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Testing synaptic plasticity in dynamic
mate choice decisions: N-methyl
p-aspartate receptor blockade disrupts
female preference
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Social behaviours such as mate choice require context-specific responses,
often with evolutionary consequences. Increasing evidence indicates that
the behavioural plasticity associated with mate choice involves learning.
For example, poeciliids show age-dependent changes in female preference
functions and express synaptic-plasticity-associated molecular markers
during mate choice. Here, we test whether social cognition is necessary for
female preference behaviour by blocking the central player in synaptic
plasticity, NMDAR (N-methyl p-aspartate receptor), in a poeciliid fish,
Xiphophorus nigrensis. After subchronic exposure to NMDAR antagonist
MK-801, female preference behaviours towards males were dramatically
reduced. Overall activity levels were unaffected, but there was a directional
shift from ‘social” behaviours towards neutral activity. Multivariate gene
expression patterns significantly discriminated between females with
normal versus disrupted plasticity processes and correlated with preference
behaviours—not general activity. Furthermore, molecular patterns support a
distinction between ‘preference’ (e.g. neuroserpin, neuroligin-3, NMIDAR) and
‘sociality” (isotocin and wvasotocin) gene clusters, highlighting a possible con-
servation between NMDAR disruption and nonapeptides in modulating
behaviour. Our results suggest that mate preference may involve greater
social memory processing than overall sociality, and that poeciliid prefer-
ence functions integrate synaptic-plasticity-oriented ‘preference” pathways
with overall sociality to invoke dynamic, context-specific responses towards
favoured males and away from unfavoured males.

1. Introduction

Social behaviours require context-specific responses to other individuals. Female
mate preference is a particularly intriguing social behaviour because females exhi-
bit behavioural plasticity with profound evolutionary consequences, particularly
in terms of sexual selection and speciation. While variation in female responses
towards different male phenotypes can arise from numerous factors [1], increas-
ing evidence indicates that the behavioural plasticity associated with vertebrate
mate choice also involves learning [2]. For example, several poeciliids, including
Xiphophorus nigrensis, show age-dependent changes in female preference func-
tions [3-5] and express synaptic-plasticity-associated molecular markers during
mate choice events [6—8].

Swordtail females, like many females in other taxa with alternative male
mating strategies, generally prefer to associate with large, courting males and
avoid smaller-size-class males using force-copulation mating strategies [9]. Our
previous research identified dynamic expression patterns associated with prefer-
ence behaviour during mate choice conditions in X. nigrensis females, including
genes associated with synaptic plasticity, such as neuroserpin, neuroligin-3 and
N-methyl p-aspartate receptor (NMDAR) [6,7,8,10]. Synaptic plasticity processes
within the brain mediate dynamic learning and memory, and a critical com-
ponent of the glutamatergic signalling underlying this plasticity is NMDAR
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Table 1. Behaviour ethogram for X. nigrensis females exposed to dichotomous choice conditions. We measured 11 behaviours characterizing all commonly  [JJEJ}
performed horizontal and vertical movements within the tank, and whether these behaviours were oriented towards stimulus or neutral zones. Behaviours were

categorized into preference, general social or neutral. Preference behaviours are defined as time/activities directed towards one stimulus zone over another and

are expressed as a bias measure between stimulus individuals. General social behaviours were defined as overall measures of time or activity directed towards

both stimulus zones (glides, up-down swims and lateral swims); and general neutral activities are non-socially directed (transits, circle swims and non-directed
up-down swims). Total activity is the sum of all general behaviours (three general social + three general activity behaviours).

time spent in the association zone with stimulus a/(time with stimulus a 4 stimulus b), where

trme wrth strmulus a |s greater than trme with strmulus b

behaviour category description
association bias preference
preference score preference
glrde bras preference
up- ~down bias preference

assocratron bras + Iog ((1 + no. glrdes to strmulus a)/total transrts)
number of glrdes performed towards strmulus a/(no glrdes wrth strmulus a + strmulus b)
number of up-down swims performed towards stimulus a/(no up- -down swims with

strmulus a + strmulus b)

total association general sociality
(socral)

glide swims general socralrty

time spent in both association zones/total time of the trial

circular swim wherein the female orients towards a stimulus, then swims away from him, turns and

(socral) then returns to the barrrer

up-down swims general socralrty

female orients to a stimulus barrier and makes a vertical swim at least one body Iength in drstance

(socral) then returns to the same relative Iocatron onented towards the strmulus barrrer

lateral swims general socralrty
(socral)

Ccrde swims general actrvrty
(neutral)

non-directed general actrvrty

up-down swims (neutral)
materral )
transits general activity

horizontal swims along the stimulus barrier
circular swims in the tank not directed towards a particular stimulus/barrier

vertical swims not directed towards a particular stimulus/barrier; rarely performed in the
LS experiment so not included in the main text DFA analysis (see the electronic supplementary

total swims out of erther assocratron zone |nto the mrddle of the tank

(neutral)

[11]. Pharmacological disruption of NMDAR results in
impaired learning, memory, social cognitive and perceptual
processes [11-13]; however, NMDAR blockade has never
before been used in a mate choice context.

Here, we test whether social cognition is necessary for
female mate preference behaviour by exposing X. nigrensis
females to a non-invasive, subchronic dose of the NMDAR
antagonist MK-801, and then testing preference-associated
behaviours and gene expression patterns. We compare be-
havioural response to NMDAR blockade under mate choice
conditions to those under general social control (exposure
to conspecific females) or with an asocial test of anxiety (sco-
totaxis or light/dark preference). We predicted that
disrupting the key molecular pathway for social cognition
would alter female preference behaviour for appropriate
male phenotypes (courters) relative to aversive male pheno-
types (force-copulators). We further predicted that mate
preference disruption subsequent to NMDAR blockade
would have genomic consequences in behaviourally relevant
gene expression modules. Therefore, we tested for disrupted
brain expression profiles of genes known to have a rapid and
preference-specific response in X. nigrensis females in control
and MK-801 females exposed to identical male conditions.
NMDAR antagonism disrupts multiple aspects of social
learning and emotional processing [14-18], therefore we
included genes linked to both preference behaviours (e.g.

neuroserpin, neuroligin-3, NMIDAR [6—-8]) and general sociality
(isotocin and vasotocin—fish homologues of oxytocin and vaso-
pressin [19-21]) in fish to characterize the effects of disrupted
social cognition on gene modules associated with these two
critical aspects of mate choice behaviour.

2. Material and methods
(a) Behaviour and pharmacology

Xiphophorus nigrensis females were obtained from semi-wild popu-
lations (University of Texas Brackenridge Field Laboratories).
Female behaviour was measured in non-contact dichotomous
choice trials as in [6,8,10], with stimuli pairs consisting of a large
and small male (LS; n=20) or two size-matched conspecific
females (FF; n = 15; see the electronic supplementary material).
Male sizes ranged from 34.6 to 44.4 mm for large males and 20.7
to 25.7 mm for small males. Trials lasted 30 min, with the side of
stimulus presentation switched mid-way through the trial to
ensure preference measures assessed biases towards a specific
stimulus rather than a particular side of the tank. We measured
11 aspects of female behaviours meant to characterize time and
activity budgets incorporating horizontal and vertical movements
within the tank, and whether these behaviours were oriented
towards stimulus or neutral zones (table 1). Strength-of-preference
measures are independent of stimulus phenotype, but we note
that two control females preferred the small male in the pre- and
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Figure 1. Behavioural disruptions vary across preference, general social and neutral activity measures. (a) MK-801 females (n = 10) had lower post-treatment
preference than controls (n = 10), but (b) overall activity levels (sum of all three general social and three neutral behaviours; table 1) were not altered. However,
the character of activity changed, with a shift from social (general approach behaviours directed towards either stimulus zone regardless of stimulus ID) towards
neutral (behaviours not directed towards either stimulus zone). (c) The ratio of social to neutral behaviours ((sum of three social behaviours)/(sum of three neutral
behaviours)) was lower in post-trials for MK-801 females but not controls. ‘Preference’ represents biased measures towards one stimulus over another (see table 1 for
behavioural definitions). Box plots indicate first and third quartiles, the line indicates the median and whiskers indicate high and low values. Circles denote outliers.

(Online version in colour.)

post-tests, with one female consistently choosing the small male in
both trials. For the ratio of general social to general neutral activi-
ties (figure 1c; electronic supplementary material, figure S3d and
table S1), we divided the sum of general social behaviours (total
glides + up-downs + laterals) by the sum of neutral behaviours
(transits + circles + non-directed up-downs). All trials were
scored live and videotaped. Final scoring was conducted by indi-
viduals blind to treatment. Two neutral measures (non-directed
up-downs and circle swims) differed between the LS and FF be-
haviour experiments (non-directed up-downs p = 0.009; circles
p =426 x 10~%; see the electronic supplementary material); there-
fore, we present LS-FF comparative analyses with these two
behaviours pooled as ‘other neutral swims’ in the main text. For
supporting material comparative analyses, we also include ver-
sions with all behaviours.

The experimental paradigm consisted of a 6-day procedure.
On day 1, each female was pre-tested with either LS or FF stimuli.
Females were then randomly assigned to treatment groups (LS:
n =10 control, n = 10 MK-801; FF: n = 7 control, n = 8 MK-801).
Days 2-5 consisted of four daily sessions of non-invasive control
(home tank water) or pharmacological exposure (20 pM MK-801
in home tank water). Females were placed into a beaker containing
150 ml of water or MK-801 for 1 hour and then returned to their
home tanks. On day 6, each female was post-tested. LS-exposed
females were euthanized via rapid decapitation immediately
after the post-trial for whole-brain total RNA extraction.

MK-801 is a non-competitive antagonist to NMDAR pre-
viously used in teleosts [17,18]. We chose a short-term repeated,
or subchronic, drug exposure protocol as in [18]. We measured
post-treatment behaviour 24 h after final MK-801 exposure in an
attempt to reduce acute drug effects on our gene and behaviour
measures [22]. We adapted an immersion-based subchronic MK-
801 concentration used by Swain et al. [18] that does not increase

locomotion behaviour in zebrafish and is similar to other studies
looking at subchronic NMDAR antagonists in rats [22-24]. To
ensure MK-801 effects in the LS-exposed females were not
driven by changes in serum oestradiol, we measured a proxy for
circulating oestradiol via a water-borne assay previously validated
for this species [25] immediately prior to behaviour testing. There
were no differences in pre- versus post-treatment (control: ¢ = 0.60,
p=0.57, MK-801: t = 1.72, p = 0.12).

As a control for generalized (non-social) anxiolytic effects of
NMDAR blockade, we also tested a group of females in a sup-
plemental scototaxis [26] assay. Fish were placed into a tank
evenly divided into black and white compartments for 15 min.
We measured spatial preference for the dark half plus number
of entries into the white half. Pharmacological exposure para-
digm for the scototaxis experiment (pre-test followed by 4 days
of non-invasive pharmacological treatment and then post-test
on day 6) was exactly as described for the dichotomous choice
assays. See the electronic supplementary material for detailed
scototaxis methods.

(b) Gene expression assay

Whole-brain tissue was dissected and placed in RNAlater
(Ambion) overnight at 4°C, and stored at —80°C. Total RNA extrac-
tion, cDNA synthesis and qPCR measures have been previously
described [6,8]. See the electronic supplementary material for
detailed gene inclusion and expression assay parameters. Gene
expression levels were normalized by deriving the residuals from
a linear regression of the measured gene concentration by input
c¢DNA concentration (as in [7,8]). Input cDNA was measured
using Quanti-IT RiboGreen RNA reagent (Molecular Probes). Pre-
vious validation experiments established that RiboGreen RNA
reagent measures RNA and ¢cDNA with equal effectiveness [6],
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Table 2. Female X. nigrensis behaviours when exposed to mate choice conditions pre- versus post-NMDAR blockade. ltalicized values remained significant after [}

FDR correction.

control pre versus post

MK801 pre versus post

preferen(e' —123 ()23 [SSRTR SRR R

behaviour category p-value
association bias preference 0.36 0.73
preference o
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and therefore, as in [6—8], we normalize via cDNA quantification as
a better reflection of actual input target into each well.

(c) Statistics

Unless otherwise noted, statistical analyses used log-transformed
values for activity measures (i) because individual behaviours
were not normally distributed and (ii) to keep all behavioural
measurements on a similar scale for multivariate calculations.
Tests using raw or log-transformed values yielded identical
patterns. Groupwise comparisons were measured with t-tests fol-
lowed by Benjamini-Hochberg correction [27]. Multivariate
analyses used MANOVA. Discriminant function analysis (DFA)
was used for data reduction and to classify response patterns.
CanR? is the correlation between DFA scores and treatment.
We used Pearson correlations for input variables onto DFA
axes, and glm for gene and behaviour DFA score comparison.
See the electronic supplementary material for expanded statis-
tical details including supplemental FF and scototaxis assays.
All analyses were conducted using R v. 2.13.1.

3. Results

(@) N-methyl p-aspartate receptor blockade

and behaviour
NMDAR blockade resulted in context-specific behavioural dis-
ruptions in females exposed to dichotomous choice conditions.
Total association time trended lower in treated but not controls
for both LS- and FF-exposed females (LS-MK-801: p = 0.06; con-
trol: p = 0.87; table 2; FF-MK-801: p = 0.07; control: p = 0.31;
electronic supplementary material, table S4). In LS females, pre-
ference behaviours were significantly reduced following MK-801
(table 2; electronic supplementary material, figure S1), including
association bias (p = 0.01), preference score (figure 1a; p = 0.01)
and up-down bias (p = 0.01), while control females showed no
decline (table 2). By contrast, there were no reductions in prefer-
ence measures for FF-exposed MK-801 females pre- versus post-
exposure (electronic supplementary material, figure S2 and table
S4). For general behaviours, both LS- and FF-exposed MK-801
females showed a pattern of increased transits compared
with pre-exposure levels (LS-MK-801: p = 0.06; FF-MK-801:

FDR p-value p-value FDR p-value
0.87 4.71 0.001 0.01
0.64 3.93 0.003 0.01
0.87 1.94 0.09 0.11
0.87 4.23 0.002 0.01
0.87 2.51 0.03 0.06
0.09 0.70 0.50 0.50
0.87 2.20 0.06 0.08
6.54 x 10~* 0.007 3.02 0.01 0.04
0.87 232 0.05 0.07
0.87 134 0.21 0.23
0.54 —2.68 0.03 0.06

st s 015 SR

p = 0.03), and lateral swims were reduced in LS females regard-
less of treatment (MK-801: p = 0.04; control: p = 0.01; table 2;
electronic supplementary material, figures S1 and S2).

In LS-exposed females, total activity levels were unchanged
by treatment (figure 1b), but there was a significant shift in
the proportion of social to neutral behaviours in MK-801 females
(figure 1c; pre versus post: MK-801: p = 0.02; control: p = 0.28;
electronic supplementary material, table S1). By contrast, the
ratio of social to neutral behaviours was not altered following
MK-801 treatment in FF females (electronic supplementary
material, figure S3) although overall activity did increase (MK-
801: p=0.02; control: p=0.33), driven by increased neutral
behaviours (MK-801: p = 0.01; control: p = 0.19).

Given the anxiolytic effects of NMDAR blockade, the gen-
eralized pattern of increased transits across the tank may be
due to increased exploration. Therefore, we conducted a con-
trol scototaxis assay. Looking within each trial, swordtails
spent significantly more time in the black side of the testing
tank (electronic supplementary material, figure S4a,b; con-
trol pre time black versus white: p =7.07 x 10~%; control
post: p=4.26 x 10~ *; MK-801 pre: p =159 x 10*), but this
was eliminated after MK-801 exposure (MK-801 post time
black versus white: p = 0.72). Looking across trials, MK-801
exposure significantly reduced proportion of time in black com-
pared with pre-treatment measures (electronic supplementary
material, figure S4c; pre versus post: MK-801: p = 0.02; control:
p=0.54), and treated individuals increased entries to white
(electronic supplementary material, figure S4d; pre versus
post: MK-801: p = 0.02; control: p = 0.49).

(b) Multivariate measures of genes and behaviour

Blocking NMDAR altered multiple aspects of female behav-
iour, therefore we used multivariate approaches to directly
compare post-treatment suites of behaviour and gene
expression between MK-801 and control females. Post-
treatment LS-exposed female behaviours differed by treatment
(MANOVA 10 input behaviours, F =11.55, p =548 x 1074
see the electronic supplementary material, table S2, for
univariate comparisons). DFA on these same behaviours
using treatment as the categorical-dependent variable correctly
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categorized females with 100% accuracy, and jack-knife resam-
pling resulted in an overall rate of 90% correct classification
(80% controls; 100% MK-801). MK-801 and control females
were significantly different in multivariate space (figure 24;
F=230.89, p=1.04 x 10711), and behaviour DFA scores
were correlated with treatment category (CanR? = 0.93). Pre-
ference and general sociality measures loaded positively
towards controls, whereas only transits loaded towards the
MK-801 females (figure 2a). All input preference measures
were significantly correlated with behaviour axis scores
(association bias: r = 0.84, p = 1.44 x 1075; preference score:
r=0.86, p=9.66 x 1076 glide bias: r=0.59, p=0.01; up-
down bias: ¥=10.79, p=9.93 x 107%), as were two of four
overall sociality measures (total association: r = 0.52, p = 0.03;
total up-down swims: r=0.65, p =0.01), but not neutral
activity measures (table 3). Importantly, the multivariate
behavioural response was context-specific, with LS- and
FF-exposed females exhibiting divergent patterns of behaviour-
al response following treatment (figure 2b; input MANOVA:
F=3.87, p=0.04; DFA output: F = 88.40, p = 6.43 x 10”%; see
also electronic supplementary material, figure S5). See the elec-
tronic supplementary material, tables S5—-S8 for supplemental
and context-specific DFA input variable loading statistics.

We measured whole-brain gene expression patterns in con-
trol versus MK-801 females to compare dynamic transcriptional
responses following LS exposure. When assessed individually,
post-trial patterns were not altered by MK-801 (electronic
supplementary material, table S3), and MANOVA on all 11
genes reflected these univariate trends (F=1.28, p=0.37).
However, at the multivariate level, LS gene DFA signifi-
cantly discriminated between control and MK-801 females
(figure 2¢c; F = 31.66, p = 2.44 x 107°, CanR? = 0.64). Overall
classification rate was 85% (80% correct for controls, 90% correct
for MK-801 females). Jackknife resampling classification was
55% correct overall (60% controls and 50% MK-801 females).
All genes previously associated with female preference and
receptivity /sexual behaviours (including NMDAR) loaded
towards controls, whereas isofocin and vasotocin loaded instead
towards MK-801 females (figure 2c). No single gene was
significantly correlated with gene axis scores (table 3).

Gene DFA scores also reflected individual variation in be-
haviour and were correlated with three of four preference
measures (table 4 and figure 3a; association bias: ¥ = 0.86, p =
9.49 x 107 preference score: r=0.69, p=0.004; up-down
bias: r = 0.58, p = 0.03). By contrast, gene DFA scores were not
correlated with any general time or activity measures (table 4),
including total activity (figure 3b; r = —0.04, p = 0.87). Behav-
iour DFA scores significantly predicted gene DFA scores
(figure 3¢; t = —5.79; p = 1.74 x 107°).

4. Discussion

NMDAR is the central player underlying synaptic plasticity
[11]. Pharmacological disruption of NMDAR signalling
impairs multiple aspects of learning and memory [11-13],
including reductions in working memory and social beha-
viours [23,28,29]. In this study, we tested the functional
consequences of subchronic blockage of NMDAR trans-
mission using a classic taxon in female mate choice and
sexual selection, the northern swordtail fish (X. nigrensis).
We observed behavioural disruptions that varied by social
context, as behaviour associated with NMDAR blockade in
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Figure 2. NMDAR antagonist disrupts behaviour and gene expression patterns in
multivariate space. Box plots represent the DFA scores from 10 input behaviours
under mate choice conditions (a; LS behaviour DFA), from MK-801-treated females
by social context (b; MK-801(LS) —MK-801(FF) (pooled ‘other neutral swims’)
and from DFA on 11 input gene variables (c; LS gene DFA). Box plot parameters
are described in figure 1 legend. For each DFA, vectors represent the orientation of
input variables along the (a,b) behaviour or (c) gene DFA axis. Preference behav-
iour vectors are black (first four vectors), social behaviours are light grey (online:
green; next four vectors) and neutral behaviours are dark grey (online: blue; last
two vectors) and point towards the group with higher mean values. Vector length
indicates the potency of each variable to discriminate between control and MK-801
females. Input behaviours marked with asterisk (*) are significantly correlated
with DFA scores (table 3; electronic supplementary material, table S8). Gene
nomendlature for (c): neuroserpin (serpinT), neuroligin-3 (nlgn3), NMDAR
(grin), tPA (plat), stathmin-2 (stmn2), -1 adrenergic receptor (Adrb1), c-1
adrenergic - receptor (Adral), tyrosine hydroxylase (TH), brain aromatase
(Gyp191b), vasotocin (AVT), isotocin (IT). (Online version in colour.)
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Table 3. Input variable loading onto behaviour and gene DFA axes in X. nigrensis females exposed to mate choice conditions. Italicized values remained [}

significant after FDR correction.

input behaviours to behaviour DFA

input genes to gene DFA

behaviour category r-value FDR p-value r-value
association bias preference 0.84 288 x 107°¢ 144 x 107 neuroserpin 0.31 0.19
. preferen . preferen . e 0 oo s o rol/g/n3 ...................... 0 S
score
. gl|de [P preferen S v w0 o w0 o m
updownblas . preference e Son 1 oor i o 0o 0ss
e e e w o o v N
association
gl|des S s e o1 Bladrenerglc oy o
updowns S fns s aladrenerg/c e 035
e o e oo o wo v o
e oo o S o s
G il e o e oo e o
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Table 4. Gene DFA score correlations with behaviours in female X. nigrensis exposed to mate choice conditions. ltalicized values remained significant after FDR

correction.

behaviour

association bias preference

preference score preference

~ glide bias.

o bia.s BTSRRI o .

total association social

glides sodial

up-downs social

laterals social

circles neutral

transits neutral

females interacting with males (LS) was distinct from that of
females interacting with other females. Specifically, we found
severe reduction in female preference behaviour coupled
with more moderate changes in social and general activities
for females exposed to mate choice conditions (figure 1),
whereas females exposed to general social conditions exhibited
disruptions only in neutral activities and total association (elec-
tronic supplementary material, figures S2 and S3). Overall,
there was no change in total activity exhibited by females
exposed to males; however, the nature of activity was altered,
with a significant shift from social to non-social behaviours,
suggesting that cognitive processing is critical for normal
social responses. Our results suggest that mate choice is part
of a dynamic learning process in these poeciliids, and female
preference response in particular requires working social
memory to discriminate among potential mates.

NMDAR blockade disrupts the social cognitive processes
necessary to manifest a mate choice response in X. nigrensis

category r

0.86

0.69

0.34

p-value FDR p-value

9.49 x 107

9.49 x 10~°
0.001

0.004

W e
0.16 0.50 0.50

0.14 ' 0.0
BB

0.20. SRR

females. This may result from overall reductions in social be-
haviour, drug-induced decline in specific behaviours or
sensory processing associated with NMDAR antagonism
and/or difficulty of the social task. While we observed the
greatest decline in preference behaviours, we also observed
a shift away from social-type behaviours towards neutral
activities, namely transits across the tank. We found a similar
pattern in females exposed to other females (and increased
locomotion in our scototaxis assay), indicating that redu-
ced sociality coupled with increased locomotion may be a
generalized response to NMDAR blockade. However, behav-
ioural responses clearly diverged by social context, and the
possibility that the reduction in preference was solely a by-
product of social withdrawal appears unlikely given that
our preference measures reflect biases in relative behavioural
measures independent of total association time with males.
This suggests that the observed pattern reflects an inability
to respond appropriately to social stimuli. NMDAR blockade
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Figure 3. Blocking NMDAR results in multivariate gene expression correlations with preference but not total activity. Gene DFA scores were correlated with
(a) association bias but not (b) total activity. (c) Behaviour DFA scores significantly predict gene DFA scores. Black diamonds, controls; grey (online: red) diamonds,
MK-801 females. (d) Controls preferring the small male occupy similar multivariate space to MK-801 females in the gene DFA (left y-axis), but not in the behaviour
DFA (right y-axis). ‘Preferred” status was assigned by calculating the association bias score for each stimulus class (large or small male). Circles indicate females
preferring the large male and squares indicate females preferring the small male. (Online version in colour.)

can increase locomotor and stereotyped activities [14,30]; and
in fish, acute treatment can induce alterations of stereotyped
movements [15,17,18]. We observed some evidence for trace
residual drug effects in our subchronic dosage paradigm;
however, even removing stereotypic behaviours from any
preference analysis we still see a reduction in response (e.g.
reduction in association time bias). Because NMDAR signal-
ling contributes to so many aspects of neural functioning,
future experiments will attempt to differentiate between def-
icits in social cognition versus sensory processing.

Females altered biased attention towards one male over the
other following NMDAR blockade. Controls generally dis-
played strong biases for their favoured male, while treatment
females failed to discriminate between the large courting
male and the small coercive male with either time or behav-
ioural measures. NMDAR deficits appear to scale with the
level of difficulty in cognitive tasks [31], therefore the particular
sensitivity of preference behaviours to NMDAR blockade may
indicate that preference entails greater social memory proces-
sing than overall sociality. We propose that our subchronic
paradigm (24 h gap between drug exposure and behaviour
testing) altered preference behaviour by disrupting social cog-
nition via altered NMDAR-mediated glutamatergic pathways
while minimizing more immediate effects of drug uptake
(stereotyped or erratic movements, perceptual disruptions).

NMDAR antagonists generally act at the functional level
of the synapse [11,13], although there is some evidence for

downstream transcription effects [16,24]. In the current exper-
iment, we predicted that disrupted mate preference responses
would be reflected in gene modules linked to dynamic prefer-
ence behaviours if blocked glutamatergic signalling altered
normal female responses to males. We measured expression
for 11 genes previously associated with social behaviours in
X. nigrensis females [6-8], including five synaptic-plasticity-
linked genes associated with female preference (neuroserpin,
neuroligin-3, NMDA-receptor, tPA and stathmin-2), four associ-
ated with female receptivity or socio-sexual behaviours (-1
adrenergic receptor, a-1 adrenergic receptor, tyrosine hydroxylase
and brain aromatase) and two associated with general social
and reproductive behaviours in teleosts (vasotocin and isoto-
cin). Preference/receptivity markers (including genes linked
with synaptic plasticity) were associated with controls. Unex-
pectedly, the vasotocin/isotocin cluster loaded instead towards
MK-801 females (figure 2).

The distinction in multivariate patterns between vasotocin/
isotocin transcripts and the preference/receptivity cluster
following NMDAR blockade is intriguing. Vasotocin and isoto-
cin are the fish homologues of vasopressin and oxytocin, two
nonapeptides closely associated with sociality in mammals
(including affiliative and sexual behaviours [32]), plus social/
emotional processing, stress response modulation, learning
and memory [33-36]. Oxytocin has antipsychotic properties
[28,37,38] and has been shown to restore deficits in sensorimotor
gating induced by MK-801 in rats [39]. The association between
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MK-801 exposure and isofocin /vasotocin may indicate an unex-
pected conservation with mammalian patterns in modulating
aspects of glutamatergic signalling in fish, and may also reflect
molecular stress and coping responses to cognitive disruption
[33,34]. The roles of vasotocin and isotocin in female teleost
social behaviour—let alone preference—are not particularly
well understood, but their importance in male social and repro-
ductive behaviours is clearly conserved [20,21,40,41], and both
modulate general sociality and anxiety-related behaviours in
fish [19]. Future experiments exploring the functional role of
these two peptides in female preference behaviours will help
to elucidate this relationship, and may highlight a conserved
influence of mood and emotional processing in teleost social
decision-making.

The distinction between plasticity-preference and sociality-
affiliation gene clusters for the 11 genes assayed in the current
experiment is consistent with previous brain expression profiles
of untreated female swordtails experiencing different social
contexts (including large and small male, and female-only
social treatments [8]). This earlier work identified context-
specific expression patterns splitting into two main axes of
social discrimination: a major axis scaling with mate choice
complexity (preference-associated genes) and a secondary gen-
eral social affiliation/aversion axis characterized by isotocin/
vasotocin [8]. Here, we recapitulate this distinction while keep-
ing social context constant, indicating NMDAR disruption
may have altered female perception of social context.

We found that individual preference or multivariate
behavioural disruptions induced by NMDAR blockade were
correlated with differential multivariate gene expression pat-
terns following male exposure (figure 3 and table 4). By
contrast, there were no correlations with any general activities,
indicating these patterns were not driven by neutral loco-
motion. The behavioural and gene expression patterns
associated with NMDAR blockade relative to controls suggest
a potential role for synaptic-plasticity-associated processes in
mediating appropriate mate preference responses.

In X. nigrensis, preference behaviour is predominantly
characterized through biased attention towards ornamented,
courting males over alternative phenotypes that lack orna-
mentation and employ a force-copulation strategy [9]. This
particular social task involves discrimination between attrac-
tive and aversive stimuli, and is likely to require processes
that mediate both social cognition and fear modulation. Com-
paring the natural variation in behaviour and gene expression
in unaltered females (controls) relative to our MK-801 group
suggests that NMDAR blockade modulates the perception of
valence in an aversive—attractive choice test. In our current
study, two controls preferred the small, coercive phenotype
and exhibited gene DFA classifications identical to MK-801
females (figure 3d). NMDAR antagonists disrupt normal fear
processing and can induce anxiolytic behavioural responses
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