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Abstract

Parental care for is critical for offspring survival in many species. However, parental behaviors
have been lost in roughly 1% of avian species known as the obligate brood parasites. To shed
light on molecular and neurobiological mechanisms mediating brood parasitic behavior, brain
gene expression patterns between two brood parasitic species and one closely related non-
parasitic Icterid (blackbird) species were compared. Our analyses focused on gene expression
changes specifically in the preoptic area (POA), a brain region known to play a critical role in
maternal behavior across vertebrates. Using comparative transcriptomic approaches, we
identified gene expression patterns associated with brood parasitism and evaluated two
alternative explanations for the evolution of brood parasitism: reduced expression of parental-
related genes in the POA versus retention of juvenile (neotenic) gene expression. While we did
not find evidence for large scale gene downregulation, expression patterns did reflect
substantial evidence for neotenic POA gene expression in parasitic birds. Differentially
expressed genes with previously established roles in parental care were identified. Targeted
examination of these selected candidate genes in additional hypothalamic regions revealed
species differences in gene expression patterns is not POA-specific. Together, these results
provide new insights into neurogenomics underlying maternal behavior loss in avian brood

parasites.
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1. Introduction

Parental care is an ancient social behavior that has evolved repeatedly and
independently across taxa, likely because it increases offspring survival in the face of external
pressures such as high predation or unpredictable access to resources (1-3). While parental
care improves offspring survival it comes at a cost to the individuals providing the care (1, 4).
The costs and benefits of performing parental care likely contributed to the evolution of widely
varied forms of parental care within and between taxa, as well as between individuals and sexes
(1, 5). Diversity in parental care strategies across the animal kingdom presents possibilities to
explore the underlying genetic architecture of this behavior. While remarkable divergence in the
magnitude of parental care within and between species provides fertile ground to study this
behavior, animals that use an evolutionarily derived parental care strategy, rather than a
strategy that is ancestral to their group, are particularly intriguing and may provide unique
insight into the genetic architecture of parental care.

In birds, offspring care occurs in many forms including bi-parental care, uniparental care,
and forms of cooperative breeding where siblings provide care (6—8). However, roughly 1% of
the approximately 10,000 species of bird identified to date are brood parasitic, an evolutionary
derived strategy in which males and females display no parental care whatsoever (9). Obligate
brood parasites have completely lost parental behaviors including constructing nests, incubating
eggs, and provisioning their young. Instead, they leave their eggs in the nest of another species,
often with considerable negative impacts on the reproductive success of the host species.
Consequently, avian brood parasites reap the benefits of parental care without any of the costs.
Evolutionary losses in avian parental behavior have occurred seven independent times with
three origins among cuckoos, and one origin each in cowbirds, honeyguides, Old World finches,
as well as a South American duck (10-12). Brood parasitic behavior has arisen in other
taxonomic groups, most notably invertebrates and fish (13-15), but it is particularly intriguing in
birds as there are multiple independent events that have led five avian families across the globe
to experience this substantial divergence from the ancestral state.

Behavioral ecologists have provided multiple excellent explanations for the evolution of
brood parasitism including extreme limitation of nesting sites and/or dilution of the negative
impacts of nest predators by not putting all one’s eggs in a single nest (9, 16—19). On the other
hand, genetic and neurobiological perspectives for the appearance of avian brood parasitism
are entirely lacking. The bulk of what is known about the neurobiological basis of brood parasitic
behavior comes from a single published abstract which presented a study of region-specific

prolactin receptor abundance (20). Prolactin receptor abundance was quantified in the preoptic
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84 area (POA), a region central to maternal behaviors across nearly all vertebrates that display
85  parental behavior (21-24). Both the POA and the medial preoptic area (POM) are rich in steroid,
86  peptide, and neurotransmitter receptors, all of which modulate maternal behavior (21). In brown-
87 headed cowbirds (Molothrus ater), an obligate brood parasite ubiquitous across North America,
88  prolactin binding sites within the POA exhibit reduced sensitivity (20) as compared to red-
89  winged blackbirds (Agelaius phoeniceus), a closely related blackbird that is not brood parasitic
90 (Fig. 1A). On the contrary, prolactin itself is not significantly reduced in brown-headed cowbirds
91 as compared to red-winged blackbirds (25), indicating the difference between these related
92  species with stark divergence in parental care is in region-specific prolactin receptor expression
93  but not circulating prolactin. As prolactin permits parental care in several vertebrates, including
94  both male and female birds (26—30), this initial investigation suggested that brood parasites may
95  serve as natural knockdown system in which to understand maternal care and the loss of this
96  behavior in 1% of avian species.
97 The evolution of brood parasitic behavior represents, at least in part, a failure to
98 transition from a non-maternal to a maternal state. Here, we explore this failure to transition into
99 a maternal state by exploring the genomic basis for brood parasitism using brain region-specific
100 gene expression comparisons. These comparisons address two non-mutually exclusive
101  explanations: natural “knockdown” in brood parasites of genes associated with maternal care
102  versus retention of juvenile (neotenic) gene expression in the POA. Because brood parasitism is
103 a derived behavior that likely evolved from a maternally-caring ancestor, brood parasites
104  presumably once possessed the necessary molecular and neurophysiological machinery to
105 produce an operational “maternal brain”. Thus, it is possible that whole suites of genes, rather
106 than just prolactin receptors, have been “knocked down” through evolution in brood parasites.
107  Alternatively, brood parasites may retain neotenic gene expression patterns in the POA.
108 Neoteny is a developmental pattern that occurs when adults retain juvenile characteristics, and
109 therefore does not require novel mechanisms or genetic variants, but rather relies on the
110 alteration of existing mechanisms via shifts in developmental timing. Neoteny in plumage color
111  and skull ossification patterns has been described for brood parasitic birds (31), so a compelling
112  hypothesis is that whole suite of neotenic traits are underpinned by broad-scale neoteny in gene
113  expression. Novel morphologies and functionalities commonly result from modifications in timing
114  of gene expression during development (32—34), and here we examine whether loss of maternal
115 care in brood parasites is regulated by a shift toward neotenic gene expression.
116 In the present study, we examine alternative mechanisms for the evolution of brood

117  parasitism by taking advantage of divergence in maternal care within North American Icterids
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118 (i.e. blackbirds) to identify POA-specific gene expression differences associated with the
119 evolution of obligate brood parasitism (Fig. 1B). We compare two brood parasitic Icterids,
120  brown-headed and bronzed cowbirds (M. aenus), with a non-parasitic Icterid, the red-winged
121  blackbird. Our aims are three-fold: (1) identify POA-specific changes in gene expression
122  associated with brood parasitic behavior, (2) explore whether differentially expressed genes
123 follow a pattern of knockdown or neotenic gene expression, (3) identify candidate genes for
124  future studies exploring mechanisms of brood parasitic behavior.

125

126 2. Materials and Methods

127  (a) Bird capture and treatments

128 Female brown-headed (N = 14) and bronzed cowbirds (N = 17) as well as adult female
129 red-winged blackbirds (N = 4) and female juvenile red-winged blackbirds (N = 5) were captured
130 in Texas using mist nets and bait traps in May-June of 2014 and 2015. All female bronzed
131 cowbirds and red-winged blackbirds laid eggs in their cage the morning after capture. The
132  brown-headed cowbird females displayed adult plumage but no eggs were noted in these
133 cages. All birds were transported to Hofstra University in a climate-controlled space with three
134  birds per cage (16.5" L x 11.8" W x 22" H). Birds were then housed in outdoor aviaries for two
135 weeks. During transport and housing, birds were fed a modified Bronx Zoo diet with mealworm
136  supplements. All procedures listed here were reviewed and permitted by Hofstra University
137 IACUC (#13/14-18).

138 Cowbirds exhibit elevated prolactin levels during the breeding season even though they
139  do not exhibit parental care (25). Therefore, females received osmotic minipumps (Azlet, model
140 1007D, DURECT Corp. Cupertino, Ca.) containing prolactin while other females received
141  saline/bicarbonate vehicle alone. Prolactin implants contained ovine prolactin (Sigma; St. Louis,
142 Mo.; 3.3pg/hr; 80 pg/day in .87% NaCl/0.01M NaHCO3, 3:1 ratio v/v: 12pl/day) because it
143  successfully elevated prolactin levels effect in doves (27, 35, 36). Subcutaneous implants of
144  osmotic pumps released 0.5ul of prolactin / hour for 7 days. Pumps were implanted
145  subcutaneously using isoflurane anesthesia. Sample sizes for each species/treatment are as
146  follows: brown-headed cowbirds: N = 9 prolactin, N = 5 vehicle; bronzed cowbirds: N = 11
147  prolactin, N = 6 vehicle; red-winged: N = 4 prolactin. On day 8, females were rapidly
148  decapitated. Brains were flash frozen on dry ice followed by -80°C storage until sectioning.
149 Blood was collected via the trunk and immediately centrifuged for 20min at 30,0009 followed by
150 storage at -80°C until assayed. The largest follicle was measured for all subjects after sacrifice.

151 The average largest follicle size was 0.5 mm + 0.39 in bronzed cowbird, 1.5 mm + 0.62 in
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152 brown-headed cowbird, 0.6 mm + 0.40 in adult red-winged blackbirds and unmeasurable in
153 juvenile red-winged blackbirds.

154 The efficacy of the prolactin osmotic pumps was verified using prolactin EIA assay kits
155 from Aviva systems biology (San Diego, CA; chicken: OKEEH00637) with plasma taken from
156 large sub-set of subjects (prolactin treatment total N = 19; bronzed N = 12; brown-headed N = 7;
157  vehicle total N = 7; bronzed N =3; brown-headed N = 4) to assess the efficacy of prolactin
158 osmotic pumps. Prolactin samples were measured on two plates with an intra-assay variation of
159 8.23% and an inter-assay variation of 5.8%. The detection limit was 0.3 ng/ml and the
160  manufacturer reported no detectable cross-reactivity with other relevant proteins. A student t-
161 test with unequal variances was used to compare circulating prolactin between treated and
162  untreated females.

163

164  (b)Sectioning and sequencing

165 Brain tissue was sectioned into 200um sections on a Leica CM1950 cryostat and thaw
166 mounted onto microscope slides. Coronal sections from the caudal extent were sectioned. As
167 the POA was approached, tissue sections were set upon a frozen, RNAse treated slide and
168 examined under a dissecting scope containing dry ice on the stage to keep the section frozen. If
169 the boundaries of the POA were confirmed (Fig. 1B), a 1.22 mm diameter tissue punch
170  (Myneurolab, Leica, Richmond IL) was collected and placed into 500ul of Trizol (Fischer Sci.,
171  Waltham, Ma.). POA and POM sections from both hemispheres were collapsed into one tube
172  and will hereafter be referred to as POA. All POA sections along the midline to the third ventricle
173  from the caudal split in the tractoseptomesenphalicus to the rostral anterior commissure were
174  collected. All tissue was stored at -80°C until preparation for sequencing.

175 RNA was isolated following Trizol manufacturer specifications and was immediately
176 followed by mRNA isolation using NEXTflex PolyA Beads according to manufacturer
177  specifications. RNA sequencing library prep was completed using NEXTflex Rapid Directional
178 RNA-seq based kits. Briefly, first strand synthesis was completed via RNA fragmentation
179 immediately followed by NEXTflex rapid reverse transcriptase. The assembled product was
180 placed in a NEXTflex directional second strand synthesis and immediately cleaned up using
181  Agencourt AMPure XP beads. NEXTflex adenylation mix was used for end repair on second
182  strand synthesis DNA. Adaptor ligation was completed using NEXT flex ligation mix and
183 NEXTflex RNAseq Barcode Adaptors immediately followed by another cleanup with AMPure XP
184  beads. Cleaned up DNA was combined with NEXT flex Uracil DNA Glycoslylase, NEXTflex
185 PCR Master Mix and NEXTflex Primer Mix and amplified using standard PCR. PCR product
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186 was immediately cleaned up using AMPure XP beads. POA transcriptomes were sequenced at
187  Harvard University using an lllumina HiSeq 2500 following procedures described in (38, 39).

188

189  (c)Transcriptome construction & annotation

190 We constructed de novo transcriptomes for each species separately following the same
191  procedure. We used R corrector to amend lllumina sequencing errors (40). We next trimmed
192 reads using Trim Galore! (Babraham Bioinformatics, Babraham Institute) to remove lllumina
193 adapters and restrict all reads to only high-quality sequence. Following developer
194  recommendations, we used a quality score of 33, a stringency of 5, and a minimum read length
195 of 36 bp. We pooled corrected, trimmed reads from all individuals by species prior to
196 transcriptome construction. We used Trinity (41, 42) to construct reference transcriptomes for
197 each species. Our initial assemblies contained 296,578 contigs for brown-headed cowbirds,
198 394,219 contigs for bronzed cowbirds, and 243,189 contigs for red-winged blackbirds.

199 We filtered our raw transcriptome assemblies using several approaches. We first used
200 used CD-HIT-EST (Weizhong Li Lab) to cluster overlapping contigs and removed any contigs
201 that were smaller than 250bp following clustering. To remove contaminant sequences, we
202 annotated sequences using blastx queries against the SwissProt database and retained only
203 those contigs with annotations to known vertebrate genes. We used default parameters for our
204  blastx queries with an e-value cutoff of 10™°. We chose this approach to minimize contaminants
205 and because our primary focus in this study was on genes known to be important in social
206  behavior (and more specifically maternal care) across vertebrates. We annotated our final
207 assemblies using Trinotate (43) and used BUSCO (44) to assess assembly completeness
208 based on conserved ortholog content across highly conserved vertebrate genes. This provided
209 assembly completeness estimates at 64% in brown-headed cowbirds, 78% in bronze cowbirds,
210 and 50% in red-winged blackbirds. These estimates are in line with expectations for single brain
211  region transcriptomes (45). All high-powered computing for transcriptome assembly and filtering
212 was performed on the Odyssey computer cluster supported by the FAS Science Division
213  Research Computing Group at Harvard University.

214

215  (d)ldentification of orthologs

216 To compare expression across species in an unbiased way, we generated a matched
217  set of orthologs found in each of the three transcriptome assemblies. We focused on alignment
218 of open-reading frames to identify protein-coding genes and to ensure high-quality sequence

219  alignment. Briefly, for each species-specific final transcriptome we predicted the ORFs for each
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220 contig using TransDecoder (42). The resulting ORF sequences were then clustered and
221  reduced using CD-HIT (%ID = 99.5). We then used the longest ORF for a given ‘Trinity gene’
222 and identified orthologs present among all three species with a reciprocal best hit blast
223  approach using blastp with an e-value cutoff of 1e? (46). The predicted polypeptides for
224 orthologs were then aligned with MAFFT (47) and the corresponding coding sequences were
225  back-aligned with pal2nal (48). Finally, each alignment was subjected to alignment scoring and
226  masking using ALISCORE (default parameters) and poorly aligned regions were trimmed using
227  ALICUT (49). This procedure left us with 12,237 aligned orthologs shared across all species.
228  Using this list, we filtered our complete assemblies to obtain species specific transcriptomes that
229  contained only transcripts that were matched and aligned across the three species.

230

231 (e)Read quantification and differential expression analysis

232 To quantify gene expression in a manner comparable across species, we aligned reads
233  to the species-specific ortholog assemblies. We mapped reads and estimated their abundance
234  with Kallisto (50) using default parameters. We combined read counts into a single matrix for all
235 individuals from all species based on ortholog identification and used this count matrix for all
236  downstream analyses.

237 We then examined differential expression (DE) of orthologs using DESeqg2 (51) to run
238 standard, pairwise DE analysis for our comparisons of interest. We corrected p-values for
239  multiple hypothesis testing using standard FDR correction and set our adjusted p-value cutoff to
240 <0.05. We identified contigs differentially expressed (DE) in the following four comparisons: (1)
241  between prolactin treated parasites compared to vehicle treated parasites, (2) each brood
242  parasite compared to adult non-parasite (i.e. bronzed cowbird vs red-winged and brown-head
243  cowbird vs redwing), (3) between brood parasite species (i.e. bronzed vs brown-headed
244 cowbirds) and, (4) between adult and juvenile non-parasites. Following DE analysis, we
245  performed GO term enrichment analysis for DE genes using the ‘Biological Processes’ GO
246  categories in the topGO package (52) in R.

247 Behavioral transformations that occur when a female becomes a mother are associated
248  with structural and functional plasticity throughout the brain (53). Maternally-related plasticity in
249  hypothalamic regions is dependent on neuromodulators. However, in mammals, neurochemical
250 and structural plasticity are dependent on one another such that critical changes in
251 neuromodulators often induce structural plasticity in the brain of the new mother and vice versa
252  (54-58). Therefore, we performed targeted analysis of candidate genes identified as playing a

253 role in maternal and social behavior and categorized these genes as belonging to
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254  neuromodulators that regulate changes in existing cell function or structural genes that underlie
255 large scale neural renovations. For this list of candidate genes, we report results from DE
256  analysis with a less stringent p-value cutoff of < 0.1 (after FDR correction) as our study includes
257  wild-caught birds, extremely small tissue punches, and a smaller sample size of parental
258  species; all of which contribute to variation that may obscure biologically relevant results.

259

260  (f) Quantitative PCR

261 To determine if the gene expression patterns observed in the POA were specific to this
262  region, a subset of subjects had additional tissue punches removed during cryosectioning (N =
263 6 red-winged blackbirds; N = 13 bronzed cowbirds). These tissue samples were punched from
264  four additional hypothalamic regions demonstrated to possess labelling for phosphorylated
265  signal transducer and activator of transcription 5 (pSTAT5) in non-oscine brids (27). pSTAT5
266  detection is an indication of prolactin receptor activity. Additional hypothalamic brain regions
267  with pSTATS5 labeling includes: ventral medial hypothalamus (VMH), lateral hypothalamus (LH),
268  posterior medial hypothalamus (PMH) and the tuberal nucleus (TU). These additional
269  hypothalamic regions were collapsed into a single sample. RNA isolation and cDNA synthesis
270  were conducted as described in Lynch et al (59). Briefly, tissue punches were homogenized and
271 RNA extracted using Trizol (ThermoFischer, Waltham, MA) following manufacturers
272  instructions. Extracted RNA was DNase treated using turbo DNA-free kits (ThermoFischer,
273  Waltham, MA). Reverse transcription of cDNA was done using Superscript First-Strand
274  Synthesis (Invitrogen, Carlsbad, Ca.). The qPCR primers were designed using Primer3 and
275  purchased from Sigma (St. Louis, MO). The gPCR was conducted using SYBR green detection
276 on an Applied Biosystems StepOnePlus v. 2.2.3 (Applied Biosystems, Foster City, Ca.) with
277 each sample run in triplicate. Gene expression levels were normalized by dividing by cDNA
278  starting input quantities as measured by a RiboGreen RNA quantification assay (59, 60-62). We
279 used the Ribogreen assay (Quant-iT RiboGreen RNA reagent (ThermoFischer, Waltham, MA)
280 for accurate quantification of starting cDNA concentrations, which eliminated housekeeping
281 gene comparisons. RiboGreen reagent measures single-stranded RNA and cDNA with equal
282  effectiveness (61). Because cDNA quantification better reflects the actual target input into each
283  well in the gPCR procedure, we chose to use cDNA estimates in previous studies (59) as well
284  as this study. The estimated quantity from the qPCR results were averaged across the three
285 replicates. We conducted individual t-tests with correction for unequal variance to compare
286  quantification of four candidate genes selected from the transcriptome assembly. These genes

287  include mesotocin, arginine vasotocin (AVT), galanin and prostaglandin synthase. Benjamini-
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288 Hochberg procedures were used as the FDR correction. All sequences for these genes were
289  derived from the transcriptome assembly described above.

290

291 3. Results

292  (a)Prolactin treatment of brood parasites

293 Prolactin assay kits were validated by diluting a sample with unknown prolactin
294  concentrations into three concentrations. The slope of the line from the dilution test was
295 compared to the slope of the line of the standard curve to assess parallelism between the
296  slopes as described in Lynch and Wilczysnki (37). The slope of the line for the serially diluted
297  prolactin samples was —9.6, and the slope of the line for the prolactin standard curve provided
298 by the manufacturer was —11.

299 Osmotic pumps were effective at elevating circulating prolactin levels in treated females
300 compared to blank implanted females of both species (t1o = 2.48; p = 0.02.). However, only three
301 transcripts differed between treated and untreated bronzed cowbirds and only a single transcript
302 differed between treated and untreated brown-headed cowbirds. Thus, very few transcriptome
303 differences occurred due to prolactin treatments. Given the lack of differences in POA gene
304  expression following prolactin treatment, we combined treated and untreated birds in all further
305 analyses.

306

307 (b)Gene expression differences associated with brood-parasitism

308 We received 498 million 100-bp paired-end reads that passed the HiSeq quality filter,
309 averaging 12 million reads per sample. We filtered the species-specific transcriptome to
310 generate assemblies containing only the 12,237 transcripts orthologous across all species
311  (brown-headed N = 14; bronzed N = 17; red-winged blackbirds N = 4). To identify transcripts
312 whose expression patterns were associated with parasitic versus non-parasitic behavior, we
313  conducted pairwise differential gene expression (DE) analysis among our three focal species.
314  There were 119 differentially expressed transcripts between brown-headed cowbirds and red-
315 winged blackbirds, 634 differentially expressed transcripts between bronzed cowbirds and red-
316  winged blackbirds, and 112 differentially expressed transcripts between bronzed and brown-
317 headed cowbirds (Fig. 2; see S2 for complete list of DE genes). Of the transcripts differentially
318 expressed between parasites and red-winged blackbirds, 82 were overlapping between bronzed
319 and brown-headed cowbirds. Of these shared differentially epxressed transcripts, 81 showed
320 expression changes in the same direction in both parasites as compared to red-winged

321  Dblackbirds. We refer to these transcripts as concordantly differentially expressed (CDE; Fig. 2;

10
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322 listed in table S2). Shared changes in CDE genes in both parasitic cowbirds species as
323 compared to non-parasitic red-winged blackbirds, suggest expression differences are most
324 likely associated with the evolution of parasitic behavior.

325 We performed GO-term enrichment analysis for all comparisons and for the list of CDE
326 genes (Table S3). Notably, GO categories associated with neuropeptide signaling (p = 0.008)
327 were associated with all comparisons among parasites and non-parasites, but not with
328 comparisons between parasites (S3).

329

330  (c)Brood-parasitism: knockdown vs neoteny?

331 Two general patterns of gene expression change in the POA may be associated with
332  Dbrood parasitism. First, there may be downregulation (i.e. ‘natural knockdown’) in key POA
333 genes in brood parasite. Alternatively, the parasite POA may not transition to adult-like patterns
334  of gene expression. Instead, parasites may retain juvenile-like (neotenic) expression patterns.
335 To address these alternative explanations we (1) examined the direction of divergence in
336 differentially expressed transcripts between cowbirds and red-winged blackbirds, and (2) asked
337  whether expression changes between cowbirds and red-winged blackbird adults reflected those
338  between juvenile and adult red-winged blackbirds.

339 Overall, gene expression differences between parasites and red-winged blackbirds were
340 biased toward increased expression in cowbirds relative to blackbirds: in brown-headed
341  cowbirds 71% (85/119) of differentially expressed transcripts increased expression relative to
342  red-winged-blackbirds, and in bronzed cowbirds 63% (400/634) of differentially expressed
343  transcripts increased expression relative to red-winged-blackbirds. Of the CDE transcripts, 78%
344  (63/81) increased expression in both cowbirds relative to red-winged blackbirds (Fig 2).

345 To address the idea of juvenile-like gene expression associated with a loss of maternal
346 care, we additionally sampled red-winged juvenile blackbirds (N=5) and estimated transcript
347 abundance to map to the red-winged blackbird ortholog assembly. We first compared POA
348 gene-expression in red-winged blackbird juveniles and adults. We found only 16 genes that
349  were significantly differentially expressed between red-winged blackbird juveniles and adults
350 (Table S4). While there were few significant expression differences, we were nonetheless able
351 to use the direction of expression differences in juveniles versus adults to examine whether
352  expression differences in cowbirds were more juvenile-like (neotenic) or adult-like. To do so, we
353 compared the direction of gene expression changes (i.e. up or down regulation) in parasitic
354  cowbirds and juvenile red-winged blackbirds as compared to adult red-winged blackbirds. When

355  differences between parasites and juveniles were in the same direction (i.e. both up-regulated
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356  or down-regulated as compared to adult non-parasites) we considered transcripts as exhibiting
357 juvenile-like expression (Fig. 3A). Conversely, when differences between parasites and
358 juveniles were in opposite directions we considered transcripts as exhibiting adult-like
359 expression (Fig. 3A). We performed this comparison only for CDE transcripts, as these
360 represent the set of genes most likely involved in the transition to parasitic behavior.

361 Of those transcripts DE between bronzed cowbirds and adult red-winged blackbird, 74%
362 showed juvenile-like expression in the parasitic species. Similarly, 76% of genes DE between
363  brown-headed cowbirds and adult red-winged blackbirds showed juvenile-like expression in the
364 parasite. Finally, for the transcripts CDE among bronzed and brown-headed cowbirds, 78%
365 showed juvenile-like expression in the cowbirds (Fig. 3B). In brief, expression differences
366  between parasitic cowbirds and adult red-winged blackbirds largely exhibited juvenile-like
367  expression patterns in parasitic species.

368

369 (d)ldentification of candidate genes

370 The induction of maternal care in new mothers is associated with structural and
371  functional plasticity throughout the brain (53). Therefore, we used our lists of DE genes to
372 identify candidate genes previously demonstrated as involved in both types of plasticity. We
373 identified 38 genes with established roles in functional and structural plasticity. Twelve genes
374  with demonstrable roles in social and parental behavior appear in figure 4. Supplemental table 5
375 lists all candidate genes and citations that demonstrate their role in regulation of social behavior,
376 including maternal care. These genes include modulators that regulate changes in existing cell
377  function including metabolism and structural genes that underlie large scale neural renovations.
378 We included metabolic-related genes as this differential expression may be a consequence of
379 the brood parasite never switching from a self-focused to an offspring-focused individual. Of the
380 38 genes identified as regulating structural and functional plasticity, 21 transcripts are
381 neuromodulators and their receptors, 10 transcripts are involved in structural and synaptogenic
382  moadification, and 7 transcripts are peptides and receptors involved in metabolic regulation.
383  Among these 38 candidate genes, 24 exhibit neotenic expression patterns and of these genes,
384 18 are CDE with juvenile red-winged blackbirds.

385

386 (e) Candidate genes in other key hypothalamic regions

387 Four candidate genes were selected for examination in additional key hypothalamic
388  brain regions including the ventral medial hypothalamus (VMH), lateral hypothalamus (LH),

389  posterior medial hypothalamus (PMH) and the tuberal nucleus (TU). These regions were pooled
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390 into a single sample to determine whether differential gene expression of these genes is specific
391 to the POA. Results reveal mesotocin and galanin are significantly elevated in bronzed cowbird
392 hypothalamic regions relative to red-winged blackbirds (Fig. 5; t;,= 4.81; p = 0.01; t;3=2.36, p =
393 0.03 respectively). Prostaglandin synthase and AVT were elevated in red-winged blackbirds
394  compared to bronzed cowbirds but this difference was only significant for AVT (Fig. 5; ts= -2.43;
395 p=0.059; ts =-3.6, p = 0.05 respectively).

396

397 Discussion

398 The evolution of avian brood parasitism provides fertile ground for the investigation of
399 mechanisms mediating parental care and its loss within a powerful, comparative framework.
400 Here, we provide the first insights into the transcriptional mechanisms associated with the
401 evolutionary transition from maternal care to brood parasitism in Icterids (blackbirds). While
402  behavioral ecologists have provided excellent explanations for the evolution of brood parasitism,
403  this study is the first to address the neurobiological and molecular basis for the loss of maternal
404  behaviors in avian brood parasites.

405 While there are many reasons that genes may be differentially expressed among
406  species, the close phylogenetic relationship, similar ecology, and highly conserved function of
407 the POA implicate those differentially expressed genes with similar expression patterns across
408 brood parasites as those most likely related to the loss of parental care. We therefore identified
409 transcripts that showed significant expression changes in the same direction in both parasitic
410 cowbirds species as compared to non-parasitic red-winged blackbirds (i.e. transcripts that were
411 concordantly differentially expressed; CDE). We identified 81 CDE transcripts, which we
412  suggest represents the set of transcripts whose expression changes in the POA are the most
413  likely contributors to brood parasitic behavior, and therefore provide excellent candidates for
414  future work in avian and other vertebrate systems. Indeed, the evolution of brood parasitism in
415  the cowbirds present in the Americas represents only one of several independent evolutions of
416  brood parasitism in birds. Broader phylogenetic comparisons across genera will determine
417  whether CDE transcripts identified here are implicated in convergent losses of parental care
418  across Passeriformes. Investigating this set of genes across these genera within Passeriformes
419  in future will provide insight into mechanisms of convergent behavioral evolution.

420 Following identification of the set of transcripts most likely involved in the transition from
421  maternal care to brood parasitic behavior, we tested two alternative and non-mutually exclusive
422  hypotheses concerning general mechanisms associated with brood parasitism. First, given the

423  known importance for POA activation in the induction of parental behaviors across taxa (21, 63-
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424  67) and previous work demonstrating prolactin receptor down-regulation linked to brood
425  parasitism (20), we reasoned that generalized gene downregulation might inhibit the transition
426  to maternal behavior in brood parasites. In this case, gene expression changes should reflect a
427  downregulated pattern (i.e. ‘natural knockdown’), especially in genes associated with the
428 induction of maternal care. Alternatively, we hypothesized that an absence of the ability to
429 transition from a non-maternal to a maternal state might be reflected in the retention of juvenile-
430 like (neotenic) expression patterns in the POA. We emphasize that these patterns are not
431  mutually exclusive as downregulation in the expression of key genes could be a component of
432  neotenic expression patterns.

433 The pattern of differential gene expression is in a direction that opposes predicted
434  patterns that would support the “natural knockdown hypothesis”. In fact, POA-specific
435  expression patterns of DE genes were significantly upregulated in 78% of CDE transcripts in
436  cowbirds as compared to red-winged blackbirds. We emphasize, however, that a lack of
437  evidence for downregulation at a global level does not contradict the potential importance of
438 downregulation of individual genes, such as the prolactin receptor or of brain region-specific
439  downregulation of vitally important genes. Thus, further investigation is needed to understand
440 whether gene knockdown still plays an important role in the appearance of brood parasitic
441  strategies. An additional possible explanation for the observed pattern of gene expression is
442  that transcription and translation are mutually independent processes that have different
443  timings, locations, and functional complexes (68). Therefore, post-transcriptional regulation may
444  cause a decrease in POA protein levels that is not reflected in mMRNA expression. While
445  changes in protein abundance cannot be definitively predicted from mRNA abundances in this
446  study, our identification of CDE transcripts provides strong candidates for future functional
447  studies that can explicitly investigate the correspondence of mMRNA and protein and the
448  behavioral consequences of expression changes across these levels of biological organization.
449 While overall gene-expression differences between cowbirds and red-winged blackbirds
450 were not consistent with large-scale expression downregulation in parasites, we found marked
451  evidence for a shift toward juvenile-like (neotenic) expression in the POA of adult parasites:
452  78% of CDE transcripts exhibited juvenile-like expression in parasitic cowbirds, suggesting that
453  the retention of a neotenic, non-maternal expression state in the POA may be partly responsible
454  for non-maternal parasitic behavior. Innovative morphologies and functionalities are known to
455  result from modifications of gene expression timing during development, and a retention of
456  neotenic expression patterns is known to underlie the evolution of complex traits across species

457 (69, 70), including behavioral traits in primates (34). For example, advanced cognitive abilities of
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458 human primates are a behavioral phenotype thought to be derived from neotenic processes.
459  Somel et al. (34) demonstrated dramatic brain transcriptome remodeling in the human brain
460 during postnatal development and these developmental changes are delayed relative to other
461 primates. The delay was not uniform across the human transcriptome but affected a specific
462  subset of genes that play a potential role in neural development. The authors propose that this
463  gene-specific transcriptional neoteny delayed timing of human sexual development which, in
464  turn, may have caused enhanced cognitive function in humans compared to other primates (34).
465  From the current dataset, we cannot distinguish whether the neotenic patterns we observed
466 represent a wholesale shift in expression timing across the brain of brood parasites or whether
467 there are differences in the extent and/or timing of delays across distinct brain regions and
468 molecular pathways. In either case, however, the patterns we report here strongly suggests
469 ontogenetic gene expression shifts in the POA have occurred in the evolution of avian brood
470  parasitism.

471 Specific subsets of neotenic or downregulated genes may play a role in the appearance
472  of the brood parasitic strategy. We therefore further explored differentially expressed transcripts
473  to identify genes potentially involved in maternal-related neural plasticity. Our examination of
474  differentially expressed transcripts yielded 38 candidate genes associated with structural and
475  functional plasticity. Neuromodulators such as mesotocin, AVT, and galanin have a clear and
476  well-documented role in mammalian parental behaviors (21, 71, 72); however, the role of
477  structural-related genes is less well established. For instance, stathmin is a phosphorylation-
478  regulated tubulin-binding protein plays a critical role in regulating the microtubule cytoskeleton
479  and may be required for axon formation during neurogenesis (73). Stathmin knockout mice have
480 deficient innate and learned fear, which leads to inaccurate threat assessment. This, in turn,
481 results in a profound loss in observed maternal behavior in females as they lack motivation for
482  retrieving pups and are unable to choose a safe location for nest-building (73). Similarly,
483 mesencephalic astrocyte-derived neurotrophic factor (MANF) is a neurotrophic factor that
484  selectively promotes the survival of dopaminergic neurons, which is critical for maternal care as
485 dopamine is one of the most potent prolactin inhibiting factors and therefore dopaminergic
486  neurons are involved in the regulation of parental behaviors (21, 58). It is the case, however,
487  the pattern of expression of several candidate genes in our study does not reflect expression
488 patterns reported in other studies (21, 71-72). However, this may be a consequence of
489 compensatory mRNA expression as described above as well as a reduction in receptor
490 abundance, which may also cause a compensatory upregulation of ligands. While the

491  functional outcomes of these madifications in transcript expression are not clear, these genes
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492 do provide excellent candidates for future study on mechanisms of brood parasitism and
493  general evolutionary shifts in parental behavior.

494 While some candidate genes we identified have been in the spotlight for some time, the
495  bulk of these studies focus on adults. Novel behavioral phenotypes, however, may be related to
496 the ways in which these peptides shape neural circuits and influence social processes during
497  development. Therefore, it is also possible that the higher mMRNA expression seen in our study is
498 a component of the neotenic brain as it is the case that experience-dependent brain plasticity is
499  elevated during juvenile critical periods and declines into adulthood (74-76). In songbirds, this
500 has been termed the constitutive plasticity hypothesis which was proposed to address gene
501 patterns during song recognition in songbirds (76). According to this hypothesis, heightened
502 information storage during critical developmental periods is associated with sustained gene
503  expression which may enhance sensitivity to song tutoring, whereas gene expression becomes
504  suppressed in adults and is only induced when the adult bird experiences a salient social
505 stimulus (76). Consequently, it is possible there may be a transferal from “constitutive plasticity”
506 in juveniles to “regulated plasticity” in adults (76), as has been proposed to explain song
507 learning in birds (74). Indeed, in some cases, these critical developmental periods with elevated
508 neural plasticity are mirrored by elevated mRNA expression patterns. For instance, heightened
509 mRNA expression in juveniles compared to adults occurs in structural and neuromodulatory
510 genes including microtubule associated protein 7, synucleins (78), and insulin growth factor |
511  (IGF-1; 79), and corticotropin-releasing hormone (CRH; 80). Moreover, binding to oxytocin and
512  vasopressin receptors is higher in juvenile compared to adult rats in a region-specific manner
513  (81). Thus, modification of neuromodulatory activity and structural plasticity across development
514  provides a potential mechanism for the evolution of novel social behaviors across taxa.

515 Targeted analysis of candidate genes in other key hypothalamic regions reveals that the
516 differential gene expression within the POA is not specific to this region. Four candidate genes
517 including, mesotocin, AVT, galanin and prostaglandin synthase were examined within four
518 additional hypothalamic brain regions that were pooled as a single sample. Three of the four
519 genes were differentially expressed in these additional hypothalamic regions at the 0.05 level,
520 the exception being prostaglandin synthase (p = 0.059). Moreover, three of the four genes
521 followed the same expression pattern within the POA. The only gene that reversed expression
522  pattern outside the preoptic region is AVT. Within additional hypothalamic regions, AVT
523  exhibited a significant knockdown pattern in the brood parasite rather than the elevated
524  expression pattern exhibited in the POA. Differential candidate gene expression patterns in

525  additional hypothalamic regions indicates that other brain regions may have been the targets of

16


https://doi.org/10.1101/349118
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/349118; this version posted June 16, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

526  evolution during the transition to brood parasitic strategies, rather than simply the POA. This
527  supports additional studies that reveal hypothalamic regions in female cowbirds exhibit
528 volumetric and neurogenesis differences in female cowbirds in comparison to male cowbirds
529 and red-winged blackbirds (82,83,84). Considerable modifications have also been demonstrated
530 in the auditory physiology of cowbirds (85) Together these studies, along with the results
531 presented here, indicated evolution may have produced wholesale transformations in neural
532  architecture to produce an animal that could successfully navigate the challenges of the brood
533  parasitic strategy.

534 Despite clear changes in circulating hormone levels following prolactin treatment, POA
535 gene expression in our brood parasitic species was remarkably insensitive to prolactin
536 treatment. We found only four transcripts DE due to prolactin treatment in cowbirds. Previous
537 studies in brown-headed cowbirds have found similar results from a behavioral perspective.
538 That is, prolactin administered to female cowbirds induces younger females to exhibit
539 incubation-like behaviors more often in prolactin treated birds as compared to older females,
540 indicating sensitivity to prolactin changes across development with adult female cowbirds
541 becoming prolactin insensitive (86). This prolactin insensitivity may be related to the lower
542  levels of prolactin receptor expression in the POA in parasitic brown-headed cowbirds as
543 compared to non-parasitic red-winged blackbirds (20). While prolactin receptor abundance in
544  our study was not significantly different with FDR corrections between parasitic and non-
545  parasitic species, prolactin receptor transcript levels are lower in cowbirds, and particularly
546  brown-headed cowbirds, than in red-winged blackbirds (Fig. S1). Thus, prolactin receptor
547  transcript abundance reported here reflects the pattern of prolactin receptor protein reported by
548  Ball, 1991 (20). Future studies will investigate prolactin and non-prolactin treatments in parasitic
549  and non-parasitic birds to determine if prolactin receptor downregulation in the POA serves as
550 the gateway to prolactin transcriptional insensitivity in this brain region.

551 Our results provide novel contributions to our understanding neurobiological-basis of
552  brood parasitism. We identify a set of CDE genes that may be conserved across brood parasitic
553 species of different lineages and may underlie transition to the brood parasitic lifestyle in
554  multiple lineages of parasites. In addition, we demonstrate largely neotenic patterns of gene
555 expression in these CDE genes. Finally, neotenic expression patterns extend to candidate
556 genes underlying neuromodulation, structural plasticity, and maternal behavior. Together, these
557  results provide a solid foundation for future investigations of neural mechanisms mediating the
558 emergence of brood parasitism and the evolution of novel social behavioral phenotypes across

559  taxonomic groups.
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Figure 1. Overview of the Icterid genera (i.e. blackbirds) and target brain regions. (A) Blackbird
phylogeny including the three focal species: (B) red-winged blackbird (Agelaius phoeniceus),
(C) bronzed cowbird (Molothrus aeneus) and (D) brown-headed cowbird (Molothrus ater). The
brown branch of this phylogeny represents the only brood parasitic genus within the Icteridae
family. (E) lllustration of the brain regions used for transcriptome assembly and gene expression
analysis. The red regions represent the brain regions collected. POA = preoptic area; POM =

medial preoptic area.

Figure 2. Differential gene expression comparisons between parasitic cowbirds and non-
parasitic red-winged blackbirds. Transcripts differentially expressed in pairwise comparisons
between species are shown in Venn diagrams with the number of differentially expressed
transcripts on the edges and the number of non-differentially expressed transcripts in the
overlap. The number of genes closer to a given species indicates those transcripts that were
significantly upregulated in that species. 81 transcripts were concordantly differentially
expressed in parasitic cowbirds, meaning they were significantly differentially expressed in the
same direction in both parasitic species as compared to non-parasitic red-winged blackbird
adults, suggesting these genes are those most likely to be involved in the evolution of brood

parasitism.

Figure 3. Neotenic patterns of gene expression in the POA of parasitic cowbirds. (A) Whether
gene expression changes in adult parasitic cowbirds are juvenile-like (neotenic) or adult-like as
compared to non-parasitic blackbirds is reflected in the directional relationship between
expression differences. When parasites mirror juveniles the relationship is positive (bottom left
and top right quadrant) and when parasites mirror adults the relationship is negative (top left
and bottom right quadrant). (B) We find that for both bronzed (tan circles) and brown-headed
(brown circles) cowbirds expression patterns are overwhelmingly juvenile like, with 78% percent
of transcripts exhibiting juvenile-like expression. Data is shown for transcripts CDE in both

cowbird species (i.e. those most likely to be involved in behavioral transitions to parasitism).

Figure 4. Transcript expression of candidate genes. Functional plasticity genes included
neuromodulators and metabolic modulators. Structural genes included genes involved in
changes to neural architecture. Select candidate genes known to be important in maternal and
social behavior are presented here. Boxplots show TMM normalized transcripts counts for

presumptive candidate genes in bronzed cowbirds (tan), brown-headed cowbirds (brown), adult
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855  red-blackbirds (pink), and juvenile red-winged blackbirds (white). Genes are grouped based on
856 their known neuromodulatory (top), metabolic (middle), or structural (bottom) functions.

857  Significant differences are indicated by brackets either with (p>0.05) or without (p>0.1)

858  asterisks. Remaining candidate genes associated with structural and functional plasticity are
859 listed in Table S5. AVT = arginine vasotocin; CRF receptor = corticotropin releasing factor

860 receptor; MANF = mesencephalic astrocyte-derived neurotrophic factor

861  Figure 5. Candidate gene expression in additional brain regions. Four additional hypothalamic
862  brain regions were punched from brain tissue and collapsed into a single sample to examine
863 candidate genes in these regions. These hypothalamic brain regions include ventral medial

864  hypothalamus (VMH), lateral hypothalamus (LH), posterior medial hypothalamus (PMH) and the
865  tuberal nucleus (TU).
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945  Supplemental figures

946  Supplemental figure 1. Comparison of prolactin receptors between parasitic cowbirds and non-
947  parasitic adult and juvenile red-winged blackbirds. All error bars represent SEM.

948

949  Supplemental table 2. List of differentially expressed genes with a 0.1 cutoff. Comparisons in
950 which DE genes were identified include bronzed cowbird vs red-winged blackbird, brown-

951 headed cowbird vs. red-winged blackbird, brown-headed vs. bronzed cowbirds and genes with
952  concordant differential expression (CDE) between cowbirds when compared to red-winged

953  blackbirds. The pattern of gene regulation is described for CDE genes.

954

955  Supplemental table 3. Top 20 gene ontology (GO) categories are listed in four pairwise

956 comparisons: Bronzed cowbirds compared to red-winged blackbirds, brown-headed cowbirds
957 compared to red-winged blackbirds, overlap between both cowbirds and red-winged blackbirds
958  and between brown-headed and bronzed cowbirds.

959

960 Supplemental table 4. List of differentially expressed genes (DE) in a comparison between adult
961 and juvenile red-winged blackbirds

962

963  Supplemental Table 5. Differentially expressed candidate genes between at least one parasitic
964  species and the non-parasitic species. These genes are identified as being involved in structural
965 and functional plasticity. Functional plasticity includes neuromodulatory genes and metabolic-
966 related regulators. Structural genes are involved in cellular renovations. Up/down refers to the
967 direction of the expression change in the cowbirds. Citations are listed for each gene with an

968 established role in social or maternal behaviors.
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Bronzed cowbird vs. Red-winged blackbird

# GO ID Description FDR | Enrichment
1 G0:0090382 | phagosome maturation 0.0008 0.82
2 G0:0042493 | response to drug 0.0013 7.59
3 G0:0032107 | regulation of response to nutrient level 0.0021 0.61
4 G0:0032094 | response to food 0.0029 0.66
5 G0:0045670 | regulation of osteoclast differentiation 0.0030 1.07
6 G0:0006874 | cellular calcium ion homeostasis 0.0037 7.29
7 G0:0007218 | neuropeptide signaling pathway 0.0046 1.17
8 G0:0051607 | defense response to virus 0.0053 4.13
9 G0:0051452 | intracellular pH reduction 0.0067 0.82
10 | GO:0060048 | cardiac muscle contraction 0.0081 1.94
11 | GO:0006970 | response to osmotic stress 0.0084 1.43
12 | GO:0006909 | phagocytosis 0.0103 3.47
13 | GO:0033108 | mitochondrial respiratory chain complex 0.0104 1.83
14 | GO:0070542 | response to fatty acid 0.0111 0.51
15 | GO:0071310 | cellular response to organic substance 0.0116 43.01
16 | GO:1901799 | negative regulation of proteasomal protein 0.0137 0.76
17 | GO:0090278 | negative regulation of peptide hormone secretion 0.0137 1.43
18 | GO:0022602 | ovulation cycle process 0.0146 1.58
19 | GO:0002762 | negative regulation of myeloid leukocyte differentiation 0.0147 0.56
20 | GO:1902235 | regulation of endoplasmic reticulum stress 0.0147 0.56

Brown-headed cowbird vs. Red-winged blackbird
1 G0:0098801 | regulation of renal system process 0.0036 0.10
2 GO:0006995 | cellular response to nitrogen starvation 0.0044 0.11
3 G0:0007588 | excretion 0.0071 0.13
4 GO0:0035019 | somatic stem cell population maintenance 0.0081 0.14
5 G0:0090382 | phagosome maturation 0.0092 0.15
6 G0:1903573 | negative regulation response to endoplasmic reticulum stress | 0.0117 0.17
7 G0:0030178 | negative regulation of Wnt signaling pathway 0.0128 0.88
8 G0:0006614 | SRP-dependent cotranslational protein targeting to membrane | 0.0129 0.18
9 G0:0019233 | sensory perception of pain 0.0172 0.21
10 | GO:0002181 | cytoplasmic translation 0.0183 0.34
11 | GO:0007218 | neuropeptide signaling pathway 0.0187 0.22
12 | GO:1990090 | cellular response to nerve growth factor stimulus 0.0187 0.22
13 | GO:0042177 | negative regulation of protein catabolic process 0.0199 0.45
14 | GO:0007131 | reciprocal meiotic recombination 0.0219 0.24
15 | GO:0007017 | microtubule-based process 0.0244 3.77
16 | GO:0002027 | regulation of heart rate 0.0271 0.27
17 | GO:0042127 | regulation of cell proliferation 0.0291 5.50
18 | GO:0071453 | cellular response to oxygen levels 0.0357 0.74
19 | GO:2001243 | negative regulation of intrinsic apoptosis 0.0410 0.33
Overlap in both cowbird vs. red-winged blackbirds
1 G0:0098801 | regulation of renal system pragess 0.0016 0.06
2 G0:0006995 | cellular response to nitrogen starvation 0.0020 0.07
3 GO:0007588 | excretion 0.0033 0.09
4 G0:0090382 | phagosome maturation 0.0043 0.10
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6 GO:0071453 | cellular response to oxygen levels 0.0242 0.49
7 G0:0007040 | lysosome organization 0.0252 0.26
8 GO0:0051607 | defense response to virus 0.0330 0.52
9 G0:0006874 | cellular calcium ion homeostasis 0.0402 0.92
10 | GO:0032446 | cellular calcium ion homeostasis 0.0423 2.98
Between bronzed and brown-headed cowbirds
1 G0:0045945 | positive regulation of transcription from RNA 0.0025 0.08
2 G0:0021545 | cranial nerve development 0.0065 0.13
3 G0:0031397 | negative regulation of protein ubiquitin... 0.0070 0.43
4 G0:0002576 | platelet degranulation 0.0082 0.15
5 G0:0032880 | regulation of protein localization 0.0108 3.70
6 G0:0042177 | negative regulation of protein catabolic process 0.0141 0.39
7 G0:0071320 | cellular response to cAMP 0.0168 0.22
8 G0:0010811 | positive regulation of cell-substrate adhesion 0.0216 0.50
9 GO0:0030900 | forebrain development 0.0243 1.48
10 | GO:0031122 | cytoplasmic microtubule organization 0.0249 0.27
11 | GO:0034446 | substrate adhesion-dependent cell spreading 0.0395 0.34
088
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989
990
991
Red-winged blackbird adult vs. juvenile
# ID Description FDR
1 CART | Cocaine- and amphetamine-regulated transcript protein | 4.14x 10°
2 GLO2 Hydroxyacylglutathione hydrolase, mitochondrial 0.0004
3 SELP Selenoprotein Pb 0.0019
4 NLGNX | Neuroligin-4, X-linked 0.00197
5 FEZF1 | Fez family zinc finger protein 1 0.00197
6 IGLLS5 | Immunoglobulin lambda-like polypeptide 5 0.0027
7 XPO7 Exportin-7 0.0027
8 NDOR1 | NADPH-dependent diflavin oxidoreductase 1 0.0058
9 HMX3 | Homeobox protein HMX3 0.0060
10 | HMBX1 | Homeobox-containing protein 1 0.0086
11 | MYPR | Myelin proteolipid protein 0.0109
12 | IDS Iduronate 2-sulfatase 0.0163
13 | S10AB | Protein S100-Al11 0.0319
14 | EMC6 | ER membrane protein complex subunit 6 0.0464
15 | VIP VIP peptides 0.0464
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Gene Description P Up/ Functional cite
value down category
1 HPGDS | Hematopoietic prostaglandin D 3.8x10° down Neuromodulator | @)
synthase %
2 | PDYN Proenkephalin-B 0.02 up Neuromodulator | (2)
3 | NEUV Vasotocin 0.03 up Neuromodulator | (2.3)
4 | NEUM Mesotocin 0.068 up Neuromodulator | @
5 |GALA Galanin 0.03 up Neuromodulator | 4.5
6 CRFR2 | Corticotropin-releasing factor receptor | 0.054 up Neuromodulator | @
7 | OX26 Orexigenic neuropeptide 0.02 up Metabolic 6.7
8 |SMS Somatostatin 0.099 up Neuromodulator | (8.9)
9 | CCKN Cholecystokinin 0.052 up Metabolic @
10 | CCKAR | Cholecystokinin receptor 0.06 up Metabolic @
11 | STMN3 | Stathmin-3 0.01 up Structural (10)
12 | MANF Mesencephalic astrocyte-derived 0.07 down Structural | -----
neurotrophic factor
13 | NLGNX | Neuroligin-4 0.059 down Structural (115
14 | EGR1 Early growth response protein 1 0.07 up Structural 13)
15 | NTRK2 | BDNF/NT-3 growth factors receptor 0.1 down Structural (lg;
16 | JUN Transcription factor AP-1 0.07 up Structural | -----
17 | NRX1B | Neurexin-1-beta 0.08 up Structural (16)
18 | CRTC1 | CREB-regulated transcription 0.09 up Structural an
coactivator
19 | ITF2 Transcription factor 4 0.09 up Structural | -----
20 | GLR Glucagon receptor 0.052 up Metabolic | -----
21 | CALC Calcitonin 0.0008 up Metabolic | -----
22 | GRPR Gastrin-releasing peptide receptor 0.01 up Metabolic (119?
23 | NPTN Neuroplastin 0.06 up Structural | -----
24 | PGES2 | Prostaglandin E synthase 2 0.078 down Neuromodulator | (1)
25 | ACES Acetylcholinesterase 0.03 up Neuromodulator | (20)
26 | CHLE Cholinesterase 0.054 down Neuromodulator | -----
27 | ACHA7 | Neuronal acetylcholine receptor <0.0001 up Neuromodulator | (20)
subunit alpha-7
28 | ACHA4 | Neuronal acetylcholine receptor 0.09 up Neuromodulator | (20)
subunit alpha-4
29 | GBRL2 | GABA receptor-associated protein- <0.0001 up Neuromodulator | (21)
like 2
30 | GBRG2 | GABA receptor subunit gamma-2 <0.0001 | down Neuromodulator | (21)
31 | GBRB1 | GABA receptor subunit beta-1 <0.0001 down Neuromodulator | (21)
32 | GBRG4 | GABA receptor subunit gamma-4 <0.0001 up Neuromodulator | (21)
33 | GBRL1 | GABA receptor-associated protein- 0.09 down | Neuromodulator | (1)
like 1
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34 | GLRA2 | Glycine receptor subunit alpha-2 <0.0001 up Neuromodulator | -----

35 | KCNH2 | Potassium voltage-gated channel 0.1 up Neuromodulator | -----
subfamily H member 2

36 | KCNS2 | Potassium voltage-gated channel 0.1 up Neuromodulator | -----
subfamily S member 2

37 | TKN1 Protachykinin-1 0.007 up Neuromodulator | -----

38 | PAQR3 | Progestin and adipoQ receptor family 0.059 up Neuromodulator | (22
member 3
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