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Abstract

Behavioral genetics in non-model organisms is currently gated by technological limitations.
However, with the growing availability of genome editing and functional genomic tools, com-
plex behavioral traits such as social behavior can now be explored in diverse organisms.
Here we present a minimally invasive neurosurgical procedure for a classic behavioral, eco-
logical and evolutionary system: threespine stickleback (Gasterosteus aculeatus). Direct
brain injection enables viral-mediated transgenesis and pharmaceutical delivery which
bypasses the blood-brain barrier. This method is flexible, fast, and amenable to statistically
powerful within-subject experimental designs, making it well-suited for use in genetically
diverse animals such as those collected from natural populations. Developing this minimally
invasive neurosurgical protocol required 1) refining the anesthesia process, 2) building a
custom surgical rig, and 3) determining the normal recovery pattern allowing us to clearly
identify warning signs of failure to thrive. Our custom-built surgical rig (publicly available)
and optimized anesthetization methods resulted in high (90%) survival rates and quick
behavioral recovery. Using this method, we detected changes in aggression from the over-
expression of either of two different genes, arginine vasopressin (AVP) and monoamine oxi-
dase (MAOA), in outbred animals in less than one month. We successfully used multiple
promoters to drive expression, allowing for tailored expression profiles through time. In addi-
tion, we demonstrate that widely available mammalian plasmids work with this method, low-
ering the barrier of entry to the technique. By using repeated measures of behavior on the
same fish before and after transfection, we were able to drastically reduce the necessary
sample size needed to detect significant changes in behavior, making this a viable approach
for examining genetic mechanisms underlying complex social behaviors.
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Introduction

Complex behaviors have been repeatedly shown to be (reviewed in Dochtermann et al., [1]),
yet establishing a causal relationship between genes and social behavior remains challenging.
Partially, this difficulty arises from limitations of the primarily correlative methods for examin-
ing the interplay between genes and behavior (reviewed in Charney [2]) and partially due to
small effect sizes [3, 4]. While quantitative trait locus (QTL) mapping, genome-wide linkage/
association studies (GWAS) and modern sequencing technologies like RNA-Seq studies have
nominated thousands of candidate genes important for natural behavior, it remains challeng-
ing to characterize the mechanisms and underlying neural circuitry. To fully characterize how
a gene contributes to behavior, it is necessary to consider not just sequence differences, but
also regulatory and epigenetic influences. Therefore, to demonstrate and fully characterize a
causal relationship between a gene and behavior, it is crucial to have a method for manipulat-
ing gene expression at a specific time and location [5].

There is a growing toolbox for potentially manipulating gene function in non-traditional
model organisms and it is important to select the right tools as each method has its own
assumptions as well as necessary capabilities within the system [6]. Here, we focus on develop-
ing a minimally invasive neurosurgical method for direct brain injection for viral-mediated
transgenesis in threespined stickleback (Gasterosteus aculeatus) fish, a foundational organism
in ethology (reviewed in Huntingford & Ruiz-Gomez [7]). This procedure can deliver either
pharmacological agents to test signaling pathways or transgenic elements to directly alter gene
expression into the stickleback brain. Using direct brain injection, we examined the impact of
candidate genes on territorial aggression via pharmacological manipulation and viral-medi-
ated transgenesis.

The primary alternative to viral-mediated transgenesis is full germline transgenesis, typi-
cally accomplished through the microinjection of DNA directly into the nucleus of a fertilized
ovum. Viral-mediated transgenesis is attractive in comparison for studying behavior, because
manipulation specifically in the brains of adult animals avoids off-target, developmental, and
compensatory effects. Moreover, viral-mediated delivery of constructs directly to the brain fol-
lows a timeline that is more conducive to behavioral studies in longer-lived animals. This
approach has already proved essential in the functional testing of genes related to behavior [5,
8, 9] as well as in the dissection of neural circuits [10].

Viral-mediated transgenesis can be used to increase or decrease gene expression levels,
using either a direct gene payload or a CRISPR cassette, respectively [11, 12]. The choice of
promotor included in the viral payload allows researchers to tailor expression profiles and
durations to their experimental needs. For example, pilot work for this study examined a
short-term promotor, mCMYV, that produced expression as early as 4 days post-injection, as
well as a long-term promotor, hCMV, with expression lasting at least 5 weeks. Similarly, differ-
ent viral vectors provide a choice of temporary episomal expression or, through retroviral vec-
tors, permanent integration into the host genome. This method of transgenesis is fast and
flexible and amenable to experimental designs in which the same individual animals are mea-
sured before and after gene expression is altered, allowing us to show a causal relationship. By
using a repeated measures within-subject design, each animal acts as its own control, which
statistically controls for variation between individuals. This is a major benefit when dealing
with high inter-individual variation, such as when studying behavior or outbred animals col-
lected from natural populations.

Threespine stickleback are already one of the best-studied animals for behavior and have a
growing molecular toolkit including a fully sequenced genome [13]. Thus, sticklebacks are
now gaining popularity in other fields including evolution, physiology, comparative genomics,
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and neuroscience [14-16]. They have been used in comparative cross-taxa studies looking for
a conservation in the molecular underpinnings of social behavior with both emerging and clas-
sic model systems [17, 18], as well as in the evolution of behavior [7, 14, 19, 20]. Indeed, there
are already hundreds of previously identified candidate genes for social behavior waiting to be
characterized [21-27]. Sticklebacks enjoy well-established behavioral assays [28, 29] that are
amenable to automation [15, 30].

There is a dearth of information on surgical methodology in small (3-4 cm) fish, despite their
popularity as behavioral model systems, including zebrafish (Danio rerio) [31], medaka (Oryzias
latipes) [32], and stickleback [7]. Anesthetization remains one of the most challenging aspects of
surgery because proper anesthetizations timing must be determined on an individual basis. In
modifying a zebrafish viral-mediated transgenesis procedure [33], we first needed to refine the
anesthesia process [34, 35] to enable a longer and more precise surgery. Importantly, we introduce
the use of an oral cannula providing oxygenation and maintenance anesthetic throughout the lon-
ger (10 minutes out-of-water) procedure. Water supplied by the cannula flows through the gills
and has the secondary effect of keeping the clamping sponges and animal’s body surface wet. To
improve the precision of brain injections, we designed and built a custom surgical rig as there are
no commercially-available, water compatible, tiny stereotaxis tables. To maximize animal welfare,
we additionally needed to identify clear warning signs of failure to recuperate by establishing a
normal recovery pattern in stickleback similar to the work in koi by Harms et al., [36]. With this
equipment and the ability to provide early intervention, survival rates rose to 90%.

To facilitate future behavioral work with this stereotactic brain surgery for stickleback, we
tested methods to minimize post-surgical downtime such as supplemental oxygenation and
verified prompt behavioral recovery via a simulated territorial intrusion immediately after
physiological recovery. As the first test of this method in this species, we chose to focus on ter-
ritorial aggression for three reasons: 1) it is a well-established, easy to score behavioral assay
[15, 28, 37-39], 2) aggression is important for fitness [40, 41], and 3) there are good candidate
genes for aggression based on studies in other vertebrates [18, 42, 43].

Here we employ this neurosurgical method to test the function of two conserved candidate
genes related to aggression in stickleback: arginine-vasopressin and monoamine oxidase. Using
viral-mediated transgenesis via direct brain injections, we tested if behavior level changes were
detectable due to brain-wide overexpression of either AVP or MAOA in wild-caught male stickle-
backs. To increase the accessibility of viral-mediated transgenesis in sticklebacks, a system with
roots in ethology rather than genetics, we demonstrate the use of the technique for behavioral
genetics by using widely available mammalian plasmids, rather than synthesizing or cloning out
the stickleback gene sequences. To confirm the efficacy of pharmaceutical manipulations via
brain injections, we compared brain and systemic injection of vasotocin.

Arginine-vasopressin (A VP) and its nonmammalian homolog arginine-vasotocin (AVT)
are highly conserved [44] and pleiotropic [45] oligopeptides. Vasopressin (CYFQNCPRG) and
vasotocin (CYIQNCPRG) are distinguished by only a single amino acid change between mam-
mals (human) and teleosts (sticklebacks), and their respective V, receptors have similar speci-
ficity, signaling mechanisms, and amino acid sequences [46]. Both vasopressin and vasotocin
were found to have similar physiological effects in rats [47]. Additionally, vasotocin signaling
has been shown to influence aggression in various contexts in both fish and mammals
(reviewed in Goodson [48]) and has been characterized throughout the social decision making
network (SBDN) in the brain [49-52]. In fact, nonapeptide hormones (vasopressin/vasotocin,
isotocin/mesotocin, and oxytocin) interact with sex steroids to influence behavior [46, 53],
making them quintessential behavioral candidate genes.

In sticklebacks, vasotocin peaks during the start of the breeding season in both males and
females [54]. Nesting male sticklebacks have an increase in vasotocin levels in their brains
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following a mirror (aggression) challenge [55]. The arginine-vasopressin-like (avpl) gene
showed the greatest overexpression in dominant versus subordinate zebrafish [56], further
supporting its role in aggressive behavior in teleosts. Vasotocin in adult teleosts is mainly
located in the preoptic area (POA) of the hypothalamus [49, 57, 58], where it is an active regu-
lator in the hypothalamic-pituitary-adrenal (HPA) axis [59]. Therefore, we hypothesized that
supplemental expression of arginine vasopressin (A VP) within the social decision making net-
work of the stickleback brain would increase aggression.

Exogenous vasotocin administration has been used in many teleosts and other vertebrates
to alter behavior, both via intercranial and systemic injection [46], and has a dosage based
response [60-62]. Additionally, given its role as an antidiuretic hormone [63], vasotocin pro-
duces a rapid physiological response of increased respiration, making its physiological effects
quick and non-invasive to monitor. Vasotocin can pass through the blood-brain barrier [64,
65]. Therefore, unless brain trauma from intercranial injection rendered the technique unsuit-
able, we expected vasotocin to produce similar effects when administered either by intercranial
or intraperitoneal (IP) injection.

Monoamine oxidase, our other candidate gene, has longstanding associations with psycho-
pathologies, particularly aggression and anxiety [66], not only in model systems but also in
humans [67]. Monoamine oxidase is an enzyme that cleaves and thereby inactivates several
biogenic amines, including the neurotransmitters serotonin, norepinephrine, and dopamine
[68]. These neurotransmitters are widely recognized to play critical roles in the regulation of
cognition, mood, stress, and motivation [69]. Serotonin and dopamine levels have been sug-
gested to follow an “inverted U” relationship with cognition, such that too little or too much
activity both detrimentally affect performance [70, 71].

Teleosts have only one monoamine oxidase gene (MAO) as opposed to the two found in
mammals (MAOA and MAOB). Stickleback MAO (ENSGACT00000012444.1) and mouse
MAOA (NP_776101.3) have 68% conservation at the protein level. Despite the low level of
conservation, the teleost monoamine oxidase gene is functionally comparable [68, 72].

Most prior examinations of the link between monoamine oxidase and aggression examine
downregulation or knockout of MAOA, and the commensurate increase in serotonin activity.
Mice with low or no MAOA activity showed increased fearfulness as juveniles and increased
aggression in adult males, and increased risk of antisocial behavior [66, 68]. In teleosts, as in
mice and humans, higher levels of serotonin at the synapse are associated with reduction of
aggression [73]. In zebrafish, aggressive interactions lead to increased serotonergic activity in
both winners and losers [73]. Administration of a conspecific alarm substance to zebrafish
resulted in decreased MAO protein levels and increased aggression [74].

There is also preliminary evidence, however, that upregulation of MAO may also increase
aggression. Many of the serotonin and dopamine pathway genes, including MAO, are upregu-
lated in dominant fish [73], with overexpression of MAO observed in specifically in the hypo-
thalamus [56]. In humans and mice, upregulation of MAOA is associated with increased
anxiety [75, 76]. During the mating season, males solitarily guard their nesting territories [38];
increased anxiety could easily produce increased vigilance and irritability. Therefore, increased
expression of MAOA was expected to increase aggression through serotonin turnover.

Materials and methods
Overview

In a ten-minute neurosurgical procedure, a suspension of foreign material (saline, viral con-
struct, or pharmacological agent) was administered to the anterior diencephalon of the brain
via transcranial injection. For the viral-mediated transgenesis portion of the experiment,
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bilateral injections delivered a total of 600 nL of replication-deficient Herpes Simplex Virus 1
(HSV-1) containing genetic payloads of either the EYFP fluorescent control or mammalian
cDNA OREF clones of AVP or MAOA.

To facilitate comparison to previous studies, the experiment also included pharmacological
treatments of exogenous vasotocin, Manning compound (a V; receptor antagonist and anti-
vasopressor), or saline. Vasotocin and saline were delivered both by the same transcranial pro-
tocol and by intraperitoneal injection as previously established in sticklebacks. Manning com-
pound was delivered only by intraperitoneal injection.

The behavioral assay examined territorial aggression by recording the experimental indi-
vidual’s response to an intruder confined to a glass flask, a well-established assay [28, 29] in
sticklebacks. Baseline assays were taken at least 24 hours in advance of any manipulation.
Experimental condition assays were taken at appropriate timepoints depending on the method
of intervention: 30 minutes after IP injections, 2 hours after pharmacological brain injection,
or at 14 and 16 days after viral-mediated injections. Respiration rate was also recorded imme-
diately prior to each behavioral trial.

Finally, numerous pilot experiments refined the protocols used prior to the actual behav-
ioral experiment. These examined, among other things, the choice of promotor to drive gene
expression in viral-mediated transgenesis, location and depth of transcranial injection and
their qualitative relationships to the area of cells transfected, the use of craniotomy as opposed
to piercing the skull directly with the injection needle, the effect of needle gauge on survival
and recovery rates, the time course for respiration rate to return to normal following transcra-
nial injection, and the effect of supplemental oxygenation during surgical recovery on survival
rate.

Animals

Freshwater adult fish were collected in spring to summer in 2016 to 2018 from Putah Creek,
CA. Additional F1 fish from crosses generated in 2015 and 2016 and reared in the lab were
also used for optimizing the neurosurgical procedure. All fish were housed in the lab in 83 L
(107x33x24 cm) group tanks with recirculated freshwater (5 ppm Instant Ocean Sea Salt). The
room was maintained at 18°C on a 16:8 (L:D) “breeding” photoperiod from April to October
and otherwise an 8:16 (L:D) “non-breeding” photoperiod. Fish were one to two years old at
the time of their surgery. Males were identified by nuptial coloration (secondary sexual charac-
teristics) and by sexing via PCR [77]. Individual males were weighed and measured (standard
length from nose to caudal peduncle), overall averaging a length of 47.5 mm + 2.66 (mean + s.
d.) and weight of 1.40 g + 0.25 (mean + s.d.). Then, they were moved to individual 9.5 L
(32x21x19 cm) tanks lined with gravel and containing a synthetic plant. Each individual was
allowed to acclimate, undisturbed for three days prior to any behavioral measurements. All
fish only underwent one injection or surgery and were not reused.

Ethics statement

All animal work was done in compliance with Institutional Animal Care and Use Committee
protocol (IACUC #15077 and 18080) and Institutional Biosafety Committee protocol (IBC-
4140) at the University of Illinois at Urbana-Champaign. During all simulated territorial intru-
sions, the resident and intruder were separated to prevent any injuries from occurring. Group
housing was used to provide a normal, ecologically relevant, social environment prior to and
following the experiment. All capture of fish was done under a Scientific Collecting permit
(SC-3310) from California Fish and Game to the highest standards (IACUC and US law) by
trained researchers with prior approval. Collections are kept to a minimum to avoid disrupting
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the native population. Fish receive daily maintenance of feeding and illness checks by lab
members. Additionally, daily room and water checks are done by university Division of Ani-
mal Research technicians.

Surgical rig

For this procedure, we developed a custom-built surgical rig (Fig 1). To provide continuous
oxygenation and anesthesia to the fish while out of water, a low pressure and flow rate cannula
pump was necessary. The complete parts list along with assembly instructions are publicly
avaijlable through the Open Science Framework (https://osf.io/sgpvm).

Anesthesia

Prior to anesthetization, a pre-surgical baseline respiration rate was taken by counting opercu-
lar beats per 20 seconds. Initial anesthetization was done by immersion in 0.02% buffered MS-
222 (Tricane-S, Western Chemical, Fisher) for no more than five minutes (188.4 sec + 74.0,
mean = s.d.), until movement ceased and the fish was unresponsive. A properly sedated fish
had 1) no tail movement, 2) decreased but regular respiration (opercula beating), 3) came to
rest on the bottom of the soaking container, and 4) did not respond to touch nor move when
removed from the bath.

Anesthetization time was not correlated with any physiological measure (S1 Fig). Fish were
rinsed in freshwater (5ppm Instant Ocean Sea Salt) to remove any residual anesthetic then
moved to the surgical rig. In the rig, an oral cannula supplied constant water flow with 0.01%
MS-222 maintenance anesthetic over the gills for the duration of the surgical procedure
(2335 + 79, mean + s.d.). The speed of water delivery was adjusted to each fish to allow a steady
low flow rate over the gills.

Neurosurgical optimizations for direct brain injections

Fish were gently clamped into the surgical rig behind the eyes, keeping the skull firmly in
place. The stickleback diencephalon is visualizable through the skull (Fig 2), allowing injection
sites to be selected with moderately high precision. In pilot studies we targeted either the telen-
cephalon or the anterior diencephalon. Anecdotally, we saw better success rates in hitting the
larger diencephalon rather than the small and more occluded telencephalon. Therefore, for the
behavioral candidate gene work, all injections were targeted to the anterior diencephalon.

In each injection, a 33G (0.210 mm OD) needle attached to a 5 pL borosilicate syringe
(Hamilton Neuros model 75, #65460-02, Reno, NV) was inserted transcranially through the
thinnest portion of the skull posterior to the frontal bone [78], i.e. where the brain can be visu-
alized (Fig 2). In pilot studies, we also examined the use of an insulin syringe (BD 328431,
Franklin Lakes, NJ) with a 30G (0.337 mm OD) needle. The finer 33G needle had a hard stop
set at 2.5mm. Each transcranial injection delivered a total of ~300 nL of liquid at one to three
depths to moderate the area transfected, with one depth being the most restrictive. The depths
of injection ranged from a maximum of 2.5mm beneath the surface of the head to as shallow
as 0.3mm below the cranium’s surface, with ~0.7mm difference in heights for multiple depth
injections. Bilateral transcranial injections delivered a total of ~600 nL. Any notable accumula-
tion of blood was associated with poor outcome.

Following the procedure, fish were returned to their individual tanks and monitored con-
tinuously until clear respiration (opercular movement) was seen, typically within 30 seconds.
In the case of shallow respiration, forced movement of fresh water over the gills was used to
promote survival by manually “swimming” the fish in a submerged figure eight using only for-
ward motion. Respiration rate and the fish’s position in the water column was recorded every

PLOS ONE | https://doi.org/10.1371/journal.pone.0251653 May 17, 2021 6/26


https://osf.io/sgpvm
https://doi.org/10.1371/journal.pone.0251653

Brain injections for viral-mediated transgenesis in sticklebacks

PLOS ONE

Fig 1. Custom-built surgical rig. 1. Threespine stickleback in padded. Clamp. 2. Alternative padded clamp for larger fish. 3. Neuros syringe, 5 uL. 4. Three-axis
manipulator. 5. Oral cannula and guide tube. 6. Peristaltic cannula pump, 100 mL/min. 7. Pump source reservoir. 8. Drip tray.

https://doi.org/10.1371/journal.pone.0251653.9001

15 minutes for two hours following the injection. Additional checks were performed at three
hours and one-day post-injection for all fish. Out of 183 total fish receiving brain injections, 19
did not survive this initial three-hour recovery period; nine did not survive anesthetization

and ten were euthanized.
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Fig 2. Dorsal visualization of the stickleback brain. A & B) Example visualizations of the stickleback brain through the
skull. Circled is a lighter area corresponding to the diencephalon. C) The brain of a stickleback with olfactory bulbs
(anterior, far left, colored red), telencephalon (left, colored blue), diencephalon and mesencephalon (center, natural
color), cerebellum (right, colored green), and brain stem (posterior, far right, colored purple). Nodes of the social
decision-making network are present in the telencephalon (amygdala, hippocampus, etc) and diencephalon (preoptic
area (POA), hypothalamus, and periaqueductal gray/central gray (PAG)) as described in O’Connell and Hofmann [50].

https://doi.org/10.1371/journal.pone.0251653.9002

Changes to direct brain injection procedure specific to viral-mediated
transgenesis experiment

In order to accommodate animal biosafety level 2 (ABSL-2) restrictions from the use of HSV-
1, fish used in viral-mediated transgenesis protocols were transferred into a new tank in the
surgery room the morning of the injection. To maximize the probability of producing detect-
able behavioral changes, we aimed for broad expression throughout both hemispheres of the
diencephalon (Fig 2C). Therefore, every fish received two bilateral transcranial injections to
the anterior diencephalon of one of the viral constructs delivering a total of ~600 nL of con-
struct across multiple depths from a 5 uL borosilicate syringe with 33G needle. After two days,
fish were removed from the ABSL-2 surgical room to individual tanks.

Pharmacological treatments

Exogenous [Arg8]-Vasotocin (Genscript RP10061, Piscataway, NJ) was administered either
directly into the diencephalon of the brain via injection using the neurosurgical protocol described
above or systemically via intraperitoneal (IP) injection, already a well-established method in stickle-
backs, using a 30G (0.312 mm OD) insulin needle. Because behavioral response has been reported
to differ in teleosts based on dosage [60, 61], a dose-response curve (0.5, 5, and 10 pg per gram
body weight) was tested. Manning compound (Bachem H-5350.0001, VWR), a potent V1 receptor
antagonist (anti-vasopressor) was administered systemically via IP injection at a dosage of 3 ug per
gram body weight. Both pharmacological agents were freshly diluted on the day of injection from
a pre-suspended concentrated stock solution such that all IP injections delivered 10 pL per gram
body weight. Behavioral assays were performed 48 hours prior to pharmacological manipulation
for baseline measurements, and then at 30 minutes after IP injection or 2 hours after brain injec-
tion. Preliminary saline injections showed that 30 minutes was sufficient for both physiological
and behavioral recovery from the IP injection procedure (full data: https://osf.io/v56zt).

Viral-mediated transgenesis constructs

We elected to use Herpes Simplex 1 (HSV-1) as a viral vector as it was already shown to be
effective in transfecting teleosts, where adeno-associated viruses (AAVs) have previously failed
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Targeting (single vs. multiple injections)

Hemisphere
%, boundary

Injection

O e i Hemisphere
boundaries

Time Course

2 weeks post injection 3 weeks post injection 4 weeks post injection

Fig 3. Fluorescent expression resulting from viral-mediated transgenesis. More refined targeting of brain regions is
possible by limiting the number of injections. A) Single injection resulting in local expression, limited to a portion of
one hemisphere of the anterior telencephalon. B) Broad expression throughout the entire left hemisphere of the
diencephalon, typical for injections with delivery at multiple depths. No fluorescence was seen in any saline injected
controls. C & D) Successful transfection of cells by the long term hCMV-EYFP construct in the lateral left
diencephalon shown in B at three weeks after injection. E-G) Fluorescent expression profile over time for the hCMV
promoter. No fluorescence was seen during the 10 days following injection. Weak but increasingly strong signal was
seen between 10-12 days (not shown) following injections regardless of the fluorescent protein, mCherry (E & G) or
EYFP (F). Peak expression was observed beginning around day 13 or 14 post injection. There was no qualitative
difference in fluorescent intensity between two to four weeks, the maximum examined time point, following injection.
Behavior was assessed at 14- and 16-days post injection.

https://doi.org/10.1371/journal.pone.0251653.g003

[33]. The modified virus is replication deficient, meaning it no longer carries the HSV-1
genome. Instead, it carries a genetic payload of DNA packaged as a plasmid, with a gene and
promotor both of our choosing. This genetic construct is delivered into the animal cells
through transfection by virions and then episomally expressed, with expression levels and
duration determined by the choice of promotor used on the plasmid. As HSV-1 is not a retro-
viral vector, the plasmid remains in the cytoplasm and neither integrates into nor replicates
with the genome. It is therefore transient, although it can persist for long periods of time in
some cells [79]. Additionally, HSV-1 generally has low genotoxicity and no detectable shed-
ding [80] reducing biohazard concerns. Finally, HSV-1 supports payload plasmids of larger
size than AAVs or retroviral vectors such as lentivirus [8, 81].

Three promoters in replication deficient HSV-1 were piloted to drive gene expression
based on work in zebrafish [33]-a long-term promoter (hCMV, N = 43, Fig 3) resulting in
fluorescent signal 2-5 weeks after injection, a short-term promoter (mCMV, N = 10) with
expression between 4 and 7 days post-injection, and a retrograde promoter (hEFla, N =7)
which did not result in a detectable fluorescent signal. Promoters were tested for their ability
to drive a fluorescent protein (EGFP, EYFP, GCaMP6f, or mCherry). The long-term promoter
(hCMYV) was selected as the most useful due to its longer window of effect and was used in the
viral-mediated transgenesis experiment.

Mammalian cDNA OREF clones were used for AVP (human, HG17671-UT, NCBI Ref Seq:
NM_000490.4, Sino Biological, Beijing, China) and MAOA (mouse, MG57436-U, NCBI Ref
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Seq: NM_173740.3, Sino Biological). These were cloned into the pDONR221 backbone (Epoch
Life Science, Missouri City, TX) and then packaged (Gene Delivery Technology Core, Massa-
chusetts General Hospital, Boston, MA) with an IRES-GFP backbone in replication deficient
HSV-1 (proprietary, Rachael Neve). Stock hCMV-EYFP (RN12) was used for control injec-
tions. All males were randomly assigned to one of the three constructs. The final viral solutions
were used undiluted except for the addition of a trace amount of pigment (brilliant blue FCF
or tartrazine, i.e. FD&C Blue No. 1 and Yellow No. 5), <2% v/v during experiments, to allow
the solution to be visualized against the gradations of the syringe.

Behavioral assays

All behavioral data were gathered double-blind to treatment (saline, pharmacological agent or
transfected gene). Respiration rate was determined prior to the territorial challenge by averag-
ing two separate non-continuous counts of opercular beats per 20 seconds taken within a
5-minute period. This ensured that individual variations due to stress from the researcher’s
activity were minimized. Territorial aggression was measured by recording the individual’s
response to an intruder confined to a glass flask (derived from Wootton, 1971 [39]). The times
to orient toward and to first bite at the intruder (TTO and TTB in our data files, respectively)
were recorded, as well as the total number of bites, charges (lunges), and trips (approaches)
during the five minutes following initial orientation (behaviors defined in Wootton, 1971
[39]). Intruders (N = 9) were 5-10% smaller conspecific males.

During the viral-mediated transgenesis experiment, males’ respiration rate and behavioral
response to a territorial challenge were recorded four times (Fig 4): twice before and twice
after injection, respectively considered baseline and transfected. Each focal male except one
was confronted by the same intruder during all four territorial challenges. In the exception, the
initially paired intruder died between trials two and three and was replaced with a new male of
the same length.

Histology

Fish were sacrificed via decapitation with sharp scissors without anesthesia. Decapitation was
used to cease brain activity as quickly as possible and because blood was also collected for sup-
plemental hormone analysis (not shown) which is sensitive to anesthesia. Brains were immedi-
ately dissected out. Brains were mounted in glycerol medium on slides with four well iSpacers
(SunJin Lab 1S018, Hsinchu City, Taiwan). Imaging was performed on the same day as dissec-
tion on a Zeiss LSM 710 at the Core Facilities at the Carl R. Woese Institute for Genomic Biol-
ogy. No fluorescence was seen in any saline injected controls.

Trials Trials
1 2 3 4
l Day 0 l l
Day -6 ——— ‘ % : —» Day 17
Injection 8
Acclimation / l l Sacrifice
Baseline Incubation Transfection

Fig 4. Experimental timeline with the injection of constructs on day 0. Fish were injected with a randomly assigned
construct of either an aggression-related gene (AVP or MAOA) or a control fluorescent protein (EYFP). All trials were
conducted double-blind to the transfected gene. Each trial had two respiration rate measurements followed by a
territorial challenge.

https://doi.org/10.1371/journal.pone.0251653.g004
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R statistical analysis and data availability

Boxplots are drawn with a heavy stroke at the median and whiskers of up to 1.5 IQR beyond
the upper and lower quartiles. All data analysis was carried out in RStudio (v1.1.383) with R
version 3.5.1. All scripts and data are publicly available on the Open Science Framework
(https://osf.io/v56zt) as “Neurosurgical Protocol scripts.R” for the neurosurgical optimization,
“AVP pharma treatment behavior.R” and as “Behavioral experiments scripts for release.R” for
the viral-mediated transgenesis. Each individual was considered to be an experimental unit
and no animals were excluded from analysis.

Survival rate differences for the neurosurgical optimization were calculated using the chi-
squared function with continuity correction. A nonparametric-compatible repeated-measures
ANOVA was done via the MANOVA.RM (v0.3.2) package with the ANOVA type statistic
(ATS) reported because the assumption of sphericity could not be met for respiration rate over
time (Mauchly tests for sphericity = 0.02, p-value = 1.65e-74). We report the ANOVA-Type
Statistic (ATS) and the adjusted degrees of freedom, the latter of which are based on the num-
ber of treatment levels, number of observations, and the variance of ranks in each treatment
[82]. For interaction effects, we report the recommended Fi instead of Ei) [83]. Post-hoc
calculation by time point was done via Wilcoxon rank sum test with continuity correction and
the rcompanion (v2.2.1) wilcoxonR function. P-values were then adjusted for false discovery
rate (fdr method).

Repeatability is reported as ICC3,1 calculated using Desctool (v0.99.25) and confirmed
with the nonparametric concordance package nopaco (v1.0.6). Significance was similar
between the ICC and concordance tests. Spearman correlations were calculated using Hmisc
(v4.1-1). Wilcoxon and Mann-Whitney tests were done with the base stats package and effect
size was calculated with the rcompanion package (v2.2.1). Finally, sample size calculations uti-
lized the WMWssp package (0.3.7) with the defaults of 0.05% for two-sided type I error rate
and 0.8 power.

Results

Neurosurgical optimizations for direct brain injections

Direct transcranial injection with an unbeveled ultrafine needle proved simpler and more
effective than other piloted techniques, including craniotomy. Fish generally returned to nor-
mal swimming and water column use within 15 minutes after removal of anesthesia. Initial
piloting (N = 62) revealed respiration rate followed a typical pattern after the operation which
we called a recovery curve (Fig 5). Respiration rate peaked about 30 minutes post-surgery and
returned to baseline levels by two hours after the neurosurgical procedure.

There was no difference in territorial aggression two hours after brain injection in saline
treated controls (N = 10), compared to the day before surgery in any aggressive behavior
(bites: Z = -1.22, p-value = 0.21; charges: Z = -0.62, p-value = 0.54; time to first bite: Z = -1.22,
p-value = 0.22, Fig 6). Full mating behavior occurred within three days for males, determined
by nesting behavior and nine days for females, determined by the presence of eggs.

Needle diameter influenced survival rate (° (1, N3G = 43, N33 = 183) = 23.9, p-value =
1.02e-6) with a 54% survival rate with the larger 30G needle compared to the 87% survival rate
with the finer 33G needle. Additionally, the finer 33G needle resulted in consistently lower res-
piration rates (ATS;, 2613 = 6.54, p-value = 0.01) during the six-hour window following the
neurosurgery than the larger diameter 30G needle. Supplemental oxygenation for up to two
days following surgery did not improve survival (¥° (1, Ngxra 02 = 94, Nxormal = 89) = 0.02, p-
value = 0.89) nor recovery (ATS;, 7465 = 0.94, p-value = 0.33, S3 Fig).
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Fig 5. Average recovery curve of respiration rate following transcranial brain injections (N = 62). Respiration
(opercular beats per 20 seconds) rate returned to baseline levels by two hours post-injection and remained stable
following the surgery. Mean + SE * p < 0.05; ** p < 0.01; *** p < 0.001.

https://doi.org/10.1371/journal.pone.0251653.9005

Multiple transcranial injections do not alter survival or recovery

Broad expression required multiple transcranial injections—one into each hemisphere of the
targeted brain region. Bilateral transcranial injections did not alter survival rates (;(2 (1, Nunilat-
eral = 64, Npilateral = 119) = 0.46, p-value = 0.50) compared to a unilateral injection. Overall, res-
piration rate during recovery was higher in fish with bilateral injections (ATS;, 4874 = 11.61, p-

Bites | Charges | Time to 1st Bite |
160 30 300
120
20 200
) i N
10 *k_ 100 \<
40
| —1 /\‘l'
o —d
Baseline Saline Baseline Saline Baseline Saline
Injection Injection Injection

Fig 6. Aggressive behaviors in control fish one day prior to neurosurgery and after direct brain injection of saline
(N =10). Each line represents an individual showing their change in behavior following saline injection. Outliers
beyond 1.5 IQR are shown as individual datapoints. No significant change in aggression was seen in any behavior.

https://doi.org/10.1371/journal.pone.0251653.g006
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value = 0.001) in the three hours following the surgery. However, this comparison was largely
confounded by year of capture, with the fish caught in 2018 all receiving two transcranial injec-
tions and showing poor health in general. When analyzing only years (2017 & 2019) that
received both unilateral and bilateral injections, allowing for direct comparison, there is no dif-
ference in respiration rate during recovery between unilateral and bilateral injections (ATS;,
312 = 0.92, p-value = 0.34). This suggests that the differences in recovery among years over-
whelmed any effect that multiple injections might have had.

Injection material does not alter survival or recovery

Fish had comparable survival rates regardless of the injected materials (& 3, Nygy-; = 113,
Nbpharma = 22, Nsgiine = 48) = 2.30, p-value = 0.32). After the surgical technique was refined, the
procedure’s survival rate was approximately 90%. Of the 113 fish injected with one of three
constructs utilizing replication deficient HSV-1 for transfection, 101 survived. The fish
injected with pharmaceutical agents fared similarly, with 20 of 22 fish surviving. Control fish
injected with saline fared least well as they were used to initially pilot and refine the surgical
technique; they counted 39 survivors among 48 fish, an 81% survival rate.

The time for recovery of fish injected with replication deficient HSV-1 did not differ from
that of saline injected controls (ATS; 7, », = 1.83, p-value = 0.12). Additionally, the choice of
promoter (hCMV, mCMYV, or hEF1a) did not alter survival rate (;(2 (2) = 1.38, p-value = 0.50),
nor was there a main effect of promoter (ATS,, 143 = 0.33, p-value = 0.70) on the recovery
curve. Finally, the specific gene being expressed had no effect (y° (3) = 2.16, p = 0.54) on sur-
vival rates relative to saline injected controls. The recovery rate was also unaffected by the gene
expressed (ATS;, 267 = 1.19, p-value = 0.31).

Vasotocin pharmacological treatment

Exogenous vasotocin injection into the brain increased respiration rate rapidly relative to
saline injected controls (ATS;, 599 = 8.74, p-value = 0.003, Fig 7). This effect began within 15
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Fig 7. Differences in respiration rate following injection between brain injection of exogenous vasotocin (N = 15)
and saline injected controls (N = 39). Fish injected with vasotocin had an elevated respiration rate compared to saline
injected controls for more than two hours following injection. Mean + SE * p < 0.05; ** p < 0.01; *** p < 0.001.

https://doi.org/10.1371/journal.pone.0251653.g007

PLOS ONE | https://doi.org/10.1371/journal.pone.0251653 May 17, 2021 13/26


https://doi.org/10.1371/journal.pone.0251653.g007
https://doi.org/10.1371/journal.pone.0251653

PLOS ONE

Brain injections for viral-mediated transgenesis in sticklebacks

minutes and persisted for more than two hours post-injection. The most pronounced differ-
ence in respiration rate was between 0.75- to 1.5-hour post-injection. Intraperitoneal injection
of exogenous vasotocin also resulted in a rapid increase in respiration rate (S3 Fig). Behavior-
ally, brain and IP injections of exogenous vasotocin produced parallel results (S1 Table), in
which only the highest dosage (10 pg per gram body weight) altered the number of charges
directed at the intruder.

Behavioral repeatability and intercorrelations

Repeatability was analyzed across the two baseline and two transfected trials. Charges, bites,
and time to first bite were consistently repeatable, i.e. at both baseline and following transfec-
tion but not necessarily between baseline and transfection (S2 Table). Aggression measures
were generally equally repeatable compared to the physiological measure of respiration rate.
Total number of bites and charges were strongly correlated (r = 0.69) in the control group

(N = 16) and following transfection of either AVP (r = 0.83, N = 18) or MAOA (r = 0.75,

N =20). Time to first bite was negatively correlated with total number of bites and charges as
well-i.e. fish that bit sooner also attacked more overall. Given its high repeatability and corre-
lation with other behaviors, we focus on charges as a measure of aggressive behavior in subse-
quent analyses.

Increased aggression from transfection of MAOA or AVP but not in
controls

Aggressive behavior (charges, Fig 8) increased in fish transfected with either AVP (N = 18) or
MAOA (N = 20) compared to the baseline measurements in those fish, i.e. in within-individ-
ual, repeated measures comparisons. Injection of the control construct (EYFP, N = 16) did not
significantly alter the number of charges (paired Wilcoxon signed rank test: Z = -0.01, p-value
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Fig 8. Number of charges (averaged across the two trials) before and after transfection for each construct. Each
line represents an individual showing their change in behavior following transfection of the gene of interest.
Transfection with AVP resulted in a substantial and consistent increase in the number of charges; note that only one
individual exhibited decreased charging behavior. Transfection with MAOA resulted in an increase of large effect size
in charges, although there was more variation in individual response. * p < 0.05; ** p < 0.01; *** p < 0.001.

https://doi.org/10.1371/journal.pone.0251653.g008
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= 0.50) relative to baseline. Due to the high inter-individual variation (0*gypp =103, 0> 4vp =
113, 0%pa04 = 100), there was no significant difference between either AVP- or MAOA-
injected fish compared to EYFP-injected controls in charges following transfection (Mann-
Whitney test: AVP-EYFP: Z = -0.41, p-value = 0.34, MAOA-EYFP: Z = -0.7, p-value = 0.48), i.e.
in comparisons between groups. No increase in aggression was seen in the saline injected con-
trols neurosurgical optimization experiments (Fig 6). Thus, only injection with either of two
aggression-related candidate genes resulted in altered behavior and only specifically in charges
(S4 Fig).

AVP had a large effect on the number of charges (paired Wilcoxon signed rank test:
rs=0.79, Z = -3.07, p-value = 0.001) with 16 of the 18 individuals increasing the average num-
ber of charges compared to their baseline. In magnitude, this represented an almost 100%
increase in average number of charges, from 9.7 (s.d. = 5.1) at baseline to 18.8 (s.d. = 10.6) fol-
lowing transfection.

Transfection with MAOA also caused a large increase in the average number of charges
(paired Wilcoxon signed rank test: rs = 0.53, Z = -2.10, p-value = 0.018) relative to baseline.
However, the effect of MAOA was less drastic than that of AVP and had more variation in indi-
vidual response (Fig 8), with 13 of 20 individuals increasing their average number of charges.
Despite this, MAOA still resulted in an approximately 50% increase from 12.1 (s.d. = 9.7) char-
ges at baseline to 19.1 (s.d. = 10.0) following transfection.

MAOA decreased respiration rate

Only the MAOA construct altered respiration rate (Fig 9). Compared to baseline, MAOA
strongly and significantly (N = 20, rs = 0.85, Z = -3.62, p-value = 0.0001) lowered respiration
rate, with 19 of the 20 individuals experiencing a decrease in resting respiration rate. They
dropped from an average of 40.8 (s.d. = 1.9) to 38.1 (s.d. = 2.0) breaths per 20 seconds. Addi-
tionally, when comparing the respiration rates between the fish transfected with MAOA and
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Fig 9. Respiration rate (opercular beats per 20 seconds) for the three constructs. Each line represents an individual
showing their respiration rate (averaged across the two trials) before and after transfection. Only MAOA altered
respiration rate; a drastic decrease compared to both baseline (within-subject comparison, N = 20) and to the control
group (N =16).* p < 0.05;** p < 0.01; *** p < 0.001.

https://doi.org/10.1371/journal.pone.0251653.g009
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the EYFP controls (N = 16, mean = 40.8, s.d. = 3.9), the decrease was still significant, though
reduced to a moderate effect size (Mann-Whitney test: rs = 0.44, Z = -2.65, p-value = 0.009).
There was not significant change in respiration rate compared to baseline due to either the
control EYFP (Z = -1.11, p-value = 0.13) or AVP (Z = -0.92, p-value = 0.18) constructs.

Discussion
Neurosurgical optimizations for minimally invasive direct brain injections

We present a new method for direct injection of transgenic or pharmaceutical material into
the brains of the small teleost fish threespined stickleback. Developing a minimally invasive
neurosurgical protocol required 1) refining the anesthesia process, 2) building a custom surgi-
cal rig, and 3) determining the normal recovery pattern allowing us to clearly identify warning
signs of failure to thrive. Our surgical rig and optimized anesthetization methods [34, 35]
resulted in high (90%) survival rates and quick behavioral recovery. Mating behavior also
recovered promptly: males completed nests at three days post-surgery, and females were gravid
at nine days—suggesting almost no delay in the egg development time [84] after losing any ripe
eggs to clamping during surgery.

Establishing a typical recovery curve (Fig 5) allowed us to identify post-surgical warning
signs of failure to thrive. Behavioral manifestations of discomfort or problems included listing
(>45" off central axis), assuming a nose-up position, and loss of positional control (twirling).
The presence of any of these markers for greater than an hour suggested a poor prognosis and
thus we recommend euthanasia. Survival to 24 hours indicated a successful procedure, as 23
out of 24 fish injected with the larger 30G needle and 159 of 160 fish injected with the smaller
33G needle survived to one week. Thus, this minimally invasive neurosurgical method is quite
reliable.

Pharmacological manipulation: Bypassing the blood-brain barrier

Exogenous vasotocin administered directly to the brain produced physiological and behavioral
responses mirrored in fish receiving vasotocin through IP injections (Fig 7, S3 Fig and S1
Table). These pharmacological results were similar to those seen in other fish [56, 61, 85]. This
indicates that brain injection is now a feasible delivery route for drugs that do not pass through
the blood brain barrier [86] in sticklebacks. Ultimately, similar changes in respiration and
aggression suggest that the recovery period from the brain injection does not mask even rapid
onset pharmaceutical effects, like those due to vasopressin [87].

In this experiment, similar physiological effects were produced throughout the dose-
response curve (S3 Fig). In conjunction, although behavioral effects were produced only at the
highest dosage, they were similar for both routes of administration (SI Table). These consis-
tencies suggest that the pharmacological manipulation did in fact work.

Viral mediated transgenesis: Genetic underpinnings of territorial
aggression

To demonstrate the practicality of viral-mediated transgenesis to examine candidate genes’
contribution to behavior, we looked for behavioral changes from two aggression related candi-
date genes. It is well established that both vasopressin (A VP) and monoamine oxidase
(MAOA) influence aggression [48]. Using a ubiquitous promoter resulted in altered territorial
aggression specifically for fish receiving either one of the candidate genes related to aggression
(Fig 8), but not for a fluorescent protein (Fig 8) or following saline brain injection (Fig 6). The
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effect following transfection of A VP was consistent, with 16 of the 18 fish experiencing an
increase in aggression, one remaining constant and only one decreasing aggression.

The effect of AVP transfection was of stronger magnitude (rs = 0.79) than the effect of phar-
macological manipulation of vasotocin (7,4, = 0.66, rp = 0.67). This is likely due to the broad
expression throughout the diencephalon. It is highly likely that our transgenic procedure
resulted in ectopic expression as vasotocin is typically only produced in the preoptic area
(POA) and ventral hypothalamus (VH) [31, 57]. Maximal expression was desired to increase
the likelihood of transfection and of producing behavior changes through supraphysiological
levels of vasotocin signaling. It will be fruitful for future studies to examine the consequences
of altered expression in key brain areas and cell types, as discussed below.

Multiple pieces of evidence indicate that we achieved successful transgenesis, in addition to
the consistent changes in both behavioral (Fig 8) and physiological (Fig 9) phenotypes follow-
ing transfection. The most visible, literally, is the presence of novel fluorescent proteins (Fig 3).
Additionally, transcripts specifically of the injected mammalian MAOA homolog remained
detectable through qPCR for up to 4 weeks after transfection (results not shown).

Our finding that transfection of MAOA increased aggression is consistent with a decrease
in serotonin, which is enzymatically cleaved by monoamine oxidase. Indeed, the clear and
unambiguous decrease in respiration rate we observed (Fig 9) is strong evidence of MAOA
functioning as expected physiologically. Respiration rate correlates positively with serotonin
and norepinephrine concentration [88, 89]; monoamine oxidase enzymatically lowers levels of
both neurotransmitters. Additionally, trout monoamine oxidase has been found to be equiva-
lently effective to human monoamine oxidase in metabolizing 5-HT and PEA [68], making it
unlikely that the increase in aggression is an off-target effect of using mammalian MAOA. Fur-
ther characterization of anxiety levels following transfection, pharmacological rescue [90], and
quantification of the downstream neurotransmitters remain as potential avenues to a better
mechanistic understanding of this result.

We found that construct selection is not limited to native genes; widely available mamma-
lian plasmids successfully altered behavior. Therefore, this method is accessible to a broad
array of users [91], a feature especially important in a system with roots in ethology. Further-
more, this application of viral-mediated transfection enables within-subject experimental
designs, reducing sample sizes required for the same statistical power and making behavioral
experiments viable, as detailed below. Finally, rapid behavioral recovery makes viral-mediated
transgenesis a viable technique for direct manipulation of candidate genes.

Future applications of viral-mediated transgenesis in stickleback

While sticklebacks are a non-traditional genetic model system, they are one of the best studied
behavioral systems, with well described intra-specific variation in aggression, antipredator
behavior, and parental care [7, 14, 92]. Previous studies have identified hundreds of genes that
are differentially expressed in the brain in response to a social interaction [21-27]. However,
most of these studies are correlative, and thus the direction of the causal relationship-much
less the mechanisms by which changes in gene expression underlie behavior-are still not clear.
This method will allow future studies to rigorously test how these genes contribute to behav-
iors, from detailed mechanistic analyses at the protein level to studies of individual behavior at
the organismal level.

A more detailed, cross-population study of vasotocin in stickleback would present an ideal
opportunity to investigate the evolutionary constraints or trade-offs between behavior and
physiology for pleiotropic genes. In addition to being associated with behavior, vasotocin plays
a key role in osmoregulation via the AVP V2 receptors. Vasotocin anatomy and aggression
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differed in concordantly with salinity and osmoregulation challenges in pupfish [93]. A more
nuanced examination is possible in stickleback as there are numerous freshwater and several
anadromous populations that are independently evolved from ancestral-like marine popula-
tion. In addition, population differences in aggression [37, 94, 95] and osmoregulation [96]
have already been documented in sticklebacks. However, an examination of the integration of
these two evolutionary concerns has not yet been undertaken, despite a relationship between
aggression and kidney size having already been discovered in stickleback bred for extremes of
territorial aggression [97]. This makes stickleback uniquely suited system to address the rela-
tionship of physiological ecology, anatomy, and social behavior [48]. Other possible physiolog-
ical signaling pathways amendable to genome editing in sticklebacks have also been proposed
[13,98-101].

Behavioral response to vasopressin/vasotocin

In every case of vasotocin signaling manipulation that we tested—pharmacological IP inhibi-
tion (Manning compound) or supplementation, exogenous brain injection, and transfection—
number of charges at the intruder was the main responding aggressive behavior (Fig 8 and S2
Table). Charges as the main responding behavior matches the effects of vasotocin seen in pup-
fishes [85]. This is of interest as charging marks voluntary initiation of aggression, while biting
is an escalation based off intruder response [28]. However, depending on the type of manipula-
tion we saw opposing effects on the number of charges-pharmacological supplementation of
exogenous vasotocin resulted in a decrease while transfection with A VP resulted an increase.
As previously discussed, there is reason to hold high confidence in both pharmacological treat-
ments and the transfection method, despite the varying directions of effect.

These techniques have drastically different timings and durations of the increase in vasoto-
cin, potentially explaining the differing directions of behavioral changes. The pharmacological
manipulation involved a single dose and a behavioral assay after two hours, while the transgen-
esis experiment involved increasing exposure throughout a two-week transfection incubation
period, with two behavioral assays over three days (Fig 4). Vasopressin has an extremely short
half-life of less than a minute [87], making pharmacological manipulation rapid but ephem-
eral. In contrast, transfection is much longer lasting, allowing for long-term stabilization of the
HPA axis and commensurately altered behavioral response.

Additionally, vasotocin signaling is mainly constrained by receptor type and location [48,
49, 58] further emphasizing the potential of long-term homeostasis to influence the behavioral
outcome. To mimic this with pharmacological manipulation, future work should use an
implanted cannula in the brain to deliver repeated low doses of exogenous vasotocin. This
would allow a more direct comparison between treatment methods clarifying if the opposing
effects of pharmacological manipulation and transgenesis are due to homeostatic balancing
from long-term exposure or a potential side effect from an immune response to the injection
of small molecules.

Viral-mediated transgenesis allows statistically powerful repeated
measures design

Complex phenotypes that emerge at the whole organism level, such as behaviors like aggres-
sion, are difficult to assay due to their subtleties and time-intensive screening. Social behaviors
are influenced by many genes of small effect [3, 4] and social psychology generally has smaller
effect sizes (r) relative to other psychological sub-disciplines [102]. Indeed, the neuroscience,
psychiatry, psychology, and behavioral ecology fields are plagued with reports of overestimates
of effect sizes [102-105]. Additionally, behavior in natural populations tends to have high
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inter-individual variation, further reducing statistical power [106]. For sticklebacks, who have
a generation time of approximately one year, the traditional approach of breeding a stable
transgenic line is not always practical. Here, by using within-subject design, we successfully
examined two behaviorally relevant genes for effects on aggression in wild-caught fish.

By using repeated measures on the same fish before and after transfection, we were able to
drastically reduce the necessary sample size needed to detect significant changes in behavior
(Table 1). In this study we found large effect sizes for both behavior and respiration rate, a typi-
cal physiological measure. However, variation following transfection with MAOA was about
25 times larger for charging behavior (0* = 99.9) compared to respiration rate (¢ = 3.9). A
between group comparison would have required an impractical sample size of as many as 300
fish to detect the difference in charges, even though these genes have a large magnitude
(rs > 0.5) of effect on behavior. However, by using these methods we were able to reduce the
sample size down to merely 20 fish, a far more manageable number. Thus, viral-mediated
transgenesis enables the study of genetic effects on natural behavior in wild-caught animals,
because it makes possible a repeated measures design comparing within the same individuals,
increasing sensitivity.

Conclusions

Viral-mediated transgenesis is a method to alter a gene’s expression in a specific location or
during a controlled timeframe. Refinements to both the stereotactic procedure and the design
of constructs promise improvements in the specificity of targeted brain areas and cell types,
allowing manipulations of gene expression with great precision. We successfully used multiple
ubiquitous promoters to drive expression, tailoring expression profiles through time. Localiz-
ing expression to specific brain areas is a priority for future work but restricting injection
amounts and locations can lead to transfection failure. Therefore, we intend to prioritize cell-
and region-specific targeting with alternate promoters (see Ingusci et al., 2019 [12]). There is
also tremendous potential for this method to be used in combination with cell type specific
promoters that, for example, target astrocytes (GFAP), glutamatergic (vGLUT), GABAergic
(GAD), dopaminergic (TH) or prolactin (PRL) neurons.

When combined with pharmacological manipulation, DREDDs (designer receptors exclu-
sively activated by designer drugs, reviewed in Roth, 2016 [107]) can target neural signaling
with extremely precise timing. This method is already being used to identify neural circuits via
chemical silencing or activation of receptors including those that are serotoninergic [12].
Finally, viral-mediated transgenesis also lays the groundwork for optogenetics, although there

Table 1. Benefit of within-subject experimental design on sample size for behavioral genetic studies.

Behavior (Charges) Physiology (Respiration)
AVP MAOA MAOA
Necessary sample size (between groups, vs. control) 277 187 35
Actual sample size 18 20 20
Effect size (rs) 0.79 0.53 0.85
Variance (0%, post-expression) 113 99.9 3.9

Necessary sample sizes assume a statistical power of 0.8 and are based on the effect sizes observed in this study-i.e. 8
out of 10 experiments using samples this large will detect the difference. Viral-mediated transgenesis makes possible
a repeated measures design comparing within the same individuals, increasing sensitivity. Note that AVP and
MAOA are known to have a large effect on behavior, so this should be viewed a minimum for future candidate genes

being screened for behavioral phenotypes.

https://doi.org/10.1371/journal.pone.0251653.t001
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are still engineering challenges to design light, tether-free setups that do not interfere with
complex behaviors in fish that weigh less than 2 grams.

Here we present a minimally invasive neurosurgical procedure for sticklebacks that enables
viral-mediated transgenesis in the brain as well as pharmaceutical delivery directly to the
brain. This method for viral-mediated transgenesis allows for a more direct examination of the
genetic mechanisms underlying behavior in wild-caught animals from natural populations. It
is flexible, fast, and allows us to compare individual behavior before and after transgenesis,
maximizing statistical power. It further enhances the growing molecular toolkit in threespine
stickleback, a classic ethological system. By using a system with extensively optimized behav-
ioral assays, we had good sensitivity for different effects on aggression, as only the initiation of
aggression (charges) was altered and not the escalation of aggressive interactions (bites). Over-
all, our experimental results show that viral-mediated transgenesis is a promising method for
testing the function of candidate genes in this system. This approach has already proved essen-
tial in the functional testing of genes related to behavior [5, 8, 9] and in the dissection of neural
circuits [10] in other organisms.

Supporting information

S1 Fig. Spearman correlations between time to anesthetization (N = 148), time for neuro-
surgical procedure (N = 124), respiration rate prior to surgery (N = 153), weight (N = 157)
and length (N = 87). Anesthetization time was not correlated with any other measure. Larger
fish had slower respiration rates and it took longer to perform the surgery on heavier fish, in
large part due to increased care in clamping. Numerical values and color both represent the
strength of the correlation with crossed out boxes indicating non-significance (P > 0.05).
(TIF)

S2 Fig. Respiration rate (opercular beats per 20s) following injection either with (N = 83)
or without (N = 77) supplemental oxygenation for one day following the neurosurgical
procedure. Supplemental oxygenation did not significantly improve recovery rates.

Mean + SE.

(TIF)

S3 Fig. Differences in respiration rate following IP injection of different pharmaceutical
agents. Fish injected with vasotocin at low to moderate dosage had elevated respiration rates
compared to saline injected controls at both 10 and 30m post injection, paralleling the pattern
seen during recovery of brain injection. The highest dosage of AVP (10 "#/4,,) only resulted in
a significant elevation in respiration rates at 30m post injection compared to saline injected
controls. There was no significant difference between Manning compound and saline injected
controls in respiration rates at any time point. Mean + SE * p < 0.05; ** p < 0.01; ***

» < 0.001.

(TIF)

S4 Fig. Breathing rate and repeatable behaviors across all trials & constructs. Breathing
rate decreased significantly following transfection of only MAOA. Charges increased following
AVP or MAOA transfection but not in control EYFP fish. Graph presents medians with inter-
quartile range bars.

(TIF)

S1 Table. Within-subject comparison of territorial aggression following pharmaceutical
manipulation of vasotocin signaling compared to baseline. Brain and IP injection results
were similar with only the highest dosage altering behavior. No group (including the Manning
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treatment) significantly differed from saline-injected controls. * p < 0.05; ** p < 0.01; ***
» < 0.001.
(DOCX)

S2 Table. Repeatability of territorial aggression behaviors and respiration rate across the
two trials at baseline and after transfection using two-way mixed, single score ICC (type
3,1) for all fish (N = 54). EYFP is the control, AVP and MAOA are genes of interest.
(DOCX)

Acknowledgments

Thanks to the Bell lab, especially Colby Behrens, Miles Bensky, Severin Odland, Christian Zie-
linski, Brianna Bowman, and Rachael Kirchschlager who assisted with neurosurgeries. Colby
Behrens also provided the stickleback brain image (Fig 2C). Neurosurgery consultations pro-
vided by Dr. Helen Valentine, DVM, MS, DACLAM & Dr. Jennifer Criley, DVM, DACLAM.
Viral packaging was provided by Dr. Rachael Neve of the Massachusetts General Hospital’s
Gene Delivery Technology Core. Dr. Rhanor Gillette and Dr. Gene Robinson provided equip-
ment. Brian James assisted with surgical apparatus design and manuscript editing.

Author Contributions
Conceptualization: Noelle James, Alison Bell.
Formal analysis: Noelle James.

Funding acquisition: Alison Bell.
Investigation: Noelle James.

Methodology: Noelle James.

Supervision: Alison Bell.

Writing - original draft: Noelle James.

Writing - review & editing: Alison Bell.

References

1. Dochtermann NA, Schwab T, Anderson Berdal M, Dalos J, Royauté R. The Heritability of Behavior: A
Meta-analysis. J Hered. 2019; 110: 403—410. https://doi.org/10.1093/jhered/esz023 PMID: 31116388

2. Genes Charney E., behavior, and behavior genetics. Wiley Interdiscip Rev Cogn Sci. 2017; 8. https://
doi.org/10.1002/wcs.1405 PMID: 27906529

3. Wahisten D. The hunt for gene effects pertinent to behavioral traits and psychiatric disorders: From
mouse to human. Dev Psychobiol. 2012; 54: 475-492. https://doi.org/10.1002/dev.21043 PMID:
22674524

4. Spencer CCA, Su Z, Donnelly P, Marchini J. Designing genome-wide association studies: sample
size, power, imputation, and the choice of genotyping chip. PLoS Genet. 2009; 5: e1000477. https://
doi.org/10.1371/journal.pgen.1000477 PMID: 19492015

5. London SE. Gene manipulation to test links between genome, brain and behavior in developing song-
birds: a test case. J Exp Biol. 2020; 223. https://doi.org/10.1242/jeb.206516 PMID: 32034039

6. Bengston SE, Dahan RA, Donaldson Z, Phelps SM, van Oers K, Sih A, et al. Genomic tools for beha-
vioural ecologists to understand repeatable individual differences in behaviour. Nat Ecol Evol. 2018; 2:
944-955. https://doi.org/10.1038/s41559-017-0411-4 PMID: 29434349

7. Huntingford FA, Ruiz-Gomez ML. Three-spined sticklebacks Gasterosteus aculeatus as a model for
exploring behavioural biology. J Fish Biol. 2009; 75: 1943—-1976. https://doi.org/10.1111/.1095-8649.
2009.02420.x PMID: 20738667

PLOS ONE | https://doi.org/10.1371/journal.pone.0251653 May 17, 2021 21/26


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0251653.s006
https://doi.org/10.1093/jhered/esz023
http://www.ncbi.nlm.nih.gov/pubmed/31116388
https://doi.org/10.1002/wcs.1405
https://doi.org/10.1002/wcs.1405
http://www.ncbi.nlm.nih.gov/pubmed/27906529
https://doi.org/10.1002/dev.21043
http://www.ncbi.nlm.nih.gov/pubmed/22674524
https://doi.org/10.1371/journal.pgen.1000477
https://doi.org/10.1371/journal.pgen.1000477
http://www.ncbi.nlm.nih.gov/pubmed/19492015
https://doi.org/10.1242/jeb.206516
http://www.ncbi.nlm.nih.gov/pubmed/32034039
https://doi.org/10.1038/s41559-017-0411-4
http://www.ncbi.nlm.nih.gov/pubmed/29434349
https://doi.org/10.1111/j.1095-8649.2009.02420.x
https://doi.org/10.1111/j.1095-8649.2009.02420.x
http://www.ncbi.nlm.nih.gov/pubmed/20738667
https://doi.org/10.1371/journal.pone.0251653

PLOS ONE

Brain injections for viral-mediated transgenesis in sticklebacks

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

Simonato M, Manservigi R, Marconi P, Glorioso J. Gene transfer into neurones for the molecular anal-
ysis of behaviour: focus on herpes simplex vectors. Trends Neurosci. 2000; 23: 183—190. https://doi.
org/10.1016/s0166-2236(99)01539-8 PMID: 10782119

Gallant JR, O’Connell LA. Studying convergent evolution to relate genotype to behavioral phenotype.
J Exp Biol. 2020; 223: jeb213447. https://doi.org/10.1242/jeb.213447 PMID: 32034050

Luo L, Callaway EM, Svoboda K. Genetic Dissection of Neural Circuits. Neuron. 2008; 57: 634—660.
https://doi.org/10.1016/j.neuron.2008.01.002 PMID: 18341986

Braasch |, Peterson SM, Desvignes T, McCluskey BM, Batzel P, Postlethwait JH. A new model army:
Emerging fish models to study the genomics of vertebrate Evo-Devo. J Exp Zool B Mol Dev Evol. 2014
[cited 14 Aug 2014]. https://doi.org/10.1002/jez.b.22589 PMID: 25111899

Ingusci S, Verlengia G, Soukupova M, Zucchini S, Simonato M. Gene Therapy Tools for Brain Dis-
eases. Front Pharmacol. 2019; 10: 1-19. https://doi.org/10.3389/fphar.2019.00001 PMID: 30728774

Jones FC, Grabherr MG, Chan YF, Russell P, Mauceli E, Johnson J, et al. The genomic basis of adap-
tive evolution in threespine sticklebacks. Nature. 2012; 484: 55—61. https://doi.org/10.1038/
nature10944 PMID: 22481358

Fang B, Merila J, Ribeiro F, Alexandre CM, Momigliano P. Worldwide phylogeny of three-spined stick-
lebacks. Mol Phylogenet Evol. 2018; 127: 613-625. https://doi.org/10.1016/j.ympev.2018.06.008
PMID: 29906607

Norton WHJ, Gutiérrez HC. The three-spined stickleback as a model for behavioural neuroscience.
Neuhauss SCF, editor. PLoS One. 2019; 14: e0213320. https://doi.org/10.1371/journal.pone.0213320
PMID: 30913214

McKinnon JS, Kitano J, Aubin-Horth N. Gasterosteus, Anolis, Mus, and more: The changing roles of
vertebrate models in evolution and behaviour. Evol Ecol Res. 2019; 20: 1-25.

Rittschof CC, Bukhari SA, Sloofman LG, Troy JM, Caetano-Anollés D, Cash-Ahmed A, et al. Neuro-
molecular responses to social challenge: Common mechanisms across mouse, stickleback fish, and
honey bee. Proc Natl Acad Sci U S A. 2014; 111: 17929-34. https://doi.org/10.1073/pnas.
1420369111 PMID: 25453090

Saul MC, Blatti C, Yang W, Bukhari SA, Shpigler HY, Troy JM, et al. Cross-species systems analysis
of evolutionary toolkits of neurogenomic response to social challenge. Genes Brain Behav. 2019; 18:
e12502. https://doi.org/10.1111/gbb.12502 PMID: 29968347

Dingemanse NJ, Barber |, Wright J, Brommer JE. Quantitative genetics of behavioural reaction
norms: genetic correlations between personality and behavioural plasticity vary across stickleback
populations. J Evol Biol. 2012; 25: 485-96. https://doi.org/10.1111/j.1420-9101.2011.02439.x PMID:
22236352

Di Poi C, Bélanger D, Amyot M, Rogers S, Aubin-Horth N. Receptors rather than signals change in
expression in four physiological regulatory networks during evolutionary divergence in threespine
stickleback. Mol Ecol. 2016 [cited 12 May 2016]. https://doi.org/10.1111/mec.13690 PMID: 27146328

Bell AM, Bukhari SA, Sanogo YO. Natural variation in brain gene expression profiles of aggressive
and nonaggressive individual sticklebacks. Behaviour. 2016; 153: 1723-1743. https://doi.org/10.1163/
1568539X-00003393 PMID: 29046592

Bukhari SA, Saul MC, Seward CH, Zhang H, Bensky M, James N, et al. Temporal dynamics of neuro-
genomic plasticity in response to social interactions in male threespined sticklebacks. Clayton D, edi-
tor. PLOS Genet. 2017; 13: €1006840. https://doi.org/10.1371/journal.pgen.1006840 PMID:
28704398

Greenwood AK, Peichel CL. Social Regulation of Gene Expression in Threespine Sticklebacks. PLoS
One. 2015; 10: e0137726. https://doi.org/10.1371/journal.pone.0137726 PMID: 26367311

Laine VN, Primmer CR, Herczeg G, Merila J, Shikano T. Isolation and characterization of 13 new nine-
spined stickleback, Pungitius pungitius, microsatellites located nearby candidate genes for beha-
vioural variation. Annales Zoologici Fennici. Finnish Zoological and Botanical Publishing Board;

2012. pp. 123-128. https://doi.org/10.2307/23737115

Greenwood AK, Wark AR, Yoshida K, Peichel CL. Genetic and neural modularity underlie the evolu-
tion of schooling behavior in threespine sticklebacks. Curr Biol. 2013; 23: 1884-8. https://doi.org/10.
1016/j.cub.2013.07.058 PMID: 24035541

Mommer BC, Bell AM. Maternal Experience with Predation Risk Influences Genome-Wide Embryonic
Gene Expression in Threespined Sticklebacks (Gasterosteus aculeatus). PLoS One. 2014; 9: e98564.
https://doi.org/10.1371/journal.pone.0098564 PMID: 24887438

Sanogo YO, Hankison S, Band M, Obregon A, Bell AM. Brain transcriptomic response of threespine
sticklebacks to cues of a predator. Brain Behav Evol. 2011; 77: 270-85. https://doi.org/10.1159/
000328221 PMID: 21677424

PLOS ONE | https://doi.org/10.1371/journal.pone.0251653 May 17, 2021 22/26


https://doi.org/10.1016/s0166-2236%2899%2901539-8
https://doi.org/10.1016/s0166-2236%2899%2901539-8
http://www.ncbi.nlm.nih.gov/pubmed/10782119
https://doi.org/10.1242/jeb.213447
http://www.ncbi.nlm.nih.gov/pubmed/32034050
https://doi.org/10.1016/j.neuron.2008.01.002
http://www.ncbi.nlm.nih.gov/pubmed/18341986
https://doi.org/10.1002/jez.b.22589
http://www.ncbi.nlm.nih.gov/pubmed/25111899
https://doi.org/10.3389/fphar.2019.00001
http://www.ncbi.nlm.nih.gov/pubmed/30728774
https://doi.org/10.1038/nature10944
https://doi.org/10.1038/nature10944
http://www.ncbi.nlm.nih.gov/pubmed/22481358
https://doi.org/10.1016/j.ympev.2018.06.008
http://www.ncbi.nlm.nih.gov/pubmed/29906607
https://doi.org/10.1371/journal.pone.0213320
http://www.ncbi.nlm.nih.gov/pubmed/30913214
https://doi.org/10.1073/pnas.1420369111
https://doi.org/10.1073/pnas.1420369111
http://www.ncbi.nlm.nih.gov/pubmed/25453090
https://doi.org/10.1111/gbb.12502
http://www.ncbi.nlm.nih.gov/pubmed/29968347
https://doi.org/10.1111/j.1420-9101.2011.02439.x
http://www.ncbi.nlm.nih.gov/pubmed/22236352
https://doi.org/10.1111/mec.13690
http://www.ncbi.nlm.nih.gov/pubmed/27146328
https://doi.org/10.1163/1568539X-00003393
https://doi.org/10.1163/1568539X-00003393
http://www.ncbi.nlm.nih.gov/pubmed/29046592
https://doi.org/10.1371/journal.pgen.1006840
http://www.ncbi.nlm.nih.gov/pubmed/28704398
https://doi.org/10.1371/journal.pone.0137726
http://www.ncbi.nlm.nih.gov/pubmed/26367311
https://doi.org/10.2307/23737115
https://doi.org/10.1016/j.cub.2013.07.058
https://doi.org/10.1016/j.cub.2013.07.058
http://www.ncbi.nlm.nih.gov/pubmed/24035541
https://doi.org/10.1371/journal.pone.0098564
http://www.ncbi.nlm.nih.gov/pubmed/24887438
https://doi.org/10.1159/000328221
https://doi.org/10.1159/000328221
http://www.ncbi.nlm.nih.gov/pubmed/21677424
https://doi.org/10.1371/journal.pone.0251653

PLOS ONE

Brain injections for viral-mediated transgenesis in sticklebacks

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

van lersel JJA. An analysis of the parental behaviour of the male three-spined stickleback (Gasteros-
teus aculeatus L.). Behaviour. 1953;Suppl. 3: 1-159.

Rowland WJ. The Effects of Male Nuptial Coloration On Stickleback Aggression: a Reexamination.
Behaviour. 1982; 80: 118—126. https://doi.org/10.1163/156853982X00481

Ardekani R, Greenwood AK, Peichel CL, Tavaré S. Automated quantification of the schooling behav-
iour of sticklebacks. EURASIP J Image Video Process. 2013; 2013: 61. https://doi.org/10.1186/1687-
5281-2013-61

Maruska K, Soares MC, Lima-Maximino M, Henrique de Siqueira-Silva D, Maximino C. Social plastic-
ity in the fish brain: Neuroscientific and ethological aspects. Brain Res. 2019; 1711: 156—172. hitps://
doi.org/10.1016/j.brainres.2019.01.026 PMID: 30684457

Kirchmaier S, Naruse K, Wittbrodt J, Loosli F. The genomic and genetic toolbox of the teleost medaka
(Oryzias latipes). Genetics. 2015; 199: 905-918. https://doi.org/10.1534/genetics.114.173849 PMID:
25855651

Zou M, De Koninck P, Neve RL, Friedrich RW. Fast gene transfer into the adult zebrafish brain by her-
pes simplex virus 1 (HSV-1) and electroporation: methods and optogenetic applications. Front Neural
Circuits. 2014; 8: 41. https://doi.org/10.3389/fncir.2014.00041 PMID: 24834028

Sladky KK, Clarke EO. Fish Surgery: Presurgical Preparation and Common Surgical Procedures. Vet
Clin North Am—Exot Anim Pract. 2016; 19: 55—76. https://doi.org/10.1016/j.cvex.2015.08.008 PMID:
26611924

Neiffer DL, Stamper MA. Fish sedation, anesthesia, analgesia, and euthanasia: Considerations, meth-
ods, and types of drugs. ILAR J. 2009; 50: 343—-360. https://doi.org/10.1093/ilar.50.4.343 PMID:
19949251

Harms CA, Lewbart GA, Swanson CR, Kishimori JM, Boylan SM. Behavioral and clinical pathology
changes in koi carp (Cyprinus carpio) subjected to anesthesia and surgery with and without intra-oper-
ative analgesics. Comp Med. 2005; 55: 221—6. Available: http://www.ncbi.nlm.nih.gov/pubmed/
16089168 PMID: 16089168

Bell AM. Behavioural differences between individuals and two populations of stickleback (Gasteros-
teus aculeatus). J Evol Biol. 2005; 18: 464—73. https://doi.org/10.1111/j.1420-9101.2004.00817 .x
PMID: 15715852

Bolyard KJ, Rowland WJ, Bolyard KJ. The effects of spatial context and social experience on the terri-
torial aggression of male threespine stickleback. Behaviour. 2000; 137: 845-864. https://doi.org/10.
1163/156853900502493

Wootton RJ. Measures of the aggression of parental male three-spined sticklebacks. Behaviour.
1971; 40: 228-62. https://doi.org/10.1163/156853971x00401 PMID: 5166632

Huntingford FA, Turner AK. Animal Conflict. Huntingford FA, Turner AK, editors. Dordrecht: Springer
Netherlands; 1987. https://doi.org/10.1007/978-94-009-3145-9

Anholt RRH, Mackay TFC. Genetics of Aggression. Annu Rev Genet. 2012; 46: 145—164. hitps://doi.
org/10.1146/annurev-genet-110711-155514 PMID: 22934647

Takahashi A, Miczek KA. Neurogenetics of aggressive behavior: studies in rodents. Curr Top Behav
Neurosci. 2014; 17: 3—44. https://doi.org/10.1007/7854_2013_263 PMID: 24318936

Sanogo YO, Band M, Blatti C, Sinha S, Bell AM. Transcriptional regulation of brain gene expression in
response to a territorial intrusion. Proc Biol Sci. 2012; 279: 4929-38. https://doi.org/10.1098/rspb.
2012.2087 PMID: 23097509

Moore FL. Evolutionary Precedents for Behavioral Actions of Oxytocin and Vasopressin. Ann N 'Y
Acad Sci. 1992; 652: 156—165. https://doi.org/10.1111/j.1749-6632.1992.tb34352.x PMID: 1626827

Balment RJ, Lu W, Weybourne E, Warne JM. Arginine vasotocin a key hormone in fish physiology and
behaviour: A review with insights from mammalian models. Gen Comp Endocrinol. 2006; 147: 9-16.
https://doi.org/10.1016/j.ygcen.2005.12.022 PMID: 16480986

Goodson JL, Bass AH. Social behavior functions and related anatomical characteristics of vasotocin/
vasopressin systems in vertebrates. Brain Res Rev. 2001; 35: 246—265. https://doi.org/10.1016/
s0165-0173(01)00043-1 PMID: 11423156

Feuerstein G, Zerbe RL, Faden Al. Central cardiovascular effects of vasotocin, oxytocin and vasopres-
sin in conscious rats. J Pharmacol Exp Ther. 1984; 228: 348-53. Available: http://www.ncbi.nim.nih.
gov/pubmed/6694114 PMID: 6694114

Goodson JL. Deconstructing sociality, social evolution and relevant nonapeptide functions. Psycho-
neuroendocrinology. 2013; 38: 465—478. https://doi.org/10.1016/j.psyneuen.2012.12.005 PMID:
23290368

PLOS ONE | https://doi.org/10.1371/journal.pone.0251653 May 17, 2021 23/26


https://doi.org/10.1163/156853982X00481
https://doi.org/10.1186/1687-5281-2013-61
https://doi.org/10.1186/1687-5281-2013-61
https://doi.org/10.1016/j.brainres.2019.01.026
https://doi.org/10.1016/j.brainres.2019.01.026
http://www.ncbi.nlm.nih.gov/pubmed/30684457
https://doi.org/10.1534/genetics.114.173849
http://www.ncbi.nlm.nih.gov/pubmed/25855651
https://doi.org/10.3389/fncir.2014.00041
http://www.ncbi.nlm.nih.gov/pubmed/24834028
https://doi.org/10.1016/j.cvex.2015.08.008
http://www.ncbi.nlm.nih.gov/pubmed/26611924
https://doi.org/10.1093/ilar.50.4.343
http://www.ncbi.nlm.nih.gov/pubmed/19949251
http://www.ncbi.nlm.nih.gov/pubmed/16089168
http://www.ncbi.nlm.nih.gov/pubmed/16089168
http://www.ncbi.nlm.nih.gov/pubmed/16089168
https://doi.org/10.1111/j.1420-9101.2004.00817.x
http://www.ncbi.nlm.nih.gov/pubmed/15715852
https://doi.org/10.1163/156853900502493
https://doi.org/10.1163/156853900502493
https://doi.org/10.1163/156853971x00401
http://www.ncbi.nlm.nih.gov/pubmed/5166632
https://doi.org/10.1007/978-94-009-3145-9
https://doi.org/10.1146/annurev-genet-110711-155514
https://doi.org/10.1146/annurev-genet-110711-155514
http://www.ncbi.nlm.nih.gov/pubmed/22934647
https://doi.org/10.1007/7854%5F2013%5F263
http://www.ncbi.nlm.nih.gov/pubmed/24318936
https://doi.org/10.1098/rspb.2012.2087
https://doi.org/10.1098/rspb.2012.2087
http://www.ncbi.nlm.nih.gov/pubmed/23097509
https://doi.org/10.1111/j.1749-6632.1992.tb34352.x
http://www.ncbi.nlm.nih.gov/pubmed/1626827
https://doi.org/10.1016/j.ygcen.2005.12.022
http://www.ncbi.nlm.nih.gov/pubmed/16480986
https://doi.org/10.1016/s0165-0173%2801%2900043-1
https://doi.org/10.1016/s0165-0173%2801%2900043-1
http://www.ncbi.nlm.nih.gov/pubmed/11423156
http://www.ncbi.nlm.nih.gov/pubmed/6694114
http://www.ncbi.nlm.nih.gov/pubmed/6694114
http://www.ncbi.nlm.nih.gov/pubmed/6694114
https://doi.org/10.1016/j.psyneuen.2012.12.005
http://www.ncbi.nlm.nih.gov/pubmed/23290368
https://doi.org/10.1371/journal.pone.0251653

PLOS ONE

Brain injections for viral-mediated transgenesis in sticklebacks

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Albers HE. Species, sex and individual differences in the vasotocin/vasopressin system: Relationship
to neurochemical signaling in the social behavior neural network. Front Neuroendocrinol. 2015; 36:
49-71. https://doi.org/10.1016/j.yfrne.2014.07.001 PMID: 25102443

O’Connell LA, Hofmann HA. Evolution of a vertebrate social decision-making network. Science (80-).
2012; 336: 1154-1157. https://doi.org/10.1126/science. 1218889 PMID: 22654056

O’Connell LA, Hofmann HA. Genes, hormones, and circuits: An integrative approach to study the evo-
lution of social behavior. Front Neuroendocrinol. 2011; 32: 320-335. https://doi.org/10.1016/j.yfrne.
2010.12.004 PMID: 21163292

Goodson JL. The vertebrate social behavior network: evolutionary themes and variations. Horm
Behav. 2005; 48: 11-22. https://doi.org/10.1016/j.yhbeh.2005.02.003 PMID: 15885690

Stoop R. Neuromodulation by Oxytocin and Vasopressin. Neuron. 2012; 76: 142—159. https://doi.org/
10.1016/j.neuron.2012.09.025 PMID: 23040812

Gozdowska M, Kleszczynska A, Sokotowska E, Kulczykowska E. Arginine vasotocin (AVT) and isoto-
cin (IT) in fish brain: Diurnal and seasonal variations. Comp Biochem Physiol—B Biochem Mol Biol.
2006; 143: 330—334. https://doi.org/10.1016/j.cbpb.2005.12.004 PMID: 16413807

Kleszczynska A, Sokotowska E, Kulczykowska E. Variation in brain arginine vasotocin (AVT) and iso-

tocin (IT) levels with reproductive stage and social status in males of three-spined stickleback (Gaster-
osteus aculeatus). Gen Comp Endocrinol. 2012; 175: 290-296. https://doi.org/10.1016/j.ygcen.2011.

11.022 PMID: 22137910

Filby AL, Paull GC, Hickmore TF, Tyler CR. Unravelling the neurophysiological basis of aggression in
a fish model. BMC Genomics. 2010; 11: 498. https://doi.org/10.1186/1471-2164-11-498 PMID:
20846403

Kagawa N, Honda A, Zenno A, Omoto R, Imanaka S, Takehana Y, et al. Arginine vasotocin neuronal
development and its projection in the adult brain of the medaka. Neurosci Lett. 2016; 613: 47-53.
https://doi.org/10.1016/j.neulet.2015.12.049 PMID: 26739197

Huffman LS, O’Connell LA, Kenkel CD, Kline RJ, Khan IA, Hofmann HA, et al. Distribution of nonapep-
tide systems in the forebrain of an African cichlid fish, Astatotilapia burtoni. J Chem Neuroanat. 2012;
44: 86-97. https://doi.org/10.1016/j.jchemneu.2012.05.002 PMID: 22668656

Arnett MG, Muglia LILMLJ, Laryea G, Muglia LILMLJ Genetic Approaches to Hypothalamic-Pituitary-
Adrenal Axis Regulation. Neuropsychopharmacology. 2016; 41: 245-260. https://doi.org/10.1038/
npp.2015.215 PMID: 26189452

Gongalves DM, Oliveira RF. Hormones and Sexual Behavior of Teleost Fishes. Hormones and Repro-
duction of Vertebrates. Elsevier; 2011. pp. 119-147. https://doi.org/10.1016/B978-0-12-375009-9.
100074

Santangelo N, Bass AH. New insights into neuropeptide modulation of aggression: field studies of argi-
nine vasotocin in a territorial tropical damselfish. Proceedings Biol Sci. 2006; 273: 3085-92. https://
doi.org/10.1098/rspb.2006.3683 PMID: 17015351

Moore FL, Miller LJ. Arginine vasotocin induces sexual behavior of newts by acting on cells in the
brain. Peptides. 1983; 4: 97—102. https://doi.org/10.1016/0196-9781(83)90173-0 PMID: 6866813

Koshimizu T, Nakamura K, Egashira N, Hiroyama M, Nonoguchi H, Tanoue A. Vasopressin V1a and
V1b Receptors: From Molecules to Physiological Systems. Physiol Rev. 2012; 92: 1813-1864. https://
doi.org/10.1152/physrev.00035.2011 PMID: 23073632

Banks WA, Kastin AJ, Horvath A, Michals EA. Carrier-mediated transport of vasorpressin across the
blood-brain barrier of the mouse. J Neurosci Res. 1987; 18: 326-332. https://doi.org/10.1002/nr.
490180209 PMID: 3694715

Yaeger C, Ros AM, Cross V, DeAngelis RS, Stobaugh DJ, Rhodes JS. Blockade of arginine vasotocin
signaling reduces aggressive behavior and c-Fos expression in the preoptic area and periventricular
nucleus of the posterior tuberculum in male Amphiprion ocellaris. Neuroscience. 2014; 267: 205-218.
https://doi.org/10.1016/j.neuroscience.2014.02.045 PMID: 24631675

Godar SC, Fite PJ, McFarlin KM, Bortolato M. The role of monoamine oxidase A in aggression: Cur-
rent translational developments and future challenges. Prog Neuropsychopharmacol Biol Psychiatry.
2016; 69: 90—100. https://doi.org/10.1016/j.pnpbp.2016.01.001 PMID: 26776902

Brunner HG, Nelen M, Breakefiels X, Ropers HH, Van Oost BA, Breakefield XO, et al. Abnormal
behavior associated with a point mutation in the structural gene for monoamine oxidase A. Science
(80-). 1993; 262: 578-80. https://doi.org/10.1126/science.8211186 PMID: 8211186

Shih JC, Chen K, Ridd MJ. MONOAMINE OXIDASE: From Genes to Behavior. Annu Rev Neurosci.
1999; 22: 197-217. https://doi.org/10.1146/annurev.neuro.22.1.197 PMID: 10202537

PLOS ONE | https://doi.org/10.1371/journal.pone.0251653 May 17, 2021 24/26


https://doi.org/10.1016/j.yfrne.2014.07.001
http://www.ncbi.nlm.nih.gov/pubmed/25102443
https://doi.org/10.1126/science.1218889
http://www.ncbi.nlm.nih.gov/pubmed/22654056
https://doi.org/10.1016/j.yfrne.2010.12.004
https://doi.org/10.1016/j.yfrne.2010.12.004
http://www.ncbi.nlm.nih.gov/pubmed/21163292
https://doi.org/10.1016/j.yhbeh.2005.02.003
http://www.ncbi.nlm.nih.gov/pubmed/15885690
https://doi.org/10.1016/j.neuron.2012.09.025
https://doi.org/10.1016/j.neuron.2012.09.025
http://www.ncbi.nlm.nih.gov/pubmed/23040812
https://doi.org/10.1016/j.cbpb.2005.12.004
http://www.ncbi.nlm.nih.gov/pubmed/16413807
https://doi.org/10.1016/j.ygcen.2011.11.022
https://doi.org/10.1016/j.ygcen.2011.11.022
http://www.ncbi.nlm.nih.gov/pubmed/22137910
https://doi.org/10.1186/1471-2164-11-498
http://www.ncbi.nlm.nih.gov/pubmed/20846403
https://doi.org/10.1016/j.neulet.2015.12.049
http://www.ncbi.nlm.nih.gov/pubmed/26739197
https://doi.org/10.1016/j.jchemneu.2012.05.002
http://www.ncbi.nlm.nih.gov/pubmed/22668656
https://doi.org/10.1038/npp.2015.215
https://doi.org/10.1038/npp.2015.215
http://www.ncbi.nlm.nih.gov/pubmed/26189452
https://doi.org/10.1016/B978-0-12-375009-9.10007%26%23x2013%3B4
https://doi.org/10.1016/B978-0-12-375009-9.10007%26%23x2013%3B4
https://doi.org/10.1098/rspb.2006.3683
https://doi.org/10.1098/rspb.2006.3683
http://www.ncbi.nlm.nih.gov/pubmed/17015351
https://doi.org/10.1016/0196-9781%2883%2990173-0
http://www.ncbi.nlm.nih.gov/pubmed/6866813
https://doi.org/10.1152/physrev.00035.2011
https://doi.org/10.1152/physrev.00035.2011
http://www.ncbi.nlm.nih.gov/pubmed/23073632
https://doi.org/10.1002/jnr.490180209
https://doi.org/10.1002/jnr.490180209
http://www.ncbi.nlm.nih.gov/pubmed/3694715
https://doi.org/10.1016/j.neuroscience.2014.02.045
http://www.ncbi.nlm.nih.gov/pubmed/24631675
https://doi.org/10.1016/j.pnpbp.2016.01.001
http://www.ncbi.nlm.nih.gov/pubmed/26776902
https://doi.org/10.1126/science.8211186
http://www.ncbi.nlm.nih.gov/pubmed/8211186
https://doi.org/10.1146/annurev.neuro.22.1.197
http://www.ncbi.nlm.nih.gov/pubmed/10202537
https://doi.org/10.1371/journal.pone.0251653

PLOS ONE

Brain injections for viral-mediated transgenesis in sticklebacks

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Liu'Y, Zhao J, Guo W. Emotional roles of mono-aminergic neurotransmitters in major depressive disor-
der and anxiety disorders. Front Psychol. 2018; 9: 1-8. https://doi.org/10.3389/fpsyg.2018.00001
PMID: 29410639

Cano-Colino M, Almeida R, Gomez-Cabrero D, Artigas F, Compte A. Serotonin regulates performance
nonmonotonically in a spatial working memory network. Cereb Cortex. 2014; 24: 2449-2463. https://
doi.org/10.1093/cercor/bht096 PMID: 23629582

Cools R, D’Esposito M. Inverted-U-shaped dopamine actions on human working memory and cogni-
tive control. Biol Psychiatry. 2011; 69: e113-25. https://doi.org/10.1016/j.biopsych.2011.03.028
PMID: 21531388

Arslan BK, Edmondson DE. Expression of zebrafish (Danio rerio) monoamine oxidase (MAO) in Pichia
pastoris: Purification and comparison with human MAO A and MAO B. Protein Expr Purif. 2010; 70:
290-297. https://doi.org/10.1016/j.pep.2010.01.005 PMID: 20079438

Freudenberg F, Carrefio Gutierrez H, Post AM, Reif A, Norton WHJJ. Aggression in non-human verte-
brates: Genetic mechanisms and molecular pathways. Am J Med Genet Part B Neuropsychiatr Genet.
2016; 171: 603—640. https://doi.org/10.1002/ajmg.b.32358 PMID: 26284957

Quadros VA, Costa F V, Canzian J, Nogueira CW, Rosemberg DB. Modulatory role of conspecific
alarm substance on aggression and brain monoamine oxidase activity in two zebrafish populations.
Prog Neuropsychopharmacol Biol Psychiatry. 2018; 86: 322—-330. https://doi.org/10.1016/j.pnpbp.
2018.03.018 PMID: 29588212

Deckert J, Catalano M, Syagailo Y V., Bosi M, Okladnova O, Di Bella D, et al. Excess of high activity
monoamine oxidase A gene promoter alleles in female patients with panic disorder. Hum Mol Genet.
1999; 8: 621-624. https://doi.org/10.1093/hmg/8.4.621 PMID: 10072430

Kabayama M, Sakoori K, Yamada K, Ornthanalai VG, Ota M, Morimura N, et al. Rines E3 Ubiquitin
Ligase Regulates MAO-A Levels and Emotional Responses. J Neurosci. 2013; 33: 12940-12953.
https://doi.org/10.1523/JNEUROSCI.5717-12.2013 PMID: 23926250

Peichel CL, Ross JA, Matson CK, Dickson M, Grimwood J, Schmutz J, et al. The master sex-determi-
nation locus in threespine sticklebacks is on a nascent Y chromosome. Curr Biol. 2004; 14: 1416—
1424. https://doi.org/10.1016/j.cub.2004.08.030 PMID: 15324658

Anker GC. Morphology and kinetics of the head of the stickleback, Gasterosteus aculeatus. Trans
Zool Soc London. 1974; 32: 311-416. https://doi.org/10.1111/j.1096-3642.1974.tb00030.x

Neve R, Neve K, Nestler E, Carlezon W Jr. Use of herpes virus amplicon vectors to study brain disor-
ders. Biotechniques. 2005; 39: 381-391. https://doi.org/10.2144/05393PS01 PMID: 16206910

Bouard D, Alazard-Dany D, Cosset F-L. Viral vectors: from virology to transgene expression. Br J
Pharmacol. 2009; 157: 153-65. https://doi.org/10.1038/bjp.2008.349 PMID: 18776913

Howarth JL, Lee YB, Uney JB. Using viral vectors as gene transfer tools (Cell Biology and Toxicology
Special Issue: ETCS-UK 1 day meeting on genetic manipulation of cells). Cell Biol Toxicol. 2010; 26:
1-20. https://doi.org/10.1007/s10565-009-9139-5 PMID: 19830583

Shah DA, Madden L V. Nonparametric Analysis of Ordinal Data in Designed Factorial Experiments.
Phytopathology. 2004; 94: 33—-43. https://doi.org/10.1094/PHYTO.2004.94.1.33 PMID: 18943817

Noguchi K, Gel YR, Brunner E, Konietschke F. nparLD: An R Software Package for the Nonparametric
Analysis of Longitudinal Data in Factorial Experiments. J Stat Softw. 2012; 50. https://doi.org/10.
18637/jss.v050.i11 PMID: 25317082

Baker JA, Heins DC, Susan A. An Overview of Life-History Variation in Female Threespine Stickle-
back Author (s): John A. Baker, David C. Heins, Susan A. Foster and Richard W. King Source: Behav-
iour, Vol. 145, No. 4/ 5, Fifth International Conference on Stickleback Behav. Behaviour. 2008;145:
579-602.

Lema SC, Nevitt GA. Exogenous vasotocin alters aggression during agonistic exchanges in male
Amargosa River pupfish (Cyprinodon nevadensis amargosae). Horm Behav. 2004; 46: 628-637.
https://doi.org/10.1016/j.yhbeh.2004.07.003 PMID: 15555505

Cook AM, Mieure KD, Owen RD, Pesaturo AB, Hatton J. Intracerebroventricular Administration of
Drugs. Pharmacotherapy. 2009; 29: 832—-845. https://doi.org/10.1592/phco.29.7.832 PMID:
19558257

Stark H, Burbach JPH, Van Der Kleij AAM, De Wied D. In vivo conversion of vasopressin after microin-
jection into limbic brain areas of rats. Peptides. 1989; 10: 717-720. https://doi.org/10.1016/0196-9781
(89)90102-2 PMID: 2587414

Whelan RF, Young IM. The effect of adrenaline and noradrenaline infusions on respiration in man. Br
J Pharmacol Chemother. 1953; 8: 98—102. https://doi.org/10.1111/j.1476-5381.1953.tb00759.x PMID:
13066703

PLOS ONE | https://doi.org/10.1371/journal.pone.0251653 May 17, 2021 25/26


https://doi.org/10.3389/fpsyg.2018.00001
http://www.ncbi.nlm.nih.gov/pubmed/29410639
https://doi.org/10.1093/cercor/bht096
https://doi.org/10.1093/cercor/bht096
http://www.ncbi.nlm.nih.gov/pubmed/23629582
https://doi.org/10.1016/j.biopsych.2011.03.028
http://www.ncbi.nlm.nih.gov/pubmed/21531388
https://doi.org/10.1016/j.pep.2010.01.005
http://www.ncbi.nlm.nih.gov/pubmed/20079438
https://doi.org/10.1002/ajmg.b.32358
http://www.ncbi.nlm.nih.gov/pubmed/26284957
https://doi.org/10.1016/j.pnpbp.2018.03.018
https://doi.org/10.1016/j.pnpbp.2018.03.018
http://www.ncbi.nlm.nih.gov/pubmed/29588212
https://doi.org/10.1093/hmg/8.4.621
http://www.ncbi.nlm.nih.gov/pubmed/10072430
https://doi.org/10.1523/JNEUROSCI.5717-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23926250
https://doi.org/10.1016/j.cub.2004.08.030
http://www.ncbi.nlm.nih.gov/pubmed/15324658
https://doi.org/10.1111/j.1096-3642.1974.tb00030.x
https://doi.org/10.2144/05393PS01
http://www.ncbi.nlm.nih.gov/pubmed/16206910
https://doi.org/10.1038/bjp.2008.349
http://www.ncbi.nlm.nih.gov/pubmed/18776913
https://doi.org/10.1007/s10565-009-9139-5
http://www.ncbi.nlm.nih.gov/pubmed/19830583
https://doi.org/10.1094/PHYTO.2004.94.1.33
http://www.ncbi.nlm.nih.gov/pubmed/18943817
https://doi.org/10.18637/jss.v050.i11
https://doi.org/10.18637/jss.v050.i11
http://www.ncbi.nlm.nih.gov/pubmed/25317082
https://doi.org/10.1016/j.yhbeh.2004.07.003
http://www.ncbi.nlm.nih.gov/pubmed/15555505
https://doi.org/10.1592/phco.29.7.832
http://www.ncbi.nlm.nih.gov/pubmed/19558257
https://doi.org/10.1016/0196-9781%2889%2990102-2
https://doi.org/10.1016/0196-9781%2889%2990102-2
http://www.ncbi.nlm.nih.gov/pubmed/2587414
https://doi.org/10.1111/j.1476-5381.1953.tb00759.x
http://www.ncbi.nlm.nih.gov/pubmed/13066703
https://doi.org/10.1371/journal.pone.0251653

PLOS ONE

Brain injections for viral-mediated transgenesis in sticklebacks

89.

90.

91.

92,

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Hodges MR, Richerson GB. Contributions of 5-HT neurons to respiratory control: Neuromodulatory
and trophic effects. Respir Physiol Neurobiol. 2008; 164: 222—232. https://doi.org/10.1016/j.resp.
2008.05.014 PMID: 18595785

Godar SC, Bortolato M, Castelli MP, Casti A, Casu A, Chen K, et al. The aggression and behavioral
abnormalities associated with monoamine oxidase A deficiency are rescued by acute inhibition of
serotonin reuptake. J Psychiatr Res. 2014; 56: 1-9. https://doi.org/10.1016/j.jpsychires.2014.04.014
PMID: 24882701

Dickinson MH, Vosshall LB, Dow JAT. Genome editing in non-model organisms opens new horizons
for comparative physiology. J Exp Biol. 2020; 223. https://doi.org/10.1242/jeb.221119 PMID:
32034052

Hendry AP, Peichel CL, Matthews B, Boughman JW, Nosil P. Stickleback research: The now and the
next. Evol Ecol Res. 2013; 15: 111-141.

Lema SC. Population divergence in plasticity of the AVT system and its association with aggressive
behaviors in a Death Valley pupfish. Horm Behav. 2006; 50: 183-93. https://doi.org/10.1016/j.yhbeh.
2006.02.010 PMID: 16624314

Dingemanse NJ, WRIGHT J, Kazem AJN, THOMAS DK, Hickling R, Dawnay N. Behavioural syn-
dromes differ predictably between 12 populations of three-spined stickleback. J Anim Ecol. 2007; 76:
1128-1138. https://doi.org/10.1111/j.1365-2656.2007.01284.x PMID: 17922709

Keagy J, Lettieri L, Boughman JW. Male competition fithess landscapes predict both forward and
reverse speciation. Grether G, editor. Ecol Lett. 2016; 19: 71-80. https://doi.org/10.1111/ele.12544
PMID: 26612568

Hasan MM, DeFaveri J, Kuure S, Dash SN, Lehtonen S, Merila J, et al. Sticklebacks adapted to diver-
gent osmotic environments show differences in plasticity for kidney morphology and candidate gene
expression. J Exp Biol. 2017; 220: 2175-2186. https://doi.org/10.1242/jeb.146027 PMID: 28373599

Bakker TCM. Aggressiveness in Sticklebacks (Gasterosteus Aculeatus L.): a Behaviour-Genetic
Study. Behaviour. 1986; 98: 1—144. https://doi.org/10.1163/156853986X00937

Ishikawa A, Kitano J. Diversity in reproductive seasonality in the three-spined stickleback, Gasteros-
teus aculeatus. J Exp Biol. 2020; 223. https://doi.org/10.1242/jeb.208975 PMID: 32034046

Dalziel AC, Ou M, Schulte PM. Mechanisms underlying parallel reductions in aerobic capacity in non-
migratory threespine stickleback (Gasterosteus aculeatus) populations. J Exp Biol. 2012; 215: 746—
59. https://doi.org/10.1242/jeb.065425 PMID: 22323197

Hohenlohe PA, Bassham S, Etter PD, Stiffler N, Johnson EA, Cresko WA, et al. Population genomics
of parallel adaptation in threespine stickleback using sequenced RAD tags. PLoS Genet. 2010; 6:
e1000862. https://doi.org/10.1371/journal.pgen.1000862 PMID: 20195501

Shimada Y, Shikano T, Merila J. A High Incidence of Selection on Physiologically Important Genes in
the Three-Spined Stickleback, Gasterosteus aculeatus. Mol Biol Evol. 2011; 28: 181-193. https://doi.
org/10.1093/molbev/msq181 PMID: 20660084

Schéfer T, Schwarz MA. The Meaningfulness of Effect Sizes in Psychological Research: Differences
Between Sub-Disciplines and the Impact of Potential Biases. Front Psychol. 2019; 10: 813. https://doi.
0rg/10.3389/fpsyg.2019.00813 PMID: 31031679

Button KS, loannidis JP a, Mokrysz C, Nosek B a, Flint J, Robinson ESJ, et al. Power failure: why
small sample size undermines the reliability of neuroscience. Nat Rev Neurosci. 2013; 14: 365-76.
https://doi.org/10.1038/nrn3475 PMID: 23571845

Fanelli D, loannidis JPA. US studies may overestimate effect sizes in softer research. Proc Natl Acad
SciU S A.2013; 110: 15031-6. https://doi.org/10.1073/pnas.1302997110 PMID: 23980165

Forstmeier W, Schielzeth H. Cryptic multiple hypotheses testing in linear models: Overestimated effect
sizes and the winner’s curse. Behav Ecol Sociobiol. 2011; 65: 47-55. https://doi.org/10.1007/s00265-
010-1038-5 PMID: 21297852

Taborsky M. Sample size in the study of behaviour. Ethology. 2010; 116: 185-202. https://doi.org/10.
1111/j.1439-0310.2010.01751.x

Roth BL. DREADDs for Neuroscientists. Neuron. 2016; 89: 683-94. https://doi.org/10.1016/j.neuron.
2016.01.040 PMID: 26889809

PLOS ONE | https://doi.org/10.1371/journal.pone.0251653 May 17, 2021 26/26


https://doi.org/10.1016/j.resp.2008.05.014
https://doi.org/10.1016/j.resp.2008.05.014
http://www.ncbi.nlm.nih.gov/pubmed/18595785
https://doi.org/10.1016/j.jpsychires.2014.04.014
http://www.ncbi.nlm.nih.gov/pubmed/24882701
https://doi.org/10.1242/jeb.221119
http://www.ncbi.nlm.nih.gov/pubmed/32034052
https://doi.org/10.1016/j.yhbeh.2006.02.010
https://doi.org/10.1016/j.yhbeh.2006.02.010
http://www.ncbi.nlm.nih.gov/pubmed/16624314
https://doi.org/10.1111/j.1365-2656.2007.01284.x
http://www.ncbi.nlm.nih.gov/pubmed/17922709
https://doi.org/10.1111/ele.12544
http://www.ncbi.nlm.nih.gov/pubmed/26612568
https://doi.org/10.1242/jeb.146027
http://www.ncbi.nlm.nih.gov/pubmed/28373599
https://doi.org/10.1163/156853986X00937
https://doi.org/10.1242/jeb.208975
http://www.ncbi.nlm.nih.gov/pubmed/32034046
https://doi.org/10.1242/jeb.065425
http://www.ncbi.nlm.nih.gov/pubmed/22323197
https://doi.org/10.1371/journal.pgen.1000862
http://www.ncbi.nlm.nih.gov/pubmed/20195501
https://doi.org/10.1093/molbev/msq181
https://doi.org/10.1093/molbev/msq181
http://www.ncbi.nlm.nih.gov/pubmed/20660084
https://doi.org/10.3389/fpsyg.2019.00813
https://doi.org/10.3389/fpsyg.2019.00813
http://www.ncbi.nlm.nih.gov/pubmed/31031679
https://doi.org/10.1038/nrn3475
http://www.ncbi.nlm.nih.gov/pubmed/23571845
https://doi.org/10.1073/pnas.1302997110
http://www.ncbi.nlm.nih.gov/pubmed/23980165
https://doi.org/10.1007/s00265-010-1038-5
https://doi.org/10.1007/s00265-010-1038-5
http://www.ncbi.nlm.nih.gov/pubmed/21297852
https://doi.org/10.1111/j.1439-0310.2010.01751.x
https://doi.org/10.1111/j.1439-0310.2010.01751.x
https://doi.org/10.1016/j.neuron.2016.01.040
https://doi.org/10.1016/j.neuron.2016.01.040
http://www.ncbi.nlm.nih.gov/pubmed/26889809
https://doi.org/10.1371/journal.pone.0251653

