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SUMMARY

Habituation is an adaptive learning process that enables animals to adjust innate behaviors to changes in
their environment. Despite its well-documented implications for a wide diversity of behaviors, the molecular
and cellular basis of habituation learning is not well understood. Using whole-genome sequencing of zebra-
fish mutants isolated in an unbiased genetic screen, we identified the palmitoyltransferase Huntingtin inter-
acting protein 14 (Hip14) as a critical regulator of habituation learning. We demonstrate that Hip14 regulates
depression of sensory inputs onto an identified hindbrain neuron and provide evidence that Hip14 palmitoy-
lates the Shaker-like K* voltage-gated channel subunit (Kv1.1), thereby regulating Kv1.1 subcellular localiza-
tion. Furthermore, we show that, like for Hip14, loss of Kv1.1 leads to habituation deficits and that Hip14 is
dispensable in development and instead acts acutely to promote habituation. Combined, these results un-
cover a previously unappreciated role for acute posttranslational palmitoylation at defined circuit compo-

nents to regulate learning.

INTRODUCTION

Habituation is an evolutionarily conserved non-associative form
of learning characterized by a response decrement to repeated
stimuli. One of the simplest forms of learning, habituation is
defined by ten behavioral characteristics, including spontaneous
recovery and sensitivity to dishabituation, which distinguish
habituation from other processes, such as sensory adaptation
or fatigue [1, 2]. Habituation has been associated with a wide
range of behaviors and physiological responses, including
feeding and drug seeking [3-5], neuroendocrine responses to
stress [6], and mechanosensory [7, 8], olfactory [9], and acoustic
startle responses [10]. Moreover, because habituation enables
animals to focus selectively on relevant stimuli, it is thought to
be a prerequisite for more complex forms of learning [2]. In
fact, habituation is impaired in several human disorders that pre-
sent with more complex cognitive and learning deficits, including
autism spectrum disorders, schizophrenia, attention deficit hy-
peractivity disorder, and Huntington’s disease [11], suggesting
that some of the molecular, genetic, and circuit mechanisms
that act in the context of habituation extend well beyond this
form of learning.

Over the past decade, significant progress has been made to-
ward understanding the circuit mechanisms of habituation
learning in both vertebrate and invertebrate systems. Studies
on sensory habituation in C. elegans and Aplysia and startle

habituation in zebrafish and rodents have revealed experience-
dependent changes in activity at the synapses between sensory
afferents and “command” interneurons (neurons that drive a
given behavior) during habituation of that behavior [12-17].
Furthermore, genetic screens in C. elegans and Drosophila
have been instrumental in identifying genes that regulate habitu-
ation learning [18-28]. Thus, although a picture of habituation in
invertebrates is emerging, major questions regarding vertebrate
habituation learning remain largely unanswered. For example,
does the increased complexity of the vertebrate nervous system
dictate additional molecular players and mechanisms that drive
habituation learning? Similarly, how many circuit components
regulate what we think of as a simple learning process? To
address these questions, we previously conducted an unbiased
genome-wide screen to identify the first set of mutants with def-
icits in vertebrate habituation learning [29]. We performed our
screen using the larval zebrafish, a system in which habituation
learning is observed and adheres to the behavioral characteris-
tics previously described [30]. Here, we report on the molecular
identification of two of these mutants and uncover a previously
unappreciated role for posttranslational modification by the pal-
mitoyltransferase ZDHHC17/Hip14 (Huntingtin interacting pro-
tein 14, which we refer to as Hip14) in regulating habituation.
We further identify a previously unknown substrate of Hip14,
the Shaker-like K* voltage-gated channel subunit (Kv1.1), and
show that Kv1.1 regulates learning. Moreover, we find that
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Figure 1. Hip14 Is Required for Habituation Learning in the Larval
Zebrafish

(A) Acoustic stimulation protocol used to induce habituation learning. Vertical
lines indicate acoustic stimuli. 10 stimuli are presented with 20-s ISI to assess
baseline startle responsiveness. 30 stimuli are then presented with 1-s ISI to
induce habituation learning.

(B) Habituation curves for sibling and p774 mutant animals. Startle responses
are averaged across bins of 10 stimuli (baseline, 10 stimuli at 20 s ISI; 1-10, 15
bin of 10 stimuli at 1-s ISI; 11-20, 2" bin of 10 stimuli at 1-s ISI; 21-30, 3" bin of
10 stimuli at 1-s ISI). Mean response frequency within each bin + SD is de-
picted; n > 19 larvae per genotype.

(C) Predicted polypeptide domain structure of Hip14 and Hip14 mutant alleles.
Gray indicates ankyrin repeat domains, green indicates transmembrane do-
mains, and pink indicates DHHC catalytic domain. Inset depicts domain
conformations.

(D) Complementation testing to confirm mapping of habituation phenotype to
hip14 nonsense mutation. % habituation = (1 — [response frequency 21-30] +
[response frequency baseline]) x 100. Mean + SD; n > 18 larvae per
genotype. **p < 0.0001; Kruskal-Wallis test with Dunn’s multiple comparisons
test.

Hip14 regulates the localization of Kv1.1 to presynaptic terminals
onto an identified neuron of the startle habituation circuit and
demonstrate that Hip14 promotes habituation learning acutely.
Combined, these results support a model by which Hip14 palmi-
toylates Kv1.1 to ensure its proper localization to presynaptic
sites critical for habituation learning. Furthermore, our findings
emphasize an emerging role for posttranslational palmitoylation
in regulating behavioral plasticity.

RESULTS

The Palmitoyltransferase Hip14 Regulates Habituation
Learning In Vivo

At 5 days of age, larval zebrafish exhibit robust habituation learning
when confronted with a series of high-intensity acoustic stimuli
(25.9 dB) as larvae rapidly learn to ignore these apparently innoc-
uous stimuli and cease responding [30, 31]. We have previously
uncovered extensive pharmacological conservation of habituation
learning between larval zebrafish and adult mammals [30] and
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have recently shown that, in zebrafish, habituation is accompa-
nied by increased inhibitory drive combined with decreased excit-
atory drive converging on an identified hindbrain neuron, the
Mauthner (M) cell [14]. To identify genes that regulate habituation
learning, we conducted a forward genetic screen using an assay
that measures acoustic startle habituation [29]. In this assay, base-
line startle responsiveness is first established by presenting larvae
with 10 high-intensity acoustic stimuli separated by a 20-s inter-
stimulus interval (ISI) (Figure 1A). To induce habituation learning,
30 additional stimuli are then presented with a 1-s ISl (Figure 1A).
Wild-type animals exposed to this protocol rapidly cease re-
sponding to acoustic stimuli, exhibiting habituation rates of
approximately 80% [29] (Figure 1B). In response to the same stim-
ulation protocol, larvae carrying the slow learner®’”* mutation
exhibit almost no habituation learning (Figure 1B).

To identify the gene disrupted in slow learner®’”* mutants, we
used a previously described whole-genome sequencing (WGS)
approach followed by homozygosity mapping [29, 32, 33]. This
uncovered a premature stop codon (Y211*) in the hip714 gene,
encoding a palmitoyltransferase (PAT) that catalyzes the addi-
tion of palmitate moieties to cysteine residues of substrate pro-
teins [34]. Like other PAT family members, Hip14 contains trans-
membrane domains flanking a catalytic palmitoyltransferase
(DHHC) domain [34] (Figure 1C). The premature stop codon in
slow learner®’”* mutants is located in the sixth of seven Ankyrin
repeat domains and thus precedes the catalytic palmitoyltrans-
ferase domain. To confirm that mutations in hip74 indeed cause
the observed habituation phenotype, we generated a second
allele, hip14P%°® using CRISPR-Cas9 genome-editing tech-
niques [35, 36]. This allele truncates the protein after amino
acid 67 (Figure 1C). Animals heterozygous for either hip14°4%®
or the original allele, hip14°?7#, show normal rates of habituation,
although larvae carrying a combination of both mutant alleles
(hip14P498/P174) £4il to habituate at rates comparable to larvae ho-
mozygous for hip14°"74 or P4%8 (Kruskal-Wallis test with Dunn’s
multiple comparisons test = not significant [NS]). Together, these
data establish that mutations in hip74 cause habituation deficits
(Figure 1D) and demonstrate that the palmitoyltransferase Hip14
regulates habituation learning.

Hip14 Regulates Synaptic Depression of Neurons of the
Acoustic Startle Circuit

The neuronal circuits that govern acoustic startle behavior in the
larval zebrafish are well defined, and multiple circuit components
are analogous to those described in other vertebrates [37-40].
As in mammals, acoustic stimuli are detected by hair cells within
the inner ear and conveyed via the auditory (VIlIth) cranial nerve
to the hindbrain. There, VIlith nerve axons form synapses onto
the lateral dendrite of the M cell, which is the zebrafish analog
of giant caudal pontine reticular nucleus (PnC) neurons. When in-
puts are sufficient to drive the M cell to fire an action potential, M
cell axons directly activate spinal motoneurons to initiate execu-
tion of the startle response (Figure 2A) [40-42]. To examine
whether Hip14 regulates habituation at the level of the M cell,
we performed Ca?* imaging of M cell activity in hip74 mutants.
We have previously established an assay to simultaneously
monitor M cell Ca®* transients and startle behavior in head-fixed
zebrafish larvae [14]. Using this assay, we have shown that
acoustic inputs above 12 dB trigger Ca®* signals that spread
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Figure 2. hip14 Mutants Fail to Exhibit Syn-
aptic Depression at the Mauthner Lateral
Dendrite

(A) Diagram of auditory nerve inputs onto the
Mauthner cell. The lateral dendrite, the site of
these inputs, is one known locus for acoustic
startle habituation.

After Stimulation

Time (ms)

Trial # (Last 4 Habituating Stimuli)

o (B and C) Single frames showing GCaMP6s ex-

\\ pressed in the Mauthner cell (B) in an unstimulated

LN animal and (C) following a high-intensity acoustic
!sé\ft‘ == stimulus.

.-_::_:;‘: (D) Habituation curves for head-embedded hip74

T T mutant and sibling animals. Baseline, average
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Q;b(’ ?:(}@’b 8 responses at 5-s ISI; 9-16, 2" bin of 8

X responses at 5-s ISI; 17-24, 3@ bin of 8

responses at 5-s ISI. Mean + SD; n = 4 larvae per
genotype.

(E) Final 4 Mauthner soma responses (stimuli no. 21-24). By this point, sibling animals are fully habituated and no longer perform startle responses. Concomi-
tantly, Ca®* activity in the Mauthner soma has subsided. hip 74 mutants show no/minimal behavioral habituation and exhibit robust Ca®* responses in the soma.

Mean + shading indicates SEM; n = 4 larvae per genotype.

(F) Lateral dendrite responses before and after habituation in sibling and hip74 mutant animals. Note the significant reduction in lateral dendrite Ca®* activity in
siblings (black), whereas hip14 mutants show little/no such reduction (red). Mean lateral dendrite response; n = 4 larvae per genotype. Mutant lateral dendrite
responses undergo significantly less depression than wild-type (WT) responses; unpaired t test; habituated responses + baseline responses; p = 0.0021.

Scale bar, 10 pum. See also Figure S1.

from the lateral dendrite to the M cell soma to elicit tail deflec-
tions with kinematic parameters characteristic of the acoustic
startle response (Figures 2B-2D and S1) [14]. In wild-type larvae,
repeated acoustic stimuli induce rapid habituation of acoustic
startle behaviors (tail deflections), accompanied by reduced M
cell Ca* signals (Figures 2D, 2E, and S1). In contrast, hip 14 mu-
tants exposed to the same stimuli continue to display robust
Ca?* transients and their startle responses fail to habituate (Fig-
ures 2D, 2E, and S1). Moreover, unlike their sibling counterparts,
hip14 mutant M cell dendrites exhibit little to no synaptic depres-
sion (Figures 2F and S1). Combined, these results demonstrate
that, during habituation learning, Hip14 regulates synaptic
depression upstream of or at the level of the M cell lateral
dendrite.

Hip14 Acts Independently of Previously Identified
Regulators of Habituation Learning

To understand how hip74 promotes habituation learning at the
molecular level, we wanted to identify learning relevant Hip14
substrates. Hip14 was originally isolated based on molecular in-
teractions with the Huntington’s disease-associated Huntingtin
protein [43]. Since its discovery, hundreds of potential substrates
of Hip14 palmitoylation and interacting partners have been re-
ported [34, 44-52]. Interestingly, several proteins shown to
interact with Hip14 are components of genetic pathways we pre-
viously implicated in habituation learning in the larval zebrafish.
First, Hip14 interacts with phosphatidylinositol 3-kinase (PI3K)
and AKT activators that we previously demonstrated promote
acoustic startle habituation downstream of the PAPP-AA/insulin
growth factor receptor (IGF1R) signaling pathway (Figure 3A) [29,
45]. Second, Hip14 also interacts with PDE4, which we showed
acts downstream of the neurofibromatosis-1 (nf1) gene to regu-
late visual habituation learning (Figure 3A) [45, 53]. Importantly,
habituation deficits in zebrafish papp-aa or nf1 mutants can be
restored by pharmacological manipulation of PI3K, AKT, cyclic
AMP (cAMP), and RAS signaling [29, 53]. To determine whether

these intracellular signaling pathways also function downstream
of Hip14, we repeated the same pharmacological manipulations
with hip74 mutants. We found that manipulating PI3K, AKT,
cAMP, and RAS signaling in hip74 mutants failed to restore
habituation learning (Figures 3B-3D and S2), strongly suggesting
that Hip14 acts independently of the PAPP-AA/IGF1R and NF1
learning pathways.

The Shaker-like Voltage-Gated K* Channel Subunit
Kv1.1 Regulates Habituation Learning

Given the evidence that Hip14 likely acts independently of some
of the known learning-relevant signaling pathways, we turned to
our forward genetic screen, reasoning that other mutants with
habituation deficits might represent potential Hip14 interaction
partners or even substrates relevant in the context of learning.
In particular, fool-me-twice®’8” mutants show strong deficits in
habituation learning similar to those observed in hip74 mutants
(Figure 4A). Whole-genome sequencing of fool-me-twice”'®’
mutants revealed a missense mutation leading to an amino
acid substitution (N250K) in the coding sequence for kcnaia,
which encodes the Shaker-like voltage-gated K* channel sub-
unit Kv1.1 (Figures 4B and 4C). Shaker-like K* channels are crit-
ical regulators of neuronal activity; in mutants lacking Shaker and
Shaker-like K* channels, neuronal repolarization is delayed [54],
neurons are hyperexcitable [55] and release more quanta upon
stimulation [56], and animals display behavioral hyperexcitability
and seizure-like behaviors [57, 58].

The lysine residue mutated in fool-me-twice”’®’ mutants,
N250, is highly conserved across species. Substitution of lysine
for asparagine at this precise residue occurs in human patients
with the disorder familial paroxysmal kinesigenic dyskinesia
[59]. Together, these data suggest that the N250K substitution
in fool-me-twiceP’®" mutants might affect Kv1.1 function (Fig-
ure 4D). To determine whether the Kv1.1N2%%K gybstitution alters
channel properties, we performed whole-cell current recordings
in N2a cells expressing wild-type and mutant versions of Kv1.1

Current Biology 30, 1-10, July 20, 2020 3
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Figure 3. Hip14 Acts Independently of Previously Established Habit-
uation Pathways

(A) Pathway diagram indicating cellular mechanisms of action for PAPP-AA
and NF1. Red text denotes drugs that impinge on individual pathway elements.
Dotted lines indicate biochemical interactions between proteins that may or
may not play a functional role in regulating habituation learning.

(B-D) Habituation rates in hip74 mutants and sibling larvae are unaffected by
pharmacological manipulation of known habituation pathways: (B) 10 uM ro-
lipram (or DMSO control) applied 30 min prior to and throughout behavior
testing. (C) 1 uM UO0126 (or DMSO control) applied 30 min prior to and
throughout behavior testing. (D) 1 uM SC-79 (or DMSO control) applied from 3
dpf to 5dpf and throughout behavior testing. Mean + SD; differences between
mutants treated with vehicle compared to drug are not significant according to
Kruskal-Wallis test with Dunn’s multiple comparisons test. n > 14 larvae for
each condition.

See also Figure S2.

(as well as vector only control; Figure 4E). To account for differ-
ences in cell size across conditions, whole-cell currents re-
corded under voltage clamp were normalized to whole-cell
capacitance. These experiments revealed that the Kv1.1N250K
substitution completely abolishes conductance, consistent
with the hypothesis that the habituation deficit observed in
fool-me-twiceP’®" mutant zebrafish is caused by a nonfunctional
Kv1.1 (Figures 4F-4H). Finally, we used CRISPR-Cas9 genome
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editing to generate a zebrafish line carrying a premature stop
codon in kcnala (p410). Complementation analysis with the orig-
inal kcna1aP™® allele confirmed that loss-of-function mutations
in kcnala cause deficits in habituation learning (Figure 41).

Presynaptic Kv1.1 Localization Requires Hip14-
Dependent Palmitoylation

Both Hip14 and Kv1.1 regulate habituation learning, and previ-
ous studies have revealed that palmitoylation of Kv1.1 by
an as-yet-unidentified palmitoyltransferase or palmitoyltrans-
ferases regulates voltage sensing [60]. Therefore, we hypothe-
sized that Hip14 may act in part by palmitoylating Kv1.1. To
test this hypothesis, we employed the acyl biotin exchange
(ABE) assay [61], which can be used to determine whether a
given enzyme palmitoylates a particular substrate. In this assay,
palmitoyltransferases and putative substrates are co-expressed
in cultured cells and palmitoylated cysteines are subsequently
labeled. We first validated our system using the well-character-
ized Hip14 substrate, SNAP-25 [34], and an independent palmi-
toyltransferase DHHC7 (Figure S3). Having validated the ABE
assay, we co-expressed FLAG-tagged recombinant Kv1.1 and
hemagglutinin (HA)-tagged recombinant Hip14 in HEK cells.
We found that, in the absence of Hip14, Kv1.1 is not palmitoy-
lated above background levels (Figure 5A). In contrast, Kv1.1
was robustly palmitoylated in HEK cells co-expressing Hip14,
demonstrating that Hip14 can palmitoylate Kv1.1 (Figure 5A).
To demonstrate that Hip14 catalytic activity is indeed required
for Kv1.1 palmitoylation, we generated a catalytically inactive
version of Hip14, Hip14-DHHS (Hip14©4%%5), by substituting a
serine for the cysteine in the DHHC domain critical for Hip14 cat-
alytic activity. In contrast to co-expression with wild-type Hip14,
co-expression of Hip14-DHHS with Kv1.1 dramatically reduced
levels of palmitoylated Kv1.1 (Figure 5A).

In the human Kv1.1 channel, cysteine 243 has been identified
as a critical palmitoylation site, although other sites are likely pal-
mitoylated at a low level, given the residual palmitoylation
observed in C243A point mutant proteins [60]. We wondered
whether Hip14 might palmitoylate the corresponding cysteine
(C238) in the zebrafish Kv1.1 sequence. As in the case of the hu-
man protein, we observed a strong decrement in palmitoylation
of the C238A mutant version of Kv1.1, indicating that this partic-
ular cysteine is critical for Hip14-dependent palmitoylation of
Kv1.1 (Figure 5B). Finally, we found that co-expression of wild-
type Hip14 with the Kv1.1N250K mytant isolated in the genetic
screen produced a marked reduction in palmitoylated Kv1.1
(Figure 5B). Together, these data indicate that Hip14 can act
as a Kv1.1 palmitoyltransferase, suggesting that Hip14 may pro-
mote habituation learning through Kv1.1.

Posttranslational palmitoylation is known to regulate substrate
function as well as substrate localization [62]. Therefore, we hy-
pothesized that Hip14-dependent palmitoylation might regulate
Kv1.1 protein localization. To test this in vivo, we turned to immu-
nohistochemistry and examined the localization of Kv1.1in hip14
sibling and mutant animals. Previous work in 3-day-old zebrafish
larvae has shown that Kv1.1 is expressed throughout the hind-
brain, including the M cell soma, and that kcnala mRNA is pre-
sent in the M cell as late as 5 days post-fertilization [63, 64].
We find that, in 5-day-old sibling animals, Kv1.1 protein expres-
sion persists throughout the CNS, including in hindbrain neurons
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Figure 4. Kv1.1 Is Required for Habituation
Learning in the Larval Zebrafish
(A) Habituation curves for p787 mutant animals and
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siblings. Startle responses are averaged across
bins of 10 stimuli (as in Figure 1A). Mean response
frequency within each bin + SD is depicted. n > 57
per genotype.

(B and C) Predicted polypeptide (B) domain struc-
ture of kcnala mutant alleles and (C) domain
structure of Kv1.1. Transmembrane domains are in
green, and pore helix domain is shown in pink. Or-
ange arrow indicates N250K missense mutation
identified in Kv1.1 encoded by kcna1a®'®’.
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(D) Alignment demonstrating strong conservation of
Kv1.1 S2-S3 linker and S3 domain sequences. Note
that the N250K missense mutation identified in our
screen is equivalent to the N255K missense muta-
tion associated with human PKD disease.

(E-G) Representative whole-cell K* family currents
evoked by 200-ms voltage pulses from —80 to
+90 mVin 10-mV increments from a holding potential
of —80mV as in Figure 1E, top, in N2a cells trans-
fected with (E) vector only (control); cell capacitance
of 15.5 pF, (F) wild-type Kv1.1; cell capacitance of
18.2 pF, and (G) Kv1.1N2%%K: cell capacitance of 14.9
pF. For details of solutions, see the STAR Methods
section. Dashed lines indicate O-current level.

(H) Steady-state current-voltage (I-V) relations for
vector (control), wild-type Kv1.1, and Kv1.1N250K
obtained by measurements of the currents at
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of the startle circuit, yet only weakly localizes to the M cell soma
or lateral dendrite. Instead, Kv1.1 strongly localizes to a structure
termed the axon cap (Figures 5C and 5D), which is largely
composed of dense synaptic terminals from feedforward spiral
fiber neurons that wrap around the axon initial segment of the
M cell axon [65, 66]. Given the low Kv1.1 levels at the lateral
dendrite and the strong accumulation of Kv1.1 in the axon
cap, we selected the axon cap to determine whether and
to what extent Kv1.1 localization requires hip14. Analysis of
hip14 mutants revealed a significant reduction of Kv1.1 protein
localization at the axon cap (Figures 5C, 5D, and S3). Together,
these biochemical and immunohistochemical results identify
Kv1.1 as a putative substrate of Hip14 and support a model in
which Hip14 regulates Kv1.1 localization to presynaptic termi-
nals of the acoustic startle circuit to promote habituation
learning.

Kv1.1N290K respectively.

X () Complementation testing to confirm mapping of
habituation phenotype to kcnala missense muta-
tion. Mean + SD; n > 9 larvae per genotype. p
values for Kruskal-Wallis test with Dunn’s multiple
comparisons test are indicated.

Hip14 Acts Acutely to Regulate Habituation Learning

Palmitoylation has previously been shown to function during
development in the establishment of neural connectivity, as
well as acutely in response to neural activity [62]. In neurons, pal-
mitoylation can occur in both somatic Golgi, as well as in axons
and dendrites [62]. Given that Hip14 has been observed in axons
and presynaptic sites [49, 67], it is conceivable that Hip14 pro-
motes habituation learning either during development by helping
to establish the habituation circuitry or acutely, for example, at
synapses by dynamically palmitoylating effector proteins. Devel-
opment of the major components of the acoustic startle circuit is
well defined and largely occurs between 24 and 96 h post-fertil-
ization (hpf) [68]. Larvae perform acoustic startles and are
capable of habituation learning at 96 hpf, indicating that the cir-
cuit elements required for habituation are in place by this time
(Figure 6A). To distinguish between developmental versus acute
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Figure 5. Hip14 Palmitoylates Kv1.1 and
Regulates Its Localization In Vivo

(A and B) Acyl biotin exchange assays, in which
Kv1.1-FLAG + Hip14-HA are transfected into HEK
cells. Only in the presence of WT Hip14-HA, WT
Kv1.1-FLAG, and hydroxylamine (+HAM) does
robust palmitoylation of Kv1.1-FLAG occur. Sam-
ples without hydroxylamine (—HAM) are negative
-HAM controls for the ABE reactions. (A) Mutation of the
- Hip14 DHHC domain disrupts Kv1.1 palmitoyla-
tion. (B) Mutations in Kv1.1 disrupt its palmitoyla-
tion.

(C) Immunohistochemical labeling of the Mauthner
cell (green) and Kv1.1 (magenta) in gffDMC130a;
uas:gap43:citrine sibling, using chicken anti-GFP
and rabbit anti-Kv1.1 antibodies. Note the bright
localization of Kv1.1 to the axon cap: synaptic in-
puts from spiral fiber neurons onto Mauthner cell
AIS are shown.

(D) Immunohistochemical labeling of a hip14
mutant animal as in (C). Note the reduction in Kv1.1
signal at the axon cap.

(E) Quantification of Kv1.1 signal in mutants as
compared to WT. Mean signal intensity, pixel in-
tensity for axon cap region of interest (inset) divided
by axon cap area. Unpaired t test; p = 0.0021.
Scale bar, 10 um. Mean + SD; n = 18 axon caps per

WT

+HAM

Input

Axon
\Cap

~ 7/

regulation of learning, we generated a zebrafish line stably ex-
pressing a transgene composed of the hip74 coding sequence
under the control of the hsp70 heat-shock-activated promoter.
We found that inducing hip74 expression from the hsp70 heat-
shock promoter by shifting larvae to 37°C at 4 days post-fertiliza-
tion (dpf) (after the startle circuit becomes functional) was suffi-
cient to fully rescue learning deficits in hip 74 mutants (Figure 6B).
This demonstrates that the hsp70:hip14 transgene is functional
and rules out a role for hip74 in early development. Importantly,
the transgene had no effect on habituation learning under normal
raising conditions (28°C), indicating that transgenic hip14
expression is dependent on heat-shock induction (Figure 6C).
In order to test whether Hip14 acts acutely, we shifted larvae
to 37°C at 5 dpf, only 3 h before behavior testing. We found
that this acute induction of Hip14 expression was sufficient to
restore habituation learning in mutants (Figures 6D and S4).
The same manipulation was also sufficient to restore startle
threshold phenotypes observed in hip74 mutants (Figure S4).
On the other hand, restoration of Hip14 expression either at 96
or 117 h failed to rescue spontaneous movement deficits. Simi-
larly, we could not detect restoration of Kv1.1 localization to the
axon cap in mutant animals in response to either the 96- or 117-h
heat-shock manipulations (Figure S4). Nonetheless, full restora-
tion of learning deficits in response to these manipulations
strongly indicates that Hip14 acts after the development of star-
tle circuit elements required for habituation, supporting a model
by which Hip14-dependent palmitoylation of learning-relevant
substrates acutely promotes habituation learning.

DISCUSSION

Habituation learning was initially described in the context of re-
flex responses [1, 8]; however, there has since been broad
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— hip714 mutants

genotype (n < 2 axon caps per animal). See also
Figure S3.

recognition that habituation learning is a widespread mechanism
associated with and to some degree a prerequisite for more
complex cognitive processes and behaviors [3-6, 11]. Although
our understanding of habituation learning both at the molecular
and cellular level has been informed predominantly by molecu-
lar-genetic studies in invertebrates [18-28], whether and how
additional genetic and circuit mechanisms regulate vertebrate
habituation learning has remained largely unclear. Here, we
describe a previously unappreciated role for the palmitoyltrans-
ferase Hip14 in regulating habituation learning. Moreover, we
identify the Shaker-like channel subunit Kv1.1 as a putative
Hip14 substrate that also regulates learning and demonstrate
that Hip14 acts to properly target Kv1.1 channel subunits to pre-
synaptic sites. Finally, we show that Hip14 acts acutely to pro-
mote habituation learning. Combined, these results provide
compelling evidence for Hip14-dependent palmitoylation as a
dynamic regulator of habituation at a specific learning-relevant
synapse.

Palmitoylation has received considerable attention as a post-
translational modification regulating synaptic plasticity [62, 69—
73]. Furthermore, Hip14 plays important roles in the nervous sys-
tems of invertebrates and vertebrates. For example, Drosophila
Hip14 localizes to presynaptic terminals, where it regulates their
development [67]. In rodents, hip14 is implicated in a variety of
behaviors [46, 74, 75], yet the relevant substrates and whether
hip14 acts acutely or as a regulator of neuronal development
or maintenance in these contexts has not been examined.
Thus, our findings that Hip14 acts acutely during learning or
just before to “prime” learning-relevant synapses reveal a previ-
ously unappreciated dynamic role for Hip14-dependent palmi-
toylation. It is important to note that Hip14 is fairly unique among
palmitoyltransferases in that its N terminus is composed of an-
kyrin-repeat domains that may confer additional functions
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Figure 6. Hip14 Acutely Regulates Habituation Learning

(A) Timeline depicting startle circuit development and heat shock timing.
Numbers indicate hours post-fertilization. Red vertical lines indicate start times
for heat-shock (96 h in B and 117 h in D).

(B) Rates of habituation in animals heat-shocked at 37°C at 96 h post-fertil-
ization (4 dpf).

(C) Rates of habituation in animals without heat-shock.

(D) Rates of habituation in animals heat-shocked at 37°C at 117 h post-fertil-
ization (5 dpf).

In (B)-(D), testing is always performed at 120 hpf (5 dpf). Transgene,
hsp70:hip14:p2a:mkate; mean = SD; n > 12 per genotype; ***p < 0.0001 One-
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beyond palmitoylation. This raises the intriguing possibility that
Hip14 may act in part through palmitoylation-independent
mechanisms to localize Kv1.1 protein, and future experiments
are required to test this idea. Similarly, as palmitoylation is
dynamically regulated, it will be interesting to determine whether
dynamic regulation of protein de-palmitoylation is implicated in
learning.

We have previously reported that, in addition to decrements in
habituation learning, the hip14°"”# mutation results in acoustic
hypersensitivity and reduced spontaneous locomotion. Given
the ability to acutely restore habituation learning and hypersen-
sitivity, but not spontaneous locomotion deficits (Figure S4),
we hypothesize that learning deficits in hip74 mutants are inde-
pendent of locomotor changes. These data are consistent with
results from our genetic screen demonstrating that, although
phenotypes relating to startle sensitivity, habituation, and spon-
taneous locomotion can occur together as the result of a single
mutation, deficits in each of these processes are also observed
in isolation [29, 33]. Future studies are required to dissect the
relationship between innate regulation of startle sensitivity and
acute modulation of sensitivity, as in the case of habituation.

Our results also suggest an evolutionarily conserved role for
Kv1.1, a Shaker-like channel subunit identified in Drosophila
for opposing roles in enhancing and suppressing habituation in
different contexts [76, 77]. Importantly, the identical amino acid
substitution Kv1.1N25%% recovered in our genetic screen has pre-
viously been identified in humans (Kv1.1N2%%%) as associated
with the movement disorder, familial paroxysmal kinesigenic
dyskinesia [59]. Previous work indicates that this mutation
does not affect membrane expression of Kv1.1 but strongly re-
duces channel currents [59], consistent with our findings that
currents are abolished in cells expressing the Kv1.1N25%K gjiele
(Figure 4G). We demonstrate that this mutation also affects
Hip14-dependent Kv1.1 palmitoylation. Given the importance
of palmitoylation for Kv1.1 gating and function [60], we propose
that disrupted palmitoylation may represent one way in which
this kcnala mutation leads to disrupted channel function and
voltage gating. Indeed, multiple lines of evidence support the hy-
pothesis that Hip14 regulates Kv1.1 localization and function
through palmitoylation. First, mutants for each gene show a
similar behavioral phenotype. Second, in vitro, Hip14 palmitoy-
lates Kv1.1 but fails to palmitoylate the learning-defective point
mutant version of Kv1.1. Lastly, in vivo, Hip14 is required for
Kv1.1 protein localization to defined presynaptic sites.

Although we were able to rescue habituation phenotypes
observed in hip14 mutants, we were not able to detect restora-
tion of Kv1.1 localization to the axon cap in response to heat-
shock restoration of Hip14 expression. This dissociation be-
tween Kv1.1 localization and behavioral phenotypes could indi-
cate an inability of ourimmunostaining assay to detect low levels
of Kv1.1 localization sufficient to restore learning. Indeed, heat-
shock alone at 117 h eliminated the Kv1.1 localization deficit in
hip14 mutants, suggesting a potentially confounding effect of
this manipulation on our ability to detect the Kv1.1 localization
phenotype. It is also possible that learning phenotypes are driven

way ANOVA with Tukey’s test for multiple comparisons; NS, not significant.
See also Figure S4.
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by deficits in Kv1.1 localization elsewhere in the brain. Alterna-
tively, heat-shock restoration of hip14-dependent learning phe-
notypes might act through Kv1.1-independent palmitoylation
substrates. Future studies are required to dissect the precise lo-
cus of action for Hip14 and Kv1.1 and to identify all of the sub-
strates that might function downstream of Hip14 to regulate
learning.

Although it is viewed as a simple form of learning, previous
work has suggested that multiple and potentially intersecting
pathways drive habituation. We have previously shown that the
M cell lateral dendrite undergoes synaptic depression during
habituation learning [14]. Here, we demonstrate that depression
at the lateral dendrite is disrupted in Hip14 mutants, consistent
with a role for Hip14 and Kv1.1 at this defined circuit locus. It is
possible that, to promote habituation learning, Hip14 and Kv1.1
are additionally engaged at other neural circuit loci, including at
the M cell axon cap, where synaptic inputs from spiral fiber neu-
rons terminate on the M cell AIS and where we observe a require-
ment for Hip14 to localize Kv1.1 to terminals (Figures 5C and 5D).
Additional experiments are required to determine the precise cell
type(s) and synapse(s) at which Hip14/Kv1.1 function to promote
acoustic startle habituation in zebrafish. Similarly, it will be inter-
esting to determine whether other molecular regulators of habit-
uation identified in the zebrafish, such as Ap2s1-dependent
endocytosis [29, 32], glutamate signaling [30], NF1 signaling
through cAMP and Ras [53], or insulin growth factor signaling
through PI3K and AKT [29], function at the same or different cir-
cuit loci and on the same or different timescales. Together with
the results presented here, understanding how these pathways
fit together and how and whether these molecular pathways are
influenced by neuronal activity will provide an integrated
perspective on how vertebrate habituation learning occurs in vivo.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-Kv1.1 Sigma Cat# AB5174; RRID: AB_91720
Chicken anti-GFP Aves Labs Cat # GFP-120; RRID: AB_2307313

Alexa 488 Donkey anti-Chicken
Alexa-633 Goat anti-Rabbit
Rabbit anti-Flag

Rabbit anti-HA

Donkey anti-Rabbit HRP

Jackson ImmunoResearch
Invitrogen

Sigma

Cell Signaling

GE Amersham

RRID: AB_2340375

RRID: AB_2535731

Cat # F7425; RRID: AB_439687
Cat # C29F4; RRID: AB_10693385
Cat# NA934; RRID: AB_772206

Chemicals, Peptides, and Recombinant Proteins

Cas9 Protein PNA Bio Cat# CP02

Rolipram Sigma Cat# R6520

SC79 Sigma Cat# 0749

u0126 Cell Signaling Cati# 9903S

Experimental Models: Organisms/Strains

Zebrafish: Tg(hsp70:GAL4FFDMC)130a; Tg(UAS: [78, 79] ZFIN: ZDB-ALT-120320-6; ZFIN:

gap43-citrine) ZDB-FISH-150901-21649

Zebrafish: Tg(hsp70GFF62A); Tg(UAS:gcamp6s) [14, 80] ZFIN: ZDB-ALT-150717-1; ZFIN: ZDB-
TGCONSTRCT-160316-3

Zebrafish: Tg(—6.7FRhcrtR:gal4VP16); [66] ZFIN: ZDB-TGCONSTRCT-151028-8; ZFIN:

Tg(UAS:GCaMP5) ZDB-ALT-151028-4

Zebrafish: slow learner / hip14°P"7* [29] ZFIN: ZDB-ALT-150701-4

Zebrafish: fool me twice / kcna1aP™®’ [29] ZFIN: ZDB-ALT-150701-11

Zebrafish: hip14°4°8 This study ZFIN: ZDB-ALT-181106-7

Zebrafish: kcnala®*” This study ZFIN: ZDB-ALT-181106-9

Zebrafish: Tg(hsp70:hip14-p2a-mKate) This study ZFIN: ZDB-ALT-181106-8

Oligonucleotides

Oligonucleotides for genotyping, generating CRISPR N/A N/A

mutations, and cloning can be found in Table S1.

Recombinant DNA

pPDR274-Hip14-sgRNA-7 This study N/A

pCHK-hip14-HA This study N/A

pCHK-hip14-DHHS-HA This study N/A

pCHK-kcnala-FLAG This study N/A

pCHK-kcnala-N250K-FLAG This study N/A

pCHK-kcnala-C238A-FLAG This study N/A

pRIES2-AcGFP-kcnala This study N/A

PRIES2-AcGFP-kcnala-N250K This study N/A

pPRIES2-AcGFP-kcnala-C238A This study N/A

PENTR-hip14-p2a-mKate This study N/A

pPDEST-hsp70-hip14-p2a-mKate This study N/A

Software and Algorithms

ChopChop v2 [36] https://chopchop.cbu.uib.no/

GraphPad Prism GraphPad Software https://www.graphpad.com/

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

dCAPS [81] http://helix.wustl.edu/dcaps/dcaps.html

FLOTE & DAQTimer [42] https://science.nichd.nih.gov/
confluence/display/burgess/Software

Other

35mm glass-bottomed Petri dishes with 10mm MatTek P35G-0-10-C

Microwell

RESOURCE AVAILABILITY

Lead Contact
Dr. Michael Granato (granatom@pennmedicine.upenn.edu).

Materials Availability
Additional information and requests for resources and reagents should be directed to the Lead Contact, Dr. Michael Granato
(granatom@pennmedicine.upenn.edu).

Data and Code Availability
This study did not generate datasets/code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All animal protocols were approved by the University of Pennsylvania Institutional Animal Care and Use Committee (IACUC).

Mutant alleles were generated using CRISPR-Cas9 as previously described [32]. sgRNA were designed using ChopChop v2 [35],
oligos were annealed and directly ligated into pDR274 [36]. sgRNA were then synthesized using the T7 MEGAshortscript kit (Ambion)
and purified using the MEGAclear kit (Ambion). Cas9 protein (PNA Bio) and sgRNAs were mixed and injected into 1-cell stage TLF
embryos. Gy injected larvae were raised and outcrossed to identify and establish heterozygous carrier lines.

To generate Tg(hsp70-hip14-p2a-mKate), Gateway cloning was employed to combine hip14-p2a-mKate into a pDest vector con-
taining the hsp70 promoter and I-sce1 restriction sites. I-scel transgenesis was performed as previously described [82] in 1-cell stage
embryos from hip14+/— incrosses. Transgenic lines were identified as previously described [33]. Briefly, 24 hpf F4 offspring of Go-
injected fish were placed into Eppendorf tubes and incubated at 37°C for 30 min, recovered in Petri dishes for 60 min, and screened
for mKate with a fluorescent stereomicroscope (Olympus MVX10).

Fish carrying the gal4 drivers Tg(GFFDMC130A) and Tg(GFF62A) were provided by Dr. Koichi Kawakami [78, 80]. Tg(UAS:gap43-
citrine) fish were provided by Dr. Jonathan Raper [79]. Fish carrying the gal4 driver Tg(-6.7FRhcrtR:gal4VP16) and Tg:UAS:GCaMP5
were provided by Dr. David Schoppik.

Adult zebrafish and embryos were raised at 29°C on a 14-h:10-h light:dark cycle.

hip14 and kcna1a mutations p174 and p187 were genotyped using proprietary allele specific primer sequences (LGC Genomics)
and the KASP assay method, which utilizes FRET to distinguish between alleles. For genotyping in the context of Tg(hsp70-hip14-
p2a-mKate) we developed a dCAPS assay using the dCAPS program (http://helix.wustl.edu/dcaps/dcaps.html) to design appro-
priate primers, with the reverse primer binding in the intron adjacent to the mutation [81]. Alleles p408 and p410 were also genotyped
using dCAPS PCR genotyping.

METHOD DETAILS

Behavior Testing

Behavioral experiments were performed on 4-5 dpf larvae and behavior was analyzed using FLOTE software as previously described
[30, 41]. Larvae were arrayed in a laser-cut 36-well acrylic dish attached via an aluminum rod to a vibrational exciter (4810; Bruel and
Kjaer, Norcross, GA), which delivered acoustic vibrational stimuli (2ms duration, 1000 Hz waveforms). For habituation assay, 10 stim-
uli were delivered with a 20 s IS, followed by 30 stimuli with a 1 s ISI. Habituation was calculated as: % Habituation = (1-[response
frequency Stimuli 21-30] =+ [response frequency baseline])*100. For startle sensitivity assay, 60 stimuli (10 trials for each of the
following stimuli: 4.6 dB, 13.5 dB, 17.2 dB, 20.7 dB, 23.9 dB, 25.9 dB) were delivered with a 20 s ISI. Sensitivity index for each animal
was calculated by measuring the area under the curve of acoustic startle frequency versus stimulus intensity using GraphPad Prism.
Acoustic startles were identified using defined kinematic parameters (latency, turn angle, duration and maximum angular velocity).
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For habituation and acoustic startle sensitivity assays, behavior was recorded at 1000 frames per second using a Photron UX50 cam-
era suspended above the dish. For spontaneous movement assays, no stimuli were delivered; behavior was recorded for 3 minutes at
50 frames per second.

WGS and Molecular Cloning of hip14 and kcna1a

Positional cloning to identify the location of the learning deficit-associated p774 and p787 mutant alleles was performed as previously
described [29, 32]. Briefly, pools of 50 behaviorally identified p774 and p181 mutant larvae were made and genomic DNA (gDNA)
libraries were created. gDNA was sequenced with 100-bp paired-end reads on the lllumina HiSeq 2000 platform, and homozygosity
analysis was done using 463,379 SNP markers identified by sequencing gDNA from ENU-mutagenized TLF and WIK males as
described previously [29].

Ca?* Imaging

Combined Ca?* imaging and acoustic startle experiments were performed as described previously [14]. Larvae were head-fixed in
glass-bottomed Petri dishes (35mm Petri dish, 10mm Microwell P35G-0-10-C; MatTek) with 2% low-melt agarose diluted in bath
solution containing 112mM NaCl, 5mM HEPES pH 7.5, 2mM CaCl,, 3mM glucose, 2mM KCI, 1mM MgCl, [83]. Tails were freed
to permit behavioral responses to tap stimuli, and dishes were filled halfway with bath solution. 5-6 baseline responses were obtained
by delivering acoustic tap stimuli every 2 minutes using a stage-mounted speaker. Short term habituation was then induced by deliv-
ering 25 tap stimuli with a 5 s interstimulus interval. Ca®* transients were captured using a spinning disk confocal microscope, while
behavioral responses were recorded at 500fps using a camera suspended above the larva. For lateral dendrite analysis during habit-
uation, AF/FO0 values were normalized to account for indicator sensitivity-related decreases in soma activity during action potentials
as previously described [14].

Pharmacology

SC79 (Sigma #0749), U0126 (Cell Signaling Technology #9903S), and rolipram (Sigma #R6520) were dissolved in 100% DMSO and
administered at a final concentration of 1% DMSO. SC79 and U0126 were administered at a final concentration of 1 uM; rolipram was
administered at a final concentration of 10 uM. All compounds were administered for 30 minutes prior to testing with the exception of
SC79, which was administered chronically as previously described [29] (replacing media daily from 3-5dpf).

To generate drug stocks: 5mg of SC79 was diluted in TmL DMSO to produce a 13.7mM stock solution; 73 uL of this solution was
then diluted in 10mL DMSO to produce a 100 uM (100x) stock. 5mg of U0126 was diluted in 1.3mL of DMSO to produce a 10mM
solution. This solution was then diluted 1:100 in DMSO to produce a 100 uM (100x) stock solution. 2.5mg of rolipram was diluted
in 9mL DMSO to produce a 1mM (100x) stock solution.

Electrophysiology in N2a cells

All recordings were performed at room temperature (20 - 21°C). Data were acquired with an Axopatch 200B amplifier at 5 kHz. Cur-
rents were filtered by an eight-pole Bessel filter at 1 kHz and sampled at 5 kHz with an 18-bit A/D converter. Electrode capacitance
was compensated electronically, and 60% of series resistance was compensated with a lag of 10 ps. Electrodes were made from
thick-walled PG10150-4 glass (World Precision Instruments). HEKA Pulse software (HEKA Eletronik, Germany) was used for data
acquisition and stimulation protocols. Igor Pro was used for graphing and data analysis (WaveMetrics). Leak subtractions were
not applied in the current study.

The N2a mouse neuroblastoma cell line was cultured in Eagle’s minimum essential medium supplemented with 10% FBS and
0.5 x penicillin/streptomycin (Invitrogen) at 37°C in a humidified incubator with 5% CO,. Whole-cell currents were recorded in
N2a cells 48 hours after transfection. The pipette solution contained (in mM): 140 K*, 1 Mg2*, 1Ca?*,30Cl~, 11 EGTA and 10 HEPES,
pH 7.3 adjusted by methanesulfonic acid, :300 mOsm. The bath solution contained (in mM): 150 Na*, 5.4 K*, 1.5 Ca®*, 1 Mg?*, 150
Cl7, 20 glucose, 1 uM TTX, and 10 HEPES, pH 7.4 adjusted by methanesulfonate, :320 mOsm. The tip size of the electrode filled with
the pipette solution was estimated as having a resistance of 1.5-3 MQ in the bath solution before cell contact. Whole-cell patch clamp
resistance was > 1 GQ during whole-cell recording experiments.

ABE Palmitoylation Assays
HEK?2983 cells were transiently transfected with 1ug total of DNA using Mirus LT1 transfection reagent. The ABE assays were per-
formed 15 hours after transfection as previously described [61].

Immunohistochemistry

Tg:(UAS:gap43:Citrine) was expressed under the control of the gal4 driver Tg:(GFFDMC130a). Animals were fixed in 4% Paraformal-
dehyde and 0.25% Triton (PBT). To label the spiral fiber terminals, Tg:UAS:GCaMP5 was expressed under the control of the gal4
driver Tg:(-6.7FRhcrtR:gal4VP16). Fish were stained as previously described [84]. Larvae were washed in PBT and then incubated
in 150 mM Tris-HCI, pH 9 for 5 minutes at room temperature. Larvae were then shifted to 70°C for 15 minutes, washed with PBT, and
permeabilized in 0.05% Trypsin-EDTA for 45 minutes on ice. Larvae were then washed with PBT, blocked with PBT + 1% bovine
serum albumin + 2% normal goat serum + 1% DMSO, and then incubated for 48 hours (as previously described [63]) at 4°C with
rocking in blocking solution containing antibodies against GFP (1:500 Chicken anti-GFP Aves Labs, #GFP-120) and Kv1.1 (1:200

Current Biology 30, 1-10.e1-e4, July 20, 2020 e3




Please cite this article in press as: Nelson et al., Acute Regulation of Habituation Learning via Posttranslational Palmitoylation, Current Biology (2020),
https://doi.org/10.1016/j.cub.2020.05.016

¢? CellP’ress Current Biology

OPEN ACCESS

Rabbit anti-Kv1.1; Sigma, #AB5174). Samples were then washed in PBT and incubated overnight at 4°C with rocking in secondary
antibodies diluted in block solution. Larval jaws were dissected away, and fish mounted ventral side up in Vectashield. 1024x1024
resolution stacks were then collected with an inverted confocal microscope (Zeiss LSM880), using a 63x water immersion objective.
Fiji was used to quantify Kv1.1 or GCaMP5 signal blind to genotype. Sum projections were generated for the confocal slices encom-
passing the Mauthner axon initial segment. Regions of interest were drawn over the Mauthner AlS segment from the medial extent of
the soma to the point at which the axon begins its posterior turn, extending anteriorly and posteriorly to encompass a region of
approximately the same width as the Mauthner soma. (In the context of spiral fiber labeling via the gal4 driver Tg(-
6.7FRhcrtR:gal4VP16), regions of interest were drawn around the GCaMP5 labeled spiral fiber axon terminals.) Total fluorescence
intensity in the Kv1.1 or GCaMP5 channel within these regions of interest was then calculated and divided by the area of the ROI.

Heat Shock-Induced hip14 Rescue

To induce expression of Hip14-p2a-mKate, 4- or 5-dpf larvae were arrayed in individual wells of a 96-well plate and placed at 37°C for
40 min in a thermocycler. Larvae were then placed in Petri dishes and allowed to recover for 140 minutes in the 5dpf condition (or
1 day in the 4dpf condition). Importantly, the transgene had no effect on habituation learning under normal temperature raising con-
ditions (28°C) indicating that hip74 expression is dependent on heat-shock.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analyses, including calculation of means, SD and SE, were performed using Prism (GraphPad). D’Agostino & Pearson
normality test was used to test whether data values were normally distributed. In the case of normal distribution, significance was

assessed using t tests or ANOVA with Tukey’s post hoc test for multiple comparisons as indicated. If data were not normally distrib-
uted, Kruskall-Wallis test with Dunn’s multiple comparisons was used.
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