-
peutic targets for prion diseases and Alzheimer’s disease.

Experimental procedures

Animal ethics and zebrafish husbandry

Zebrafish were raised and maintained using protocols
approved by the Animal Care and Use Committee: Biosciences
at the University of Alberta, operating under the guidelines of
the Canadian Council of Animal Care. The fish were raised and
maintained within the University of Alberta fish facility at 28 °C
under a 14:10 light/dark cycle as described previously (76).

Fish lines/strains

Zebrafish of the AB strain were used as the WT fish in this
study and were the background strain for the targeted
mutagenesis. Our previously published prp2ua5001 allele (ZFin
ID: ZDB-ALT-130724-2), which has a 4-bp deletion and is pre-
dicted to produce a truncated protein lacking all recognizable
protein domains (16), was maintained on an AB background.
Tg(cldnb:gfp) larvae (Tg (�8.0cldnb:Ly-EGFP, ZFin ID: ZDB-
ALT-060919-2); referred to herein as cldnb:gfp (37)) were
kindly provided by Pierre Drapeau and were bred into fish
with the newly generated prp1 ua5004 allele upon reaching
adulthood.

Targeted mutagenesis

Targeted mutagenesis was performed on the zebrafish prp1
gene (Ensemble ENSDARG00000044048, ZFIN ZDB-GENE-
041221-2) using TALENs. The target sequence within the prp1
genes is shown in Fig. S3A, and a flowchart summarizing the
steps involved in the targeted mutagenesis process is shown in
Fig. S3B. The location of the target sequence within the prp1
gene is schematized in Fig. 1.

Production of TALEN plasmids—Custom TAL blocksTM and
heterodimeric backbone plasmids were ordered from Trans-
posagen (Lexington, KY). The backbone contains the first half-
site of the DNA-binding domain, the sequence that recognizes
the final base of the target site, and the FokI cleavage domain.
The TAL blocks, which contain the remainder of the DNA-
binding domain, were assembled via Transposagen’s FLASH
build process. After digestion with BsmBI (New England Bio-
labs catalog no. R0580S, Ipswich, MA), the vectors were puri-

fied using an Agencourt AMPure XP-PCR purification kit
(Beckman Coulter catalog no. A63880, Indianapolis, IN). The
custom TAL blocksTM of the forward TALEN were then ligated
into the appropriate vectors (JDS 82 KKR heterodimer with NN
to recognize the final cytosine in the prp1 target sequence) with
T4 ligase (Invitrogen/ThermoFisher Scientific catalog no.
15224-017, Waltham, MA) and transformed into Stbl3 cells
(Invitrogen/ThermoFisher Scientific catalog no. C7373-03).
Because of changes in Transposagen’s manufacturing process,
the prp1 reverse TAL blockTM was provided by Transposagen
as pre-ligated plasmids. Colony PCR was performed to screen
for colonies with the correct number of repeats (Fig. S4), and
those yielding PCR products of the appropriate length were
sequenced to ensure that they contained the correct TALEN
sequence (see Table S1 for primer sequences; sequencing per-
formed by the University of Alberta’s Molecular Biology Service
Unit). Clones with the full TALEN sequence were then pre-
pared using a Plasmid Maxiprep kit (Qiagen catalog no. 12163,
Toronto, Ontario, Canada).

Production of TALEN mRNA and its delivery to zebrafish
embryos—mRNA was synthesized from maxi-prepped plasmid
DNA that had been linearized with Fast Digest MssI (Thermo-
Fisher Scientific catalog no. FD1344) and purified by ethanol
precipitation. Briefly, 1 �l of 0.5 M EDTA, pH 8, 2 �l of 3 M

sodium acetate, and 40 �l of 100% ethanol were added to the
linearized plasmid and frozen overnight at �80 °C. Linearized
plasmid was then centrifuged for 15 min at 13,000 rpm at 4 °C,
and the supernatant was removed. The pellet was then sus-
pended in 6 �l of nuclease-free water. mRNA was synthesized
using the mMESSAGE mMachine T7 ultra kit (Invitrogen/
ThermoFisher Scientific catalog no. AM1345, Waltham, MA)
including the poly(A) tailing reaction as per manufacturer’s
protocol. 100 pg each of prp1 forward and reverse TALENs
were injected into AB strain WT zebrafish embryos. 25 pg of
egfp mRNA was co-injected with the TALEN mRNA so that fish
that were successfully injected could be identified and raised to
adulthood. egfp mRNA was produced from pCS2�egfp by first
linearizing the plasmid with Fast Digest NotI (ThermoFisher
Scientific catalog no. FD0593) and then transcribing mRNA
using the mMESSAGE MMachine SP6 kit (Invitrogen/
ThermoFisher Scientific catalog no. AM1340).

Detection of larvae with somatic and germline mutations in
prp1—The first step in our analyses of TALEN effectiveness
was to determine whether TALENs induced somatic mutations
in injected embryos (F0 generation). Siblings of successfully
mutated F0 fish were grown to adulthood. F0 fish were then
bred, and pools of F1 generation embryos were screened for
successful germline transmission of TALEN-induced muta-
tions. For detection of both somatic and germline-transmitted
mutations in embryos, genomic DNA was isolated from pools
of test fish (injected F0 embryos for detection of somatic muta-
tions or offspring of F0 embryos for detection of germline-
transmitted mutations) or un-injected WT AB strain fish at
either 24 hpf or 3 dpf using a protocol modified from Ref. 77.
Briefly, samples (pools of up to 20 embryos) were boiled for 15
min in 50 mM NaOH (5 �l/embryo), cooled on ice for 5 min, and
neutralized with 1 M Tris-HCl, pH 8 (0.5 �l/embryo). Genomic
DNA was then diluted 10-fold in sterile Milli-Q water prior to
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HRM analysis. Diluted genomic DNA was amplified using
HRM primers (Table S2) and MeltDoctorTM HRM Master Mix
(ThermoFisher Scientific catalog no. 4415440). HRM data were
generated using the Applied Biosystems 7500 Fast Real-Time
PCR system with MeltDoctorTM HRM Master Mix. Data were
then analyzed using the High ReSolution Melt (Version 2.0,
High ReSolution Melt, ThermoFisher Scientific).

Upon identification of pools of genomic DNA with distinct
melt profiles compared with un-injected WT AB strain sam-
ples, those pools (and WT control pools) were PCR-amplified
with amplicon primers (Table S2) and cloned into the pCR2.1
Topo vector as per the instructions in the TOPO TA cloning kit
(Invitrogen/ThermoFisher Scientific catalog no. K4500-01).
Clones were dissolved in 25 �l of sterile Milli-Q water for HRM
analysis, and a portion of each clone was streaked on agar plates
for subsequent analysis. Clones with a different melt profile
compared with control clones were mini-prepped with a
Qiaprep Spin Miniprep Kit (Qiagen catalog no. 27106, Toronto,
Ontario, Canada) and submitted to the Molecular Biology Ser-
vice Unit, University of Alberta, for sequencing.

Identification of adult F1 generation fish that are heterozy-
gous for TALEN-induced mutations in prp1—Siblings of F1
embryos that had germline-transmitted TALEN mutations
were grown to adulthood. These adult F1 fish were then
screened to identify carriers of TALEN mutations. Fish were
anesthetized with 4.1% tricaine, and a small piece of caudal fin
was harvested. Genomic DNA extraction was performed as
above but with 15 �l of 50 mM NaOH and 1.5 �l Tris-HCl per
sample. DNA was diluted either 20- or 30-fold in sterile Milli-Q
water prior to HRM analysis. A PCR product (primers shown in
Table S2) containing the target site was amplified from
genomic DNA and was cloned into the pCR2.1 Topo vector
using a TOPO TA cloning kit (Invitrogen/ThermoFisher Sci-
entific catalog no. K4500-01). The construct was then mini-
prepped with a Qiaprep Spin Miniprep kit (Qiagen catalog no.
27106, Toronto, Ontario, Canada) and sequenced using a T7
primer sequence within the vector (5�-TAA TAC GAC TCA
CTA TAG GG-3�).

Genotyping

HRM to identify fish with mutant prp1 alleles—Once stably
inherited alleles had been identified (see under “Experimental
procedures” and “Results”), methods were developed for
genotyping individual fish. Genomic DNA was amplified using
HRM as described above. Sample melt curves are shown in Fig.
S5. One round of HRM (primers listed in Table S2) was used to
distinguish the genotype of fish for the prp1 ua5004 allele. The
accuracy of this method was confirmed by sequencing the area
around the target site. Briefly, a 453-bp region around the target
site was amplified (primers in Table S2). The amplicon was
either cloned into pCR2.1, followed by sequencing of mini-
prepped plasmid with a T7 vector-specific primer (5�-TAA
TAC GAC TCA CTA TAG GG-3�), or the PCR product was
treated with Illustra ExoProstar (Sigma catalog no. US78210, St.
Louis, MO), as specified in the manufacturer’s instructions,
and directly sequenced using the same primers used to generate
the amplicon. HRM to screen for prp1�/ua5003 and
prp1ua5003/ua5003 fish was performed in a two-step process

because genomic DNA from WT and prp1ua5003/ua5003 fish had
overlapping melt profiles (see Fig. S5A). Thus, heterozygous
individuals could be discriminated from homozygous individ-
uals, but homozygous fish were not clearly mutant or WT. In
the second round of HRM, 0.5 �l of sample genomic DNA was
added to 0.5 �l of known DNA (WT or homozygous mutant)
and diluted 20-fold in sterile Milli-Q water. The accuracy of this
method was confirmed by sequencing as described above for
the ua5004 allele.

RFLP to detect fish heterozygous and homozygous for the
ua5001 allele—For ease of genotyping fish with the prp2ua5001

allele previously isolated (16), a restriction fragment length
polymorphism (RFLP) assay was developed, as reported
recently (27). Genomic DNA was amplified using prp2 RFLP
primers (Table S2) and then digested with Fast Digest MvaI
(ThermoFisher Scientific, catalog no. FD0554). As the ua5001
mutation disrupted the Mva I cut site, PCR products from
mutant and WT DNA produced different banding patterns on
an ethidium bromide-agarose gel (WT allele yields three bands
with sizes of 21, 36, and 54 bp; ua5001 allele yields two bands
with sizes of 36 and 71 bp; Fig. S5C). The accuracy of this geno-
typing assay was confirmed by sequencing. Briefly, a 1039-bp
region around the target site was amplified (primers in Table
S2) and sequenced using the same primers used to generate the
amplicon after treatment with Illustra ExoProstar (Sigma cat-
alog no. US78210) to remove unincorporated nucleotides.

RT-qPCR to quantify prp1, prp2, or c-fos transcripts
abundance

Experiments were performed in compliance with the MIQE
guidelines (Minimum Information for Publication of Quantita-
tive Real-Time PCR Experiments) (78). RNA samples for com-
paring prp1 and/or prp2 transcript abundance were obtained
from pools of larvae at the ages noted (each biological replicate
represents 15–20 larvae) that had been stored in RNAlater
(Ambion/ThermoFisher Scientific, catalog no. AM7021).
RNA samples for comparing prp1 transcript abundance in
prp1ua5004/ua5004 mutants versus prp1 transcript abundance in
WT fish were obtained from pools of 2 dpf larvae (each biolog-
ical replicate represents five larvae) and stored in RNAlater.
Total RNA was extracted from pools of embryos using the
RNeasy kit (Qiagen catalog no. 74104, Toronto, Ontario, Can-
ada) as outlined in the manufacturer’s protocols. The samples
were homogenized in the appropriate lysis buffer (Buffer RLT
for larvae) with a rotor stator homogenizer (VWR catalog no.
47747-370, Radnor, PA), and on-column DNA digestion was
performed using Qiagen DNase I (Qiagen catalog no. 79254,
Toronto, Ontario, Canada). RNA quantity was determined
using a Nanodrop 2000 spectrophotometer (ThermoFisher Sci-
entific). All of the samples had rRNA profiles with strong 28S
and 18S bands, and RNA integrity numbers of at least 7/10 as
determined using an Agilent RNA 6000 NanoChip and Agilent
2100 Bioanalyzer. cDNA was then generated using a qScript
Supermix kit (Quanta BioSciences catalog no. 95048-100, Bev-
erly, MA).

qPCR was performed using a 7500 Real-Time PCR system
(ABI Applied Biosystems). Primers were designed using Primer
Express (Version 3.0, Primer Express, ThermoFisher Scien-
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tific), and the prp1, prp2, and �-actin primers were previously
verified with standard curves and melt curves (16). These prim-
ers were further verified here by confirming that no product
was apparent when reverse transcriptase was left out of
the cDNA synthesis. The c-fos qPCR primers (forward,
5�-GCAAAGACCTCCAACAAGAGA-3�; reverse, 5�-TTT-
CGCAGCAGCCATCTT-3�) span introns 2–3 of the c-fos gene
(PMID Gene ID:394198; ZFIN ID: ZDB-GENE-031222-4) and
produce a 102-bp product from cDNA. qPCRs were performed
with three technical replicates of each biological replicate. Each
reaction contained 5 �l of Dynamite Master Mix (prepared and
supplied by Molecular Biology Service Unit, University of
Alberta). The mix included SYBR Green and platinum Taq hot
start enzyme), 2.5 �l of pre-mixed primer working stocks (final
concentrations of the �-actin, c-fos, and prp1 primers were 800,
800, and 200 nM, respectively), and 2.5 �l cDNA for a total
volume of 10 �l. After an initial denaturation step (2 min at
95 °C), cycling consisted of 40 cycles of 95 °C for 15 s followed
by 60 °C for 1 min. One cycle for melting dissociation curve
analysis followed these 40 cycles and consisted of 95 °C for 15 s,
60 °C for 1 min, 95 °C for 15 s, and finally 60 °C for 1 min. Data
analysis was performed using 7500 Software for 7500 and 7500
Fast Real Time PCR Systems version 2.0.1 (AB Applied Biosys-
tems) with auto Ct calling. Transcript abundance was normal-
ized to �-actin levels. Relative fold change in transcript abun-
dance was statistically analyzed on the resulting relative
quantification values.

Characterizing mutant transcripts

To assess whether prp1 and prp2 transcripts had the
expected length and content, RACE was performed as per the
kit instructions (Clontech catalog no. 634860) using mRNA iso-
lated as per RT-qPCR methods above. 5�-RACE used gene-spe-
cific primers reported in supporting Table S3. Transcript
lengths were compared between mutant and WT by gel elec-
trophoresis and validated by sequencing. Transcripts were also
characterized by examining the alignment of RNA-Seq reads
around both the prp1 and prp2 genes by comparing 3 dpf WT
and prp1�/�;prp2�/� larvae. Pools of 50 larvae from each gen-
otype were homogenized in TRIzol (Invitrogen/ThermoFisher
Scientific catalog no. 15596026) and shipped to Otogenetics
(Atlanta GA) for Illumina RNA-Seq, and DNAnexus Platform
standard RNAseq analysis at a depth of 	41 million reads each.

Measuring the length of larval zebrafish

2 dpf larvae were fixed overnight in 4% paraformaldehyde
(PFA) in phosphate buffer, pH 7.4, with 5% sucrose at 4 °C.
Larvae were then rinsed several times with 1� PBS and imaged
and photographed with a Leica M165 FC dissecting microscope
and a Leica DFC 400 camera. The scale bar feature in the Leica
software was then used to measure the length of each fish from
the forebrain to the tip of the caudal fin.

Alkaline phosphatase staining

Neuromasts are rich in endogenous alkaline phosphatase
and staining for this allows for their observation. Zebrafish lar-
vae were fixed in 4% PFA in phosphate buffer, pH 7.4, with 5%
sucrose for 3–3.5 h at room temperature. They were subse-

quently washed four times in phosphate-buffered saline (PBS;
pH 7.4) with 0.1% Tween (PBST) and then for 15 min in fresh
alkaline phosphatase buffer (pH 9.5; 100 mM Tris-HCl, 100 mM

NaCl, 50 mM MgCl2) with 0.1% Tween. They were developed
in alkaline phosphatase buffer containing 0.225% NBT and
0.175% BCIP (Roche Applied Science catalog nos. 11383213001
and 11383221001, Basel, Switzerland) for �10 min. Fish were
then washed for 30 min in alkaline phosphatase wash buffer
(pH 7.5; 154 mM NaCl, 11 mM Tris-HCl, 1 mM EDTA) with 0.1%
Tween, fixed in 4% PFA with 5% sucrose, and washed three
times in PBST. Some fish were counterstained with phalloidin
488 or 555 (catalog nos. A12379 and A34055, Invitrogen
Molecular Probes, Eugene, OR) prior to imaging. For this, fish
were incubated in PBS with 2% Triton X-100 for 2 h. Phalloidin
488 was diluted 20-fold in PBS with 2% Triton X-100 and left
overnight at 4 °C. Fish were then washed three times for 20 min
in PBS with 2% Triton X-100 and then washed into PBS with
0.1% Tween. Whole mounts were transferred to a PBST/glyc-
erol mixture and imaged with a Leica M165 FC dissecting
microscope and Leica DFC 400 camera.

Analysis of neuromast number and position

Trunk neuromasts of the PLL were visualized by alkaline
phosphatase NBT/BCIP staining as described above or by
detection of GFP fluorescence in Tg(cldnb:gfp) using a Leica
M165 FC dissecting microscope. An observer, who was blinded
to the genotype of the fish, counted the number of neuromasts.
In some analyses, we examined neuromast number with respect
to somite number. In some 3 dpf larvae, we noticed lighter
stained neuromasts between the L1 and L2 neuromasts. These
were likely neuromasts of the secondary posterior lateral line
system (see Fig. 4). We considered these to be part of the sec-
ondary posterior lateral line system, and excluded them from
our counts if they were �5 somite lengths posterior to the L1
neuromasts.

Locomotor activity measurements of PTZ-induced seizures

Assays for measuring stage I and II seizures were performed
according to established methods (44, 79), and behavioral
tracking software was used to quantify the activity and velocity
of zebrafish larvae arrayed in 96-well plates. Larvae at age 4 dpf
were carefully pipetted into 96-well plate (7701-1651; What-
man) containing 650 �l of their typical embryonic growth
media (E3 media) and were acclimatized for 3 h prior to base-
line recording for 1 h. This was followed by treatment with
various doses of PTZ (2.5–15.0 mM) for 2 h. Plates were placed
on top of an IR backlight source and below a Basler GenICaM
(Basler acA 1300-60) scanning camera, both provided by Nol-
dus (Wageningen, Netherlands), which were used to track loco-
motor activity of an individual larvae within each well. Etho
Vision� XT-11.5 software (Noldus) was used to quantify loco-
motor activity, which was defined as % pixel change within a
corresponding well between samples (motion was captured by
taking 25 samples (frames)/s), similar to described previously
(80). Thus, the absolute numbers recorded can appear to be
small, as only a small percentage of pixels in the region of inter-
est (a well in a 96-well plate) might be changing at any one time,
and bursts of activity may occur such that total movement is
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small within any given minute. Thus, the absolute values are not
especially meaningful in these assays, which operationally are
both sensitive and robust insomuch that the data are reproduc-
ible between trials and give rational outcomes in dose-response
formats. The results are consistent with those attained when
the same behavioral traces were assessed for their mean velocity
(Fig. S7). For baseline activity (Fig. 5D) and PTZ time-course
experiments (Fig. 5B), data were calculated directly, whereas
for PTZ dose-response (Fig. 5C) the mean activity following 30
min of PTZ treatment was normalized to 1 h baseline activity
prior PTZ addition. All data reported from mutant larvae
herein are from maternal zygotic larvae.

Further analysis of seizure behavior (Fig. S9) used different
optics on the camera (a 75-mm f2.8 C-mount lens, Noldus) that
improved fidelity of larval tracking, allowed assessment of fur-
ther parameters, and permitted use of 96-well plates with round
wells (Costar catalog no. 3599). Larvae were kept in 100 �l of E3
media and tracked with daniovision software. To exclude back-
ground noise, active movement was defined as 	0.2 mm at 	2
mm/s velocity. Outliers were removed objectively using ROUT
Q � 0.1 for velocity, number of movements, and movement
duration. For activity, Q was set to 10, but only three outliers
were detected in WT.

Detecting c-fos by in situ hybridization

For probe production, RNA was extracted from WT
zebrafish larvae using an RNeasy mini kit (Qiagen catalog no.
74104, Toronto, Ontario, Canada). A 602-bp cDNA product
was then produced from WT zebrafish larvae using a Qiagen
LongRange Two-step RT-PCR kit (Qiagen catalog no. 205920,
Toronto, Ontario, Canada). For the initial PCR, primers from a
previous publication were used: forward, 5�-TCTCCTCT-
GTGGCGCCCTCC-3�, and reverse, 5�-GTCTGGAAC-
CGAGCGAGCCG-3� (81). The cDNA product was then
cloned into the pCr2.1 Topo vector (Invitrogen) and sequenced
to verify the insert orientation in the plasmids. The resulting
plasmid was linearized with FastDigest KpnI (ThermoFisher
Scientific catalog no. FD0524) and used to template production
of digoxigenin-labeled riboprobe with T7 RNA polymerase
(Roche Applied Science/Sigma catalog no. 10881775001). After
PTZ or vehicle treatment, fish were rinsed with E3 medium and
fixed overnight in 4% PFA in phosphate buffer, pH 7.4, with 5%
sucrose. Fish were then washed in 50% methanol/diethyl pyro-
carbonate-treated water for 5 min, rinsed in 100% MeOH, and
stored at least overnight in 100% MeOH at �20 °C. In situ
hybridization was performed as described previously (16),
except that the hybridization temperature was 60 °C.

Statistical analysis

All statistics were performed using GraphPad Prism Soft-
ware (Version 6, GraphPad, San Diego). Prior to performing
pairwise comparisons between groups, the F-test was used to
assess variance. If variance within groups was not statistically
significant, pairwise comparisons were performed using paired
t-tests. If variance was statistically significantly different,
Mann-Whitney U tests were performed instead. For multiple
group comparisons, groups were assessed for variance and nor-
mal distribution using the Brown Forsythe and Bartlett’s tests.

If variance was not significant, data were analyzed using one-
way ANOVA, and if variance was significant, data were ana-
lyzed using a Kruskal Wallis test. RT-qPCR data were analyzed
by performing statistics on the RQ values. For graphical pres-
entation, data were normalized to the WT samples and plotted
as a percentage.

Statistical analysis of basal and seizure activity following
exposure to convulsant used one-way ANOVA to compare
basal activities across genotype and Dunnett’s multiple com-
parison test. Two-way ANOVAs with Holm-Šídák multiple
comparison test were used to compare the seizures across phe-
notypes and time, or across phenotypes and dose. Outlier data
points were objectively removed, where indicated, using the
ROUT function in the Prism software with Q � 0.01.
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