
 International Journal of 

Molecular Sciences

Article

Mutants of the Zebrafish K+ Channel Hcn2b Exhibit
Epileptic-like Behaviors

Roberto Rodríguez-Ortiz 1,* and Ataúlfo Matínez-Torres 2,*

����������
�������

Citation: Rodríguez-Ortiz, R.;

Matínez-Torres, A. Mutants of the

Zebrafish K+ Channel Hcn2b Exhibit

Epileptic-like Behaviors. Int. J. Mol.

Sci. 2021, 22, 11471. https://doi.org/

10.3390/ijms222111471

Academic Editor: Cheol-Hee Kim

Received: 3 September 2021

Accepted: 21 October 2021

Published: 25 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Cátedras CONACyT—Departamento de Neurobiología Celular y Molecular, Instituto de Neurobiología,
Campus UNAM-Juriquilla, Universidad Nacional Autónoma de México, Querétaro CP 76230, Mexico

2 Departamento de Neurobiología Celular y Molecular, Instituto de Neurobiología, Campus UNAM-Juriquilla,
Universidad Nacional Autónoma de México, Querétaro CP 76230, Mexico

* Correspondence: lrrodriguezor@conacyt.mx (R.R.-O.); ataulfo@unam.mx (A.M.-T.);
Tel.: +52-442-238-1064 (R.R.-O. & A.M.-T.)

Abstract: Epilepsy is a chronic neurological disorder that affects 50 million people worldwide. The
most common form of epilepsy is idiopathic, where most of the genetic defects of this type of epilepsy
occur in ion channels. Hyperpolarization-activated cyclic nucleotide-gated (HCN) channels are
activated by membrane hyperpolarization, and are mainly expressed in the heart and central and
peripheral nervous systems. In humans, four HCN genes have been described, and emergent clinical
data shows that dysfunctional HCN channels are involved in epilepsy. Danio rerio has become a
versatile organism to model a wide variety of diseases. In this work, we used CRISPR/Cas9 to
generate hcn2b mutants in zebrafish, and characterized them molecularly and behaviorally. We
obtained an hcn2b mutant allele with an 89 bp deletion that produced a premature stop codon. The
mutant exhibited a high mortality rate in its life span, probably due to its sudden death. We did
not detect heart malformations or important heart rate alterations. Absence seizures and moderate
seizures were observed in response to light. These seizures rarely caused instant death. The results
show that mutations in the Hcn2b channel are involved in epilepsy and provide evidence of the
advantages of zebrafish to further our understanding of the pathogenesis of epilepsy.
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1. Introduction

Epilepsy is a brain disorder characterized by recurrent spontaneous seizures due
to abnormal excessive electrical discharges of brain neurons. The disease affects about
1% of the world population, and is a devastating neurological disorder (www.who.int,
15 August 2021). Genetic factors play a crucial role in the origin of epilepsy, with reported
mutations in many genes associated with neural function, among them numerous genes
encoding voltage-gated ion channels [1,2]. It is not surprising that many currently avail-
able medications for this disease restore the balance between excitatory and inhibitory
neurotransmission by selectively targeting ion channels.

Hyperpolarization-activated cyclic nucleotide-gated (HCN) channels are the molecular
correspondents of the heart’s funny currents, or If, which are responsible for pacemaker
activity [3–5]. HCNs are also widely expressed in the central and peripheral nervous
systems where they have an active role in neuronal excitability, rhythmic neuronal activity,
dendritic integration, and synaptic transmission, although novel functions are emerging
for this family of channels [6]. There are four mammalian HCN genes termed HCN1–4,
that share a high sequence identity but exhibit molecular and functional heterogeneity [7].
HCN1, HCN2 and HCN4 show a differential and complementary expression pattern
in the neurons of the central nervous system (CNS), where they assemble as homo- or
heteromultimers [8].
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HCN channels belong to the superfamily of six transmembrane segment channels, and
are structurally related to cyclic nucleotide-gated (CNG) channels and voltage-dependent
K+ (Kv) channels. HCNs have a selectivity filter typical of K+ channels, but they allow the
passing of both K+ and Na+ [9,10]. Since their discovery, and due to their fundamental
neurophysiological roles, HCN channels have been considered excellent epilepsy candi-
date genes, and emergent clinical data shows that dysfunctional HCN channels are indeed
involved in epilepsy [11]. Thus, multiple lines of evidence implicate an association between
HCN gene mutations and human hereditary epilepsy. For example, HCN1 and HCN2
functional gene variants that result in an alteration in the amino acids critical to confer-
ring the electrophysiological characteristics of the channel are associated with idiopathic
generalized epilepsy [12]. The importance of HCN malfunction in epilepsy has also been
highlighted by the identification of a deletion of three consecutive prolines in HCN2 in
patients that have generalized epilepsy with febrile seizures [13].

There is also evidence of a loss-of-function point mutation in HCN2 that contributes
to generalized epilepsy in humans [14]. In this study, a screening in families with epilepsy
identified a recessive point mutation in HCN2 [14]. More evidence of the association
of HCN2 with epilepsy was provided by the identification of a heterozygous missense
mutation (S126L) found in children with febrile seizures, which suggests that the mutation
may contribute to neuronal hyperexcitability [15].

Animal models have provided more evidence of the association of mutations in HCN2
with neurophysiological alterations. An HCN2-deficient mouse exhibited increased thala-
mic bursts and absence epilepsy, which is a sudden loss of consciousness and behavioral
arrest (as reviewed in Barone et al., 2020 [16]). In another case, an HCN2-null mouse
presented reduced locomotor activity, ataxia, and cardiac sinus dysrhythmia [17].

As illustrated above, mouse models have proved important for studying epilepsy
related to HCN2 mutations. However, there is also a need for in vivo disease models that
are amenable to high-throughput small molecule screens. Zebrafish (Danio rerio) seizure
models have become significant contributors in epilepsy research. The first zebrafish
epilepsy model was chemically induced by pentylenetetrazole (PTZ), and was fully charac-
terized (behavior, gene expression, electrophysiology, and pharmacology) [18]. This work
is still a referent in zebrafish epilepsy models. One of the most studied epilepsy models in
zebrafish is related to monogenic mutations in Nav1.1 (scn1Lab), a voltage-gated sodium
channel that causes Dravet syndrome [19,20]. When CRISPR/Cas9 was introduced in
zebrafish [21,22], this technology was quickly applied for the study of brain organization,
function, and connectivity, as well as associated diseases such as epilepsy [23]. For example,
a monogenetic epilepsy has been described using CRISPR/Cas9 to target syntaxin-binding
protein 1 gene homologs in zebrafish, Stxbp1a and Stxb1b [24]. Interestingly, while Stxb1a
mutants exhibited a profound lack of movement, low electrical brain activity, low heart
rate, decreased glucose and mitochondrial metabolism, and early lethality, the stxb1b ho-
mozygous mutant allele showed spontaneous seizures and a reduced locomotor activity
response to a movement-inducing “dark-flash” visual stimulus, despite showing a normal
metabolism, heart rate, survival, and baseline locomotor activity [24]. Another example
in the study of epilepsy is the zebrafish aldh7a1 null mutant, which recapitulates the char-
acteristics of pyridoxine-dependent epilepsy, caused by variants of the gene ALDH7A1.
The homozygous mutants showed a spontaneous, quick increase in locomotion and a
rapid, circling swimming behavior followed by seizure-like behaviors that resulted in
death shortly after a seizure [25,26].

To shed some light on the role of HCN channels in epilepsy, in this work we gener-
ated a null mutant of the gene hcn2b of zebrafish using CRISPR/Cas9 technology, and
characterized the behavioral consequences of the mutation.
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2. Results
2.1. Generation and Characterization of the Hcn2b-KO Zebrafish Line

The hcn2b gene displays eight exons (Figure 1A) and encodes a predicted protein
of 979 amino acids, containing the typical characteristics of the HCN channel family:
six transmembrane domains, a cyclic nucleotide binding domain, and a C-linker (Figure S1).
CLUSTAL alignment showed that the zebrafish Hcn2b protein (Gene ID: 528516153) shares
an amino acid sequence identity of 72% with the human HCN2 protein (879 amino acids)
(GI: 156071470) (Figure 1B). Therefore, mutations in hcn2b that disrupt the function of the
channel were likely to affect ion currents. To evaluate the Hcn2b channel’s contribution
to producing an epileptic phenotype in zebrafish, we generated mutations using the
CRISPR/Cas9 system, combining three sgRNAs to enhance the probability of inducing a
frameshift mutation in F0 animals, also called crispants. We chose three close target sites
in exon 1 of the hcn2b, separated only by 13 and 29 bp between each sgRNA (Figure 1A).
Because of the high rate of mortality in crispants (see below, Figure 2B), we decided to grow
the survivors to adulthood to perform heterozygous mating to produce F1 descendants
at the expected Mendelian ratio. An 89 bp deletion within the first exon of hcn2b that
introduced a premature stop codon at the amino acid position 19 was confirmed by the
screening of F1 descendants by PCR amplification and sequencing (Figure 1C). Then, we
selected the parents that displayed the 89 bp deletion to establish the F2 homozygous
hcn2b∆89/∆89 mutant zebrafish, hereafter referred to as hcn2b−/−. We noticed that the 89 bp
deletion was the result of a canonical cut made by Cas9, located between the third and
fourth nucleotide from the PAM sequence at both of the sgRNA ends, followed by a DNA
double-strand break repair. We maintained hetero- and homozygous hcn2b adult zebrafish
mutants separately for outcrossing.
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Figure 1. Zebrafish hcn2b gene, Human HCN2 and zebrafish Hcn2b protein alignment and the Hcn2b
∆89 allele. (A) Exon-intron organization of the zebrafish hcn2b. The three sgRNA Cas9-targeted are
in the first exon. Bold grey letters represent the 89 pb deletion of the hcn2b−/− allele. (B) Alignment
of predicted primary sequences of human HCN2 and zebrafish Hcn2b. Similar amino acids are
highlighted in blue. (C) Primary sequence of the 18 amino acids predicted in the hcn2b−/− allele.
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Figure 2. Characterization of the hcn2b −/−mutant. (A) Compared morphology between WT and 
hcn2b −/−zebrafish mutant at 48 h post-fertilization (hpf): there are no differences in length and pig-
mentation. (B) Homozygous hcn2b mutants showed a higher mortality rate than controls (4–16% vs. 
60–80%). (C) No evident defects were detected during early heart development. Both heart mor-
phology and volume were similar in WT and hcn2b −/− (D). Heart rate showed statistically significant 
differences between WT and hcn2b−/− larvae at 48- and 56-h post-fertilization. Asterisk indicate sta-
tistical significance compared to the control, p < 0.05 (*); p < 0.005 (**). 
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contrast to the 10% mortality observed in control fish. Furthermore, at 10 dpf, there was a 
notorious mortality increase in the mutant larvae that leveled off at 60 dpf for a final 10–
25% survival rate; in comparison, around 80% of the control fish survived (Figure 2B). 
Since hcn2b is strongly expressed in the heart and CNS, the higher mortality in homozy-
gous hcn2b−/− larvae could be explained by a sudden death induced by heart malfunction, 
after a severe epileptic episode, or a combination of both. We rarely observed spontaneous 
epileptic episodes when we cleaned, fed, or manipulated the mutant larvae, although we 
incidentally identified hyperactivity in some samples. In addition, we observed “para-
lyzed” larvae at the bottom of the tanks on several occasions. The behaviors observed 
during this period were later corroborated by the following behavior assays.  

2.3. Heart Rate and Cardiac Morphology 
Because of the implication of the HCN2 in pacemaking function in the heart, we eval-
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mutant zebrafish had normal heart morphology (Figure 2C). No evident malformations 
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Figure 2. Characterization of the hcn2b−/− mutant. (A) Compared morphology between WT and
hcn2b−/− zebrafish mutant at 48 h post-fertilization (hpf): there are no differences in length and
pigmentation. (B) Homozygous hcn2b mutants showed a higher mortality rate than controls (4–16%
vs. 60–80%). (C) No evident defects were detected during early heart development. Both heart
morphology and volume were similar in WT and hcn2b−/− (D). Heart rate showed statistically
significant differences between WT and hcn2b−/− larvae at 48- and 56-h post-fertilization. Asterisk
indicate statistical significance compared to the control, p < 0.05 (*); p < 0.005 (**).

2.2. Phenotype and Survival Rate

Both, heterozygous hcn2b+/− and homozygous hcn2b−/− mutant fish have normal
gross morphology (Figure 2A) and are capable of growing and mating.

Homozygous hcn2b−/− mutant larvae showed a higher mortality rate during their life
span. We followed three different groups for 60 days (N = 3, n = 210), in which about 30%
of the homozygous hcn2b−/− mutant larvae had died by two days post-fertilization (dpf),
in contrast to the 10% mortality observed in control fish. Furthermore, at 10 dpf, there was
a notorious mortality increase in the mutant larvae that leveled off at 60 dpf for a final
10–25% survival rate; in comparison, around 80% of the control fish survived (Figure 2B).
Since hcn2b is strongly expressed in the heart and CNS, the higher mortality in homozygous
hcn2b−/− larvae could be explained by a sudden death induced by heart malfunction, after
a severe epileptic episode, or a combination of both. We rarely observed spontaneous
epileptic episodes when we cleaned, fed, or manipulated the mutant larvae, although we
incidentally identified hyperactivity in some samples. In addition, we observed “paralyzed”
larvae at the bottom of the tanks on several occasions. The behaviors observed during this
period were later corroborated by the following behavior assays.

2.3. Heart Rate and Cardiac Morphology

Because of the implication of the HCN2 in pacemaking function in the heart, we evalu-
ated the heart rate and morphology of the hcn2b mutant zebrafish. Homozygous hcn2b−/−

mutant zebrafish had normal heart morphology (Figure 2C). No evident malformations
were detected, and the area of the heart was similar between controls and hcn2b mutants. In
order to determine the heart rate, we tested the fish at 36-, 48-, 56- and 72-h post-fertilization
(hpf). The hcn2b−/− mutant larvae (n = 15) showed a statistically significant increment in
the mean heart rate compared to sibling controls (n = 20) at 48 and 56 hpf (p = 0.0441 and
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p = 0.0029) in a two-tailed t-test. The heart rates at 36 hpf and 72 hpf showed no statistical
differences (Figure 2D).

2.4. Larval and Adult Behavioral Analysis
2.4.1. Spontaneous Tail Movement

Motor activity can be evaluated by observing the spontaneous tail coiling as early
as 17 hpf [27]. One-minute video recordings of groups of larvae at 24 hpf were obtained
and processed in the open-source MATLAB application ZebraSTM [28]. The mean of the
spontaneous tail coiling of the control group (mean = 5.875 coils/min) was statistically
lower compared with the hcn2b−/− mutant (mean = 9.167 coils/min) (n = 72, p ≤ 0.0001 in
a two-tailed t-test). Thus, the hcn2b−/− zebrafish mutant had 1.5 times more spontaneous
tail movements at this age (Figure 3).
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Figure 3. Spontaneous tail movement. (A) Twenty-four hours post-fertilization zebrafish larvae
in a glass slide; tagged and numbered by MATLAB application ZebraSTM [27]. (B) Frequency
of spontaneous tail movements (STM) per one minute of WT versus hcn2b−/− zebrafish mutant.
Homozygous hcn2b mutants showed 1.5 times more tail movements compared to WT. Asterisk
indicate statistical significance compared to the control, p < 0.0001 (****).

2.4.2. Dark-Light Transitions

To examine the changes in locomotor activity and responses to visual light stimulation,
we quantified the movement of individual zebrafish larvae at 7 dpf during dark-light-dark
transitions (Figure 4A). During an initial and final dark period, neither the controls nor
the hcn2b−/− mutants displayed behavioral differences. After a sudden light exposure, we
observed evident behavior differences between the two groups tested. We observed that
several hcn2b−/− mutant larvae paralyzed or reduced their swimming as a response to the
light, which we interpreted as an absence seizure (Figure 4B, Video S1). During the test,
we also noticed fast episodes of hyperactivity that became evident when we analyzed the
swimming distances during the three minutes of light exposure, in which we observed
peaks of activity beyond the threshold (Figure 4C). We evaluated the conditions of the
larvae one hour after the test was completed and did not detect any death caused by
hyperactivity or absence epilepsy induced by this assay.

2.4.3. Light Flashes

Young adult fish from five months post-fertilization were exposed to a sudden light
flash to test for photosensitivity in hcn2b mutants. About 7% of the mutants showed either
absence epilepsy or seizures (n = 70). Absence epilepsy episodes lasted up to one minute
and the locomotor recovery was instantaneous. Seizures appeared immediately upon
turning on the lights and increased progressively following the three stages described
by [26]: first, an increment in swimming activity; then, a rapid circling swimming behavior;
and, finally, brief clonus-like convulsions that led to a loss of normal body posture and
immobility (Figure 5, Video S2). These behaviors could be repeated more than once, and
were separated by short periods of recovery before returning to the normal posture. We
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followed the fish for one hour after the test was completed and we did not detect any death
caused by this assay.
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Figure 4. Motility during dark-light-dark transitions. (A) Video recording protocol. At seven days
post-fertilization, larvae were placed in 23 mm diameter wells and covered from light for ten minutes
for habituation to darkness, then exposed to three minutes of continuous light and, finally, three
minutes of darkness. (B) Heatmap of the swimming behavior of WT and hcn2b−/−. 18 WT and
18 hcn2b mutants are shown. Low activity periods that last over time (in blue) can be interpreted
as absence periods (larvae 1, 6 and 8). The high activity in red and purple are fast in a short period
in time (see hcn2b−/− (larvae 1, 8, 15 and 18). (C) Swimming distances of 18 WT and 18 hcn2b−/−

mutants in the light period. The hcn2b−/− mutants displayed brief peaks as indication of fast
hyperactivity episodes.

2.4.4. Novel Tank Diving Assay

This assay is commonly used to measure anxiety and is useful to examine thigmotaxis,
a well-known behavior observed when animals are in a novel environment. Here we
evaluated two parameters: 1) total distance traveled throughout the entire tank and 2) total
time spent in different zones. As expected, at the beginning of the test, the control fish swam
cautiously to explore the edges of the tank and progressively started crossing the midline,
which is usually interpreted as a reduction of anxiety after habituation (Figure 6, Video S3).
Homozygous hcn2b−/− mutant zebrafish showed a diverse behavior. For instance, in some
cases, the anxiety caused by the new environment induced absence epilepsy, which was
evident because after transferring the fish to the tank, the fish paralyzed or dramatically
reduced swimming activity; consequently, the distance traveled was shorter compared
to controls. In other cases, the anxiety induced hyperactivity in the fish, which started
swimming frenetically, covering all the zones of the tank. Yet in other cases, a period of
absence or low activity ensued from a period of hyperactivity. Sample trajectories can be
observed in the heat map of Figure 6. Although the mean values of the traveled distance
are not statistically significant among the three groups (p = 0.7365, Kruskal–Wallis test), the
heterozygous hcn2b mutants showed an intermediate behavior, but mostly hyperactivity
(Figure 6, Video S3).
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Figure 5. Seizures induced by flashlights in the hcn2b−/− mutant. During dark-light transitions,
about 7% of adult hcn2b−/− mutants exhibited behavioral seizure activity. (A) First, fish increased
their swimming activity (Stage I); then, they showed a rapid “whirlpool-like” circling swimming
behavior (Stage II); finally, they exhibited a series of brief clonus-like convulsions that led to a loss of
posture and immobility (Stage III). (B) Snap shot sequences of each stage of the seizures caused by
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displayed heterogeneous values that corresponded with moments of hyperactivity and immo-
bility. The heat maps and swimming distances were analyzed using EthoVisionXT (Noldus IT,
Wageningen, The Netherlands).

3. Discussion

Here, we report the generation of a mutant of the hcn2b gene of zebrafish to explore
its effects on neurological disorders, such as epilepsy, and cardiac deficiencies. Danio
rerio, a teleost fish, may have a second copy of HCN2 since its genome was duplicated
during evolution, which often results in two co-ortholog genes. Even though the zebrafish
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information network located hcn2a in chromosome 2, the lack of additional information
made the presence of a possible hcn2a gene debatable. Of course, this does not discard
their presence in the zebrafish genome, however our experimental evidence provides
functional information of the impact of the absence of hcn2b. We demonstrated a range
of embryonic, larval, and adult phenotypes relevant to Hcn2b missfunction, including
signs observed in epileptic patients (e.g., absence crisis, seizures, and motor deficits). These
characteristics support that zebrafish mutants do indeed recapitulate many features of
HCN-related diseases. Therefore, this zebrafish model would be a useful tool for studying
epilepsy. Since seizures and absence crises are common symptoms of the human disease,
Hcn2b-deficient zebrafish mutants may be useful for studying these events.

The homozygous mutation of hcn2b generated here, hcn2b−/−, does not cause ap-
parent morphological changes, since the animals presented normal length, mobility, and
pigmentation. Although we did not monitor the weight nor the length of adult fish, we
did not observe impaired growth with respect to the WT control as reported in mice [29].
However, during their lifetime, the mutants exhibited a higher rate of mortality. At this
point, the causes of death are merely speculative, and may be related to a cardiac mal-
function combined with photosensitivity that led to epileptic episodes including absence
and seizures.

HCN channels are the molecular components of the heart pacemaker current, a
current activated by hyperpolarization that triggers the sinus node function to generate
heart impulses. HCN2 and HCN4 are widely expressed in the sinoatrial node, although
the absence of HCN2 in mice did not affect the mean heart rate during spontaneous
movements [14,30,31]. However, the intervals between successive heart beats varied
widely at rest due to a dysfunction of the sinoatrial node. Thus, it seems that HCN2 has a
role in the pacemaking activity under non-stimulated conditions [17]. In hcn2b−/− mutant
zebrafish, we identified a slight increment in the heart rate at 48 and 56 hpf, reflecting a
shorter time interval between successive heart beats, resembling that of the viable HCN2-
deficient mice [17]. It would be interesting to monitor the heart‘s activity during the
zebrafish spontaneous movement in larvae or adult zebrafish to establish if there is an
association between the sudden death and heart malfunction.

Early development of locomotion in zebrafish can be evaluated by spontaneous tail
movement as early as 17 hpf [27,32,33]. Motor function development in fish is evident by
the appearance of contraction patterns of the axial musculature necessary for swimming.
In our case, we wanted to examine if the lack of the Hcn2b channel produced alterations
in the early development of the neural system that affected such contraction patterns.
The differences in the number of events between the Hcn2b mutant and Wild-type (WT)
after 24 hpf were remarkable: 5.875 coils/min vs. 9.167 coils/min, respectively. These
spontaneous contractions are likely related to the eventual hatching of the embryo [34];
thus, it was unexpected to observe that the mutant fish, which have about 1.5 times more
contractions, hatched at the same time (around 3–4 dpf) compared with the WT controls,
as well as the hatching times reported elsewhere [28,32,33].

Epilepsy-related behaviors are usually composed of subtle changes in locomotion,
including atonic and absence seizures, tremor, and myoclonic twitches, among others.
In contrast to the behavioral changes of the HCN2-deficient mice, which reduced their
locomotor activity and displayed absence epilepsy [17], we detected hyperactivity, seizures,
and absence epilepsy in the hcn2b mutant zebrafish. These opposite behaviors may be
explained by physiological differences between both species. However, the nocturnal
habits of mice and the diurnal habits of zebrafish may be related, as suggested by the
photosensitivity exhibited by the mutant fish.

We also observed that the hyperactive phenotype exhibited when the lights were
turned on in the early morning was progressive in the hcn2b mutants. First, it was suggested
by sporadic abnormal movements in the hcn2b crispant larvae, but later it was quite evident
in the heterozygous and homozygous fish. During the evaluation of the locomotor activity
of the larvae in response to dark-light transitions, we clearly observed two different
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responses in the hcn2b−/− mutants in the dark-to-light transition: (1) around 30% of the
hcn2b−/− mutant larvae shown periods of absence, whereas (2) around 60% showed a peak
of hyperactivity throughout the light stage. Wild-type larvae maintained their locomotor
activity during the three-minute light period, as previously reported [35,36]. Epileptic and
absence seizures can be a consequence of photosensitivity in the hcn2b−/− mutant larvae,
in response to the stress and anxiety induced by the sudden change of environmental light.

A recent study found that photosensitivity contributes to generalized epilepsy in
variants of gain-of-function heterozygous HCN2 patients [37]. This prompted us to test
whether hcn2b mutants are photosensitive by exposing young adult fish to a sudden
flash light. In this condition, about 7% of the mutants showed either absence epilepsy or
seizures. Absence epilepsy episodes were less common than seizures and lasted up to one
minute followed by a rapid locomotor recovery. Seizures appeared right when the lights
were turned on after the period of dark habituation, then they increased progressively
and showed distinct phases: (1) an increment in swimming activity; (2) a rapid, circling
swimming behavior; (3) brief clonus-like convulsions leading to a loss of posture; and
(4) periods of immobility. We observed this behavioral pattern repeatedly, divided by brief
periods of recovery. These behaviors were rarely observed spontaneously at any age.

The role of the stress response in the onset and progression of epilepsy is well rec-
ognized and related to the incidence and severity of the disease [38,39]. Therefore, we
examined the response of hcn2b mutants to a widely-used stressor in animal models: the
challenge of a new and unknown environment. Using the novel tank test, we assessed if
anxiety could trigger a reaction to induce changes in locomotor activity or zone preferences.
Although we did not detect evident differences in the total distance traveled between
hcn2b mutants and WT controls, we observed two intriguingly different and opposite
behaviors: some individuals showed hyperactivity, while others showed absence epilepsy.
Diverse studies in murine models have suggested that exposure to acute stressors may
protect against seizures in contrast to chronic stressors, which increases seizure risk and fre-
quency [40,41]. The rapid response to a stressor activates the sympathetic-adrenomedullary
system which, in turn, activates the sympathetic nervous system. We do not yet know
the expression pattern of the Hcn2b zebrafish, but we suspect it is widely distributed in
the peripheral and central nervous system, like in mammals. Thus, the diverse responses
observed in the hcn2b mutants may arise from a malfunction of these systems, which may
give rise to the diversity of behaviors.

The physiological understanding of the diversity of the responses of the hcn2b mutant
zebrafish will require a detailed study of this new epilepsy model. The easy handling and
maintenance of the fish will be helpful to explore the role of HCNs in other fields of current
interest, such as those of pain and depression [42–45]. Our results show that mutations
in the Hcn2b channel are clearly involved in epilepsy, which may be of pathogenic and
pharmacological relevance, and also can be useful for the study of the role of HCN channel
function in other neurological diseases.

4. Materials and Methods
4.1. Animals

Zebrafish of the AB-Tu-WIK hybrid line were maintained in standard conditions, and
all experimental procedures were performed according to the protocol approved by the
Animal Care and Use Committee of the Institute of Neurobiology, National Autonomous
University of Mexico (Protocol number 95A). Natural spawning was used to collect em-
bryos which were raised at 28oC in 100 mm plates with Blue E3 medium (5 mM NaCl,
0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4 and 0.0001% methylene blue, pH 7.2).
Embryo plates were cleared of debris and dead fish daily and Blue E3 medium was added
to the plates as needed. Fish from 5 up to 60 dpf were maintained in 3 L tanks with fish
water (Marine salts, Instant Ocean, Blacksburg, VA, USA) at pH 7.5 and 500-750 us conduc-
tivity. Adult fish were maintained in polycarbonate tanks in a system with re-circularized
fish water.
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4.2. Generation of Zebrafish hcn2b Mutations by CRISPR/Cas9

Three sgRNA sequences directed to hcn2b were selected using the CRISPR design
tool CRISPRscan [46]. All three sgRNA target sites are located in exon 1 of hcn2b: a:
CCGCCGCTCCTCCCGCG, b: GGGTGTCCTTCTCCAGCGCC, and c: AGCGGGCAATTC-
CGTCAGCT. The sgRNA was synthesized using the protocol described by Vejnar et al.
(2016). Cas9 mRNA was synthesized using XbaI linearized pT3TSnCas9n plasmid as a
template for in vitro transcription [47]. An RNA mixture of sgRNA (25 ng/uL) and Cas9
mRNA (300 ng/uL) was microinjected into single-cell stage zebrafish embryos. After
48–72 hpf, 10 injected embryos were selected to extract genomic DNA by Hot-Shot [48]
and PCR was performed to test the CRISPR/Cas9 system efficiency. We designed two
primers (CTCCAGCATGGACGGCTCGG and CTGGCCATCCTCAGACTTGG, forward
and reverse respectively) to characterized the mutations which amplified a 427 bp fragment
in the WT.

4.3. Protein Alignment Analysis

HCN2 protein sequence from human (Gene ID: 156071470) and Hcn2b from zebrafish
(Gene ID: 528516153) were obtained from Ensembl (www.ensembl.org, 15 August 2021),
with accession numbers ENST00000251287.3 and ENSDART00000136390.2, respectively.
Protein alignment was done using MEGA X.

4.4. Heart Rate

We generated an easy-to-use MATLAB script to determine the heart rate from 1 min
larvae videos. For video recordings, we used a Celestron camera (Torrance, CA, USA)
coupled to a stereoscope. Larvae from 36 hpf to 72 hpf were video recorded individually
for 1 min in a lateral position when the heart was evidently beating. Then, we loaded the
videos in the MATLAB script (available upon request) and selected the region of interest to
determine the number of beats and, after an automatic correction, we obtained the heart
rate (beats/minute).

4.5. Larval and Adult Behavioral Analysis
4.5.1. Spontaneous Tail Movement

Motor activity can be assessed by spontaneous tail coiling as early as 17 hpf. To
perform the tail movement assay, we video recorded a group of 15–25 larvae for 1 min
at 24 hpf in the same plate immersed in blue E3 medium. To habituate the larvae to the
stereoscope light, we placed the plate under this condition 2 min before video capture.
The video was processed in the open-source MATLAB application ZebraSTM [28] and the
spontaneous tail movements were quantified and plotted for comparison.

4.5.2. Dark-Light Transitions

To evaluate the early response of larvae to dark-light transitions, we designed a quick
test as follows. We placed individual 7 dpf larvae into a 12-well plate filled with Blue E3
water. The plate was set above a light chamber and covered with black conical plastic with
a video camera at the top. We habituated the larvae to darkness for 10 min. At minute 7
of this period, we began the recording in the dark before turning the lights on and video
recording for 3 more minutes. Finally, we turned the lights off to record the larvae for
3 more minutes. The trajectories were analyzed using the software EthoVisionXT (Noldus
IT, Wageningen, The Netherlands).

4.5.3. Light Flashes

Adult fish were exposed to a light flash in order to test photosensitivity. Individual
adult fish from 5 months post-fertilization were placed in 250 mL beakers filled with 150 mL
of fish water. The beakers were placed above a light chamber and covered with a black
conical plastic coupled to a video camera. We habituated the fish to the dark for 10 min. At
minute 7 of this period, we started recording in the dark before turning the lights on and
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recorded 3 more minutes. Finally, the lights were turned off and the recording continued
for 3 more minutes.

4.5.4. Novel Tank Diving Assay

This is a commonly used test for anxiety. Prior to performing the experiment, we
standardized the manipulation of the larvae, including the time spent in netting to avoid
stress and maintain the same fish water conditions (pH, conductivity, temperature). In-
dividual fish were carefully transferred from home tanks to a 250 mL beaker filled with
fish water from the home tank. After 10 min of habituation, fish were transferred to a 1 L
examination tank filled with 125 mL of fresh water. A 6 min video was recorded from
the top of the tank, and the trajectories were analyzed using EthoVisionXT (Noldus IT,
Wageningen, The Netherlands).

4.6. Software and Statistical Analyses

All statistical analyses were performed using Prism9 (GraphPad, San Diego, CA, USA).
Heart rate analysis was performed in MATLAB R2015a (MathWorks, Natick, MA, USA).
Figures were prepared with Canvas X Draw version 7.0.2 (Boston, MA, USA) and the
videos were edited in Movavi Slideshow Maker 5 version 5.4.0 (Wildwood, MO, USA).

Supplementary Materials: The following are available online at https://drive.google.com/drive/
folders/11Y7NfiXzNZn00SnDtSwuGEKDp8Qy5nHS.
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