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Abstract

Prokineticin receptor 2 (PROKR?2) is predominantly expressed in the mammalian central nervous
system. Loss-of-function mutations of PROKRZin humans are associated with Kallmann
syndrome due to the disruption of gonadotropin releasing hormone neuronal migration and
deficient olfactory bulb morphogenesis. PROKR2 has been also implicated in the neuroendocrine
control of GnRH neurons post-migration and other physiological systems. However, the brain
circuitry and mechanisms associated with these actions have been difficult to investigate mainly
due to the widespread distribution of Prokr2-expressing cells, and the lack of animal models and
molecular tools. Here, we describe the generation, validation and characterization of a new mouse
model that expresses Cre recombinase driven by the Prokr2 promoter, using CRISPR-Cas9
technology. Cre expression was visualized using reporter genes, tdTomato and GFP, in males and
females. Expression of Cre-induced reporter genes was found in brain sites previously described to
express Prokr2, e.g., the paraventricular and the suprachiasmatic nuclei, and the area postrema.
The Prokr2-Cre mouse model was further validated by colocalization of Cre-induced GFP and
Prokr2 mRNA. No disruption of Prokr2expression, GnRH neuronal migration or fertility was
observed. Comparative analysis of Prokr2-Cre expression in male and female brains revealed a
sexually dimorphic distribution confirmed by in situ hybridization. In females, higher Cre activity
was found in the medial preoptic area, ventromedial nucleus of the hypothalamus, arcuate nucleus,
medial amygdala and lateral parabrachial nucleus. In males, Cre was higher in the amygdalo-
hippocampal area. The sexually dimorphic pattern of Prokr2 expression indicates differential roles
in reproductive function and, potentially, in other physiological systems.
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Introduction

Prokineticin receptor 1 and 2 (PROKR1 and PROKR?2) are G-protein coupled receptors
(GPCR) for two secreted chemokines: the prokineticins 1 and 2 (PROK1 and PROK2) (Lin
et al. 2002; Masuda et al. 2002; Soga et al. 2002). Whereas Prokr1 is highly expressed in
peripheral tissues, Prokr2is predominately expressed in the central nervous system (Soga et
al. 2002). In the mouse brain, ProkrZ2is widespread in multiple nuclei from the olfactory
bulb to the brainstem (Cheng et al. 2006). Mice with loss-of-function mutations in Prok2 or
Prokr2 genes have undeveloped olfactory bulb and related tracts (Matsumoto et al. 2006; Ng
et al. 2005; Prosser et al. 2007). These mice also show deficient gonadotropin-releasing
hormone (GnRH) neuronal migration, atrophy of the reproductive organs and infertility
(Matsumoto et al. 2006; Pitteloud et al. 2007). These findings made the PROK2/PROKR2
signaling deficient mice a relevant preclinical model of Kallmann syndrome, which is the
combination of hypogonadotropic hypogonadism (HH) with reduced (hyposmia) or absent
(anosmia) sense of smell due to impaired olfactory development (Abreu et al. 2010; Martin
etal. 2011). In agreement with this observation, a subset of humans diagnosed with
Kallmann syndrome shows loss-of-function mutations in PROKZ or PROKRZ genes (Cole et
al. 2008; Dodé et al. 2006; Pitteloud et al. 2007).

Following these initial reports, a series of findings demonstrated that the Prok2/Prokr2
system is more complex than previously anticipated (Abreu et al. 2012; Balasubramanian et
al. 2011). For example, whereas homozygous mutations in mice are necessary for the
reproductive and olfactory deficits, in humans these effects are found in heterozygous
mutations (Abreu et al. 2008; Canto et al. 2009; Cole et al. 2008; Leroy et al. 2008; Monnier
et al. 2009; Sarfati et al. 2010; Sinisi et al. 2008). However, in the heterozygous state, a high
degree of heterogeneity across families and within members of the same family has been
reported (Cole et al. 2008; Dodé et al. 2006). Moreover, in about 30% of humans with
mutations in the PROKZ or PROKRZ genes reproductive failure occurs with apparently
normal olfactory bulb formation. Mice heterozygous for Prok2and/or Prokr2 loss-of-
function mutation(s) also show reproductive deficits in the face of normal olfactory bulb
morphogenesis and GnRH neuronal migration (Xiao et al. 2014). These observations
suggest the Prok2/Prokr2 system has an intricate action in neurodevelopment and normal
physiology in adulthood. They also demonstrate a neuroendocrine role for the Prok2/Prokr2
independent of the effects in neuronal migration (Cole et al. 2008; Martin et al. 2011).

In addition to reproductive dysfunction, abnormal circadian rhythms in thermogenesis,
physical activity, corticosterone secretion and glucose homeostasis have been documented in
mice lacking Prok2 and/or Prokr2 expression (Cheng et al. 2002; Hu et al. 2007; Li et al.
2006; Prosser et al. 2007; Zhou and Cheng 2005). Despite the availability of mouse gene
knockout models, the neural circuitry and molecular mechanisms associated with these
physiological deficits have been difficult to determine. The widespread distribution of
Prokr2 in the brain and the developmental arrest of mice with Prokr21oss-of-function
mutation preclude the use of the global knockout model to assess adult physiology. To
overcome these issues and increase the opportunities to investigate the ProkrZ2 system, we
developed a knock-in mouse line using the CRISPR-Cas9 technology in which Cre
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recombinase is driven by the Prokr2 promoter without disrupting the Prokr2 gene. Here, we
describe the generation, validation and the comparative distribution of Prokr2-Cre
expression in male and female adult brain. We also assess the potential changes in Prokr2
gene expression, GnRH neuronal migration and fertility in these mice to determine if the Cre
transgene changed the Prokr2 expression and function.

Materials and methods

Animals

Adult male and female B6;SJL-Prokr22mLcre)Cfe (named Prokr2-Cre), B6.Cg-

G ROSA) 2650r™mI«CAG-tdTomato) Hzel j (R26-tdTom) (JAX® mice, stock # 007914), B6;129-
GI(ROSA) 2650r'25h9) (R26-GFP) (JAX mice, stock # 004077) and C57BL/6J (JAX mice,
stock # 00064) mice were maintained in the University of Michigan animal facility in a
light- (12 h on/off) and temperature-controlled (21-23 °C) environment with free access to
water and food. Mice were fed phytoestrogen-reduced Envigo diet 2016 (16% protein/4%
fat), except during breeding when they were fed higher protein and fat phytoestrogen-
reduced Envigo diet 2019 (19% protein/8% fat). A phytoestrogen reduced diet was used to
avoid the effect of exogenous estrogen in reproductive physiology. All procedures and
experiments were carried out in accordance with the guidelines established by the National
Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by the
University of Michigan Institutional Animal Care and Use Committee (Animal Protocol No.
04380). The R26-tdTomato and R26-GFP mice carry targeted mutations of the ROSA26
locus with a loxP-flanked transcriptional blocking cassette preventing the expression of
CAG promoter-driven tdTomato or enhanced green fluorescent protein (GFP) reporters,
respectively. Cre-mediated excision of the loxP-flanked transcription blocking cassette
allows the expression of tdTomato or GFP. All mice were genotyped before and after
experiments by extracting DNA from tail tip biopsies (RED Extract-N-Amp Tissue PCR Kit
catalog no. XNAT, Sigma, St. Louis, MO, USA) and performing PCR. The genotyping
primers are described in Table 1.

Generation of Prokr2-Cre mice using CRISPR/Cas9 technology

We used the Clustered Regularly Interspaced Short Palindromic Repeats associated protein
Cas9 (CRISPR/Cas9) technology (Cong et al. 2013; Mali et al. 2013) to generate a
transgenic mouse line that expresses Cre recombinase in Prokr2-expressing cells. A single
guide RNA (sgRNA) target and protospacer adjacent motif was identified on the coding
strand: 5° CCTCGACCTCAAAACCAGCG GGG33” with a predicted cut site 44 bp
upstream of the termination codon. The sgRNA target is located at mouse chromosome 2,
nucleotides 132373439-132373459 (NCBI Reference Sequence: NC_000068.7). The
activity of sgRNA/Cas9 complex at the target was demonstrated by analysis of genomic
DNA extracted from blastocysts that developed in in vitro culture from mouse zygotes that
had been microinjected with Cas9 reagents, as described (Sakurai et al. 2014). DNA
sequence analysis of PCR products obtained by amplification across the Cas9 target showed
the presence of insertions/deletions (indels) in the genomic DNA due to non-homologous
end joining repair of double-strand chromosome breaks induced by sgRNA/ Cas9 complexes
(Fig. 1a, b). After the demonstration of effective Cas9 cleavage of the target, a donor
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plasmid for homology directed repair was synthesized that included 800 bp of sequence
upstream of the sgRNA target. Multiple silent coding changes were introduced in the Cas9
target to block Cas9 re-cleavage after correct repair of chromosome breaks by the donor
DNA: 5" CCTCGACt-TaAAgACatctG GeG 3. Between the final Prokr2 codon and
termination codon a GSG linker, a T2A viral peptide, an iCre recombinase, and a bovine
growth hormone polyadenylation signal (bPA) were inserted (Goodwin and Rottman 1992;
Kim et al. 2011; Shimshek et al. 2002). Immediately downstream of the bPA was the
endogenous Prokr2 termination codon and 797 bp of genomic sequence that comprised the
800 bp 3" arm of homology (Fig. 1c). The sgRNA target was cloned into the plasmid pX330
(Addgene.org plasmid # 42230, a kind gift of Feng Zhang) as described (Ran et al. 2013).
The circular pX330 plasmid (5 ng/uL final concentration) (Mashiko et al. 2013) and circular
donor plasmid (10 ng/pL final concentration) were mixed together for microinjection.
Fertilized eggs were produced by mating superovulated B6SJLF1 with B6SJLF1 males
(JAX mice, stock # 100012). Pronuclear microinjection was carried out as described (Becker
and Jechow 2011; Van Keuren et al. 2009). A total of 293 zygotes were microinjected, 255
surviving zygotes were transferred to B6D2F1 (JAX mice, stock # 100006) pseudopregnant
female mice and 85 pups were born. Genotyping of genomic DNA extracted from tail tip
biopsies was performed by PCR with primers internal and external to the DNA donor
plasmid (Table 1; Fig. 1d), and confirmed by DNA sequencing analysis. Single copy
integration was confirmed by PCR. Two primers pairs were used. The 5” pair included a
primer outside the 5" arm of homology and one inside Cre recombinase. The 3’ pair
included a primer outside the 3" arm of homology and one inside Cre recombinase.
Following identification of Prokr2-Cre founders, quantitative PCR of genomic iCre was
performed to determine the integration events in heterozygous and homozygous mice.
Interleukin 2 (//2 gene) was used as a random control for positive homozygosity.

Validation of Prokr2-Cre mouse models

To validate the Prokr2-Cre mouse line, we crossed the founder mice (GO generation) with
wild type mice to expand the colony, and the Cre+ offspring (G1 generation) were bred to
reporter mice that express either tdTom or GFP in a Cre-dependent manner. Adult (60-80
days old) male (/7= 5/group) and female (/7= 6/group) mice were anesthetized with
isoflurane (Fluriso, Vet One, Boise, ID, USA) and perfused transcardially with 10% buffered
formalin (Sigma). Female mice were perfused on the day of diestrus after at least two
normal estrous cycles. Diestrus was used as a basal condition to avoid a potential influence
of different levels of sex steroids on Prokr2 gene expression. Brains were dissected and
cryoprotected overnight. Coronal sections (30-um thickness, 5 series) were harvested on a
freezing microtome and were stored in cryoprotectant solution at =20 °C. Cre-induced
tdTom or GFP was assessed in series of brain sections from Prokr2-Cre reporter mice in G2
and subsequent generations. The distribution of GFP was mapped after
immunohistochemistry.

Single and dual label immunohistochemistry

GFP-immunoreactivity (GFP-ir) was assessed in series of brain sections from both male and
female Prokr2-Cre reporter mice. Briefly, sections were incubated in primary chicken anti-
GFP antiserum (1:5000, Aves Labs, Tigard, OR, USA, cat# GFP-1020), diluted in 0.1 M

Brain Struct Funct. Author manuscript; available in PMC 2018 May 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mohsen et al.

Page 5

PBS + 0.25% Triton X-100 (Sigma) and 2% normal goat serum (Vector Labs., Burlingame,
CA, USA), overnight on a shaker at room temperature. The next day, sections were rinsed in
PBS and incubated in AlexaFluor 488-conjugated goat anti-chicken secondary antiserum
(1:500, Invitrogen) for 1.5 h. Sections were mounted onto gelatin-coated slides, air dried and
coverslipped with Fluoromount G™ medium (Southern Biotechnology Associates,
Birmingham, AL, USA). Series of brain sections from Prokr2-Cre GFP reporter mice were
also submitted to standard immunoperoxidase staining. Following incubation in anti-GFP
antiserum (1:20,000), sections were incubated in biotin-conjugated donkey anti-chicken
secondary antiserum (1:1000, Jackson ImmunoResearch Laboratories, West Grove, PA,
USA) and avidin-biotin complex. The peroxidase reaction was performed using 3,3-
diaminobenzidine tetrahydrochloride (DAB; Sigma) as a chromogen and 0.03% hydrogen
peroxide dissolved in 0.1 M PBS, pH 7.4, for 3-5 min. Sections were mounted onto gelatin-
coated slides, dehydrated in graded ethanol, placed in xylene for 5 min and coverslipped
with DPX mounting medium (Electron Microscopy Sciences).

To assess whether Prokr2 neurons co-express gonadotropin-releasing hormone (GNRH), we
used brain sections from male (7= 4) and female (n7 = 4) Prokr2-Cre GFP mice. Series of
sections were incubated in anti-GFP antiserum (1:5000) overnight at room temperature
followed by AlexaFluor-488 conjugated goat anti-chicken secondary antisera (1:500).
Subsequently, sections were incubated in rabbit anti-LHRH antiserum (1:1000, Millipore,
cat# AB9754) and AlexaFluor-594 conjugated secondary antiserum (1:500). Sections were
mounted onto gelatin-coated slides, air-dried and coverslipped with Fluoromount.

To assess colocalization between Prokr2 and ERa., series of sections from Prokr2-Cre GFP
reporter mice (n= 3 females) were incubated in rabbit anti-ERa antiserum (1:20,000,
Upstate-Millipore, Billerica, MA, USA, cat# C1355) overnight at room temperature,
followed by AlexaFluor-594 conjugated donkey anti-rabbit secondary antiserum (1:500,
Invitrogen). Subsequently, sections were incubated in anti-GFP (1:5000) overnight followed
by incubation in AlexaFluor-488 conjugated secondary antiserum as previously described.
Sections were mounted onto gelatin-coated slides, air-dried and coverslipped with
Fluoromount.

In situ hybridization histochemistry

Single-label in situ hybridization histochemistry (ISHH) was performed in brain sections of
male (7= 4) and female (7= 4) C57BL/6 mice, as previously described (Donato et al. 2013;
Scott et al. 2009; Zigman et al. 2006). In addition, we performed a set of ISHH in series of
sections (30-um thick) from Prokr2-Cre reporter line to evaluate if Prokr2 gene expression
was intact in the Prokr2-Cre heterozygous and homozygous mice (n7= 3 females in diestrus
and n = 3 males/genotype). Briefly, one series of brain sections were mounted onto
SuperFrost plus slides (Fisher Scientific), air-dried overnight and fixed in 4%
paraformaldehyde in DEPC-treated PBS for 20 min. Tissue was dehydrated in increasing
concentrations of ethanol, cleared in xylenes, rehydrated in decreasing concentrations of
ethanol, and placed in pre-warmed sodium citrate buffer, pH 6.0. Slides were microwaved
for 10 min followed by dehydration in graded ethanol. The Prokr2 riboprobe was produced
from mouse olfactory bulb cDNA. The following primers were used to amplify a 724 bp
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sequence (MRNA (NM_144944.3): F (T3) 5"(CAG AGA TGC AAT TAA CCC TCA CTA
AAG GGA GA) AGT AGG CAA GCC TCA ACC AG 3’; R (T7) 5'(CC AAG CCC TCT
AAT ACG ACT CAC TAT AGG GAG A) TAC TCC CGT AGT GAG AGG GC 3.

The Prokr2 riboprobe was generated by in vitro transcription using 33P-UTP as the
radioisotope. 33P-labeled Prokr2 probe was diluted in hybridization solution and brain
sections were hybridized overnight at 56 °C. The next day, slides were incubated in 0.002%
RNAse A followed by stringency washes. Sections were dehydrated in increasing
concentrations of ethanol (50-100%), air-dried and placed in X-ray film cassettes with
BMR-2 film (Kodak, Rochester, NY, USA) for 2-3 days. Slides were then dipped in NTB
autoradiographic emulsion (Kodak, VWR), and stored in foil-wrapped slide boxes at 4 °C
for 3—4 weeks. Slides were developed with Dektel developer (Kodak, VWR, Radnor, PA,
USA), counterstained with thionin, dehydrated in graded ethanol, cleared in xylenes and
coverslipped with DPX.

Dual label immunohistochemistry-in situ hybridization

Dual label in situ hybridization/immunohistochemistry was performed to determine
coexpression of GFP immunoreactivity with Prokr2 mRNA. Sections of Prokr2-Cre GFP
mouse brains were rinsed with diethylpyrocarbonate (DEPC)-treated PBS for 1 h before
being pretreated with 1% sodium borohydride (Sigma) for 15 min. After washes in DEPC-
PBS, tissue was briefly rinsed in 0.1 M triethanolamine (TEA), pH 8.0 and incubated for 10
min in 0.25% acetic anhydride in 0.1 M TEA. The tissue was then rinsed in DEPC-treated
2x SSC before hybridization. The 33P-labeled riboprobes were diluted to 108 cpm/mL in
hybridization buffer and applied to the tissue. Sections were incubated overnight at 50 °C.
The next day, sections were incubated in 0.002% RNase A (Roche) for 30 min at 37 °C.
Sections were then submitted to stringency washes followed by immunohistochemistry for
the detection of GFP-ir, as previously described, using DAB as chromogen. Sections were
mounted onto SuperFrost Plus slides, dehydrated in graded ethanol and delipidated for 15
min in xylene. After washes in 100% and 95% ethanol, the tissue was air-dried, and slides
were placed in X-ray film cassettes with BMR-2 film for 2-3 days. Slides were then dipped
in NTB autoradiographic emulsion, and stored in foil-wrapped slide boxes at 4 °C for 2
weeks. Slides were developed with Dektel developer, dehydrated in increasing concentration
of ethanol, cleared in xylenes and coverslipped with DPX.

Data analysis and production of photomicrographs

Brain sections were analyzed using an Axio Imager M2 microscope (Zeiss, Jena, Germany).
The distribution of single-labeled (GFP+ or tdTomato+) neurons was initially assessed in
series of the entire brain (Table 2). Brain sites showing an apparent sexually dimorphic
pattern of distribution of Prokr2-Cre GFP+ cells (i.e., amigdalo-hippocampal area,
posterodorsal subdivision of the medial nucleus of the amygdala, medial preoptic area,
arcuate nucleus, ventrolateral subdivision of the ventromedial nucleus of the hypothalamus
and parabrachial nucleus) were quantified in immunoperoxidase stained brains. Only one
side from one section of each mouse brain using the same area of interest for all sections of
the same nuclei was used for quantification to avoid double counting. Total number of GFP+
neurons were evaluated considering average of 7= 4-5 mice/sex. The hybridization signal
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was estimated by the analysis of the integrated optical density (I0D) using the ImageJ
software (http://rsh.info.nih.gov/ij), as we have done before (Donato et al. 2009, 2010). Dark
field photomicrographs were acquired using the same illumination and exposure time for
every section. The 10D values for Prokr2 mRNA were calculated as the total 10D of a
constant area subtracting the background from adjacent nuclei that did not express Prokr2
mRNA. Dual labeled neurons coexpressing GFP-ir and ERa-ir in the ventromedial nucleus
of the hypothalamus were quantified. We considered cells dual labeled those with cytoplasm
containing one fluorophores (AF488) and the nucleus containing the second fluorophore
(AF594) detected under epifluorescence microscope. Quantification of dual labeled neurons
and percentage of colocalization comparing total GFP-ir and total ERa.-ir were calculated
and expressed as mean + SEM.

Photomicrographs were produced by capturing images with a digital camera (Axiocam,
Zeiss) mounted directly on the microscope using the Zen software. Adobe Photoshop CS6
image-editing software was used to integrate photomicrographs into plates. For data
illustration, only sharpness, contrast and brightness were adjusted. Statistical analysis was
performed using GraphPad Prism 6 software. Comparison between groups (male and
female) was determined by multiple t-tests. False discovery was determined by two-stage
linear step-up procedure of Benjamini, Krieger and Yekutieli, with g = 1%. Pvalues and g
values are presented in figure legends. Data are expressed as mean + SEM and a values (P
<0.05 were considered significant.

Production and validation of Prokr2-Cre mouse model

To generate a mouse line that expresses Cre-recombinase driven by Prokr2 promoter
(Prokr2-Cre mouse model), we built a Prokr2-Cre donor construct and identified the SgRNA
by initial in vitro assessment. The activity of Cas9 at the sgRNA target was assessed by
DNA extraction from blastocysts and demonstration of indels in the genomic DNA by the
use of DNA sequencing (Fig. 1a, b). Prokr2-Cre DNA donor and sgRNA/Cas9 plasmids
were microinjected into mouse zygotes and transferred to pseudopregnant females. Of 85
potential founders, one founder incorporated the DNA donor plasmid by correct homologous
recombination identified by PCR and sequencing (Fig. 1e, f). Following gPCR analysis of
genomic iCre, we found that one integration event is present per Prokr2allele (Fig. 1g). Two
potential founders carried random integration of the DNA donor plasmid, also identified by
PCR and sequencing of 5 and 3" homology arms. After crossing the G1 generation of
Prokr2-Cre mice with reporter mice (R26-tdTom or R26-eGP), we identified Cre activity in
brain nuclei previously shown to express Prokr2 mRNA (Fig. 1h-k) (Cheng et al. 2006). No
differences in the pattern of Cre+ cell distribution between generations G2 and G5 were
observed. Moreover, the germline transmission ratio (Mendelian ratio) is consistent with a
single integration event.

We initially assessed the distribution of Cre-induced GFP in brain sites known to express
high levels of Prokr2. We found strong and consistent Cre-induced GFP-ir in the lateral
septum, the suprachiasmatic nucleus, the paraventricular nucleus of the hypothalamus and
the area postrema of males and females (Fig. 2). We then compared the distribution of Cre-

Brain Struct Funct. Author manuscript; available in PMC 2018 May 07.


http://rsb.info.nih.gov/ij

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mohsen et al.

Page 8

induced GFP with Prokr2 mRNA by in situ hybridization. In males, high levels of Prokr2
mMRNA were observed in the subventricular zone of the lateral ventricle, in olfactory nuclei,
globus pallidus, amigdalo-hippocampal transition, dorsomedial hypothalamus and
mammillary nuclei, as previously reported (Cheng et al. 2006). In females, however, we also
found high mRNA levels in the arcuate nucleus, ventromedial nucleus and medial amygdala,
and lower mRNA levels in the amigdalo-hippocampal area (Fig. 3a—i). Dense hybridization
signal was observed in the pleioglial periaqueductal gray in both sexes (Fig. 3g—i).

To validate the Prokr2-Cre mouse model, we performed dual label in situ hybridization and
immunohistochemistry in male and female Prokr2-Cre GFP mice. Colocalization was
clearly detected in areas where Prokr2 mRNA is abundant, including the suprachiasmatic
nucleus, the lateral septum, the paraventricular nucleus of the hypothalamus, the pleioglial
periaqueductal gray and the area postrema (Fig. 4a—c). In brain sites with low Prokr2 mRNA
expression, the degree of colocalization was variable potentially due to low mRNA levels
typical of GPCRs. Cre activity alone was observed only in few nuclei of the thalamus, i.e.
the ventral lateral, the ventral posteromedial and the ventral posterolateral (Fig. 4d),
suggesting developmental expression of Cre and Prokr2 in these sites.

Distribution of Prokr2-Cre-induced reporter gene and Prokr2 mRNA in male and female

brain

We next compared the distribution of Prokr2-Cre GFP in male and female brains (Table 2).
An initial subjective analysis was performed to identify potential sexually dimorphic sites.
Moderate-to-high numbers of GFP immunoreactive cells were observed in the olfactory bulb
and subventricular zone of the lateral ventricle. GFP positive (GFP+) cells were observed in
several areas of the cerebral cortex, specifically in the prelimbic, infralimbic, insular,
retrosplenial and piriform cortex. We also found GFP-ir in the medial and lateral septum,
with a higher expression in the dorsal aspect of the lateral septum. A moderate number of
GFP immunoreactive cells was observed in the dentate gyrus, ventral pallidum and globus
pallidus. Hippocampal regions with small numbers of GFP+ cells included CA1 and CA3.

The amygdala showed moderate to high expression of Cre-induced GFP-ir in a sexually
dimorphic manner also observed for Prokr2 mRNA (Table 2). We found higher numbers of
GFP positive cells and Prokr2 mRNA in the posterolateral subdivision of the medial
amygdala of females and in the amigdalo-hippocampal area of males (Fig. 5A-D, Q, R).
High numbers of Cre-induced GFP immunoreactive cells were observed in the anterior and
medial nuclear groups of the thalamus, including the par-aventricular, paracentral, central
medial nuclei, and in the lateral habenula of both sexes. Moderate numbers of GFP positive
cells were found in the laterodorsal and xifoid nuclei of the thalamus, and in the medial
habenula. In addition, as mentioned, we also found GFP-ir in the ventral nuclei of the
thalamus, but no Prokr2 hybridization signal was observed in those areas (Table 2).

In the hypothalamus, the medial preoptic area showed a low but consistent amount of GFP+
cells in males and moderate amount in females also observed for Prokr2 mRNA (Fig. 5E-H,
Q, R). High number of GFP+ cells was observed in the suprachiasmatic nucleus and parvi-
cellular paraventricular nucleus of the hypothalamus, in both sexes. Moderate to high GFP-ir
was detected in the dorsomedial nucleus of the hypothalamus in both sexes, whereas the
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ventrolateral subdivision of the ventromedial nucleus of the hypothalamus showed moderate
number of GFP+ cells and Prokr2 mRNA in females, but very little in males (Fig. 51-L, Q,
R). We also observed scattered GFP+ cells in the lateral hypothalamic area and arcuate
nucleus. In the arcuate nucleus, higher number of GFP+ cells and Prokr2 mRNA were found
in females (Fig. 51-L, Q, R). In the caudal portion of the hypothalamus, GFP-ir cells were
observed in the dorsal premammillary nucleus and several mammillary nuclei in both males
and females (Table 2).

In the brainstem, GFP+ cells were observed in the superior colliculus, in the dorsal column
and posterior aspect of the ventrolateral column of the periaqueductal gray, in the dorsal
raphe, Edinger—-Westphal nucleus, and medial and lateral subdivisions of the parabrachial
nucleus. In the lateral parabrachial nucleus, a higher number of GFP+ cells was observed in
females (Fig. 5M, N, Q, R), but this difference was not observed for Prokr2 mRNA (Fig. 50,
P). Few GFP+ cells were found in the anterior subdivision of the nucleus of the solitary tract
and in the hypoglossal nucleus.

High number of GFP+ cells and Prokr2 mRNA was observed in specific circumventricular
organs, including the subfornical, the subcomissural and the area postrema. Few GFP+
neurons were sporadically found in the median eminence.

Prokr2 mRNA, GnRH migration and fertility are intact in Prokr2-Cre mice

Because PROKR2 is essential for GhnRH migration and fertility, we next assessed if the Cre
transgene altered Prokr2 gene expression and GnRH migration. Distribution of Prokr2
mRNA was not different between wild type and Prokr2-Cre heterozygous and homozygous
mice (Fig. 6a—f). In addition, no changes in number (£ > 0.05) and location of GhRH-ir
cells, and density of fibers in the median eminence were observed (Fig. 6g-1). In agreement
with previous data in wild type mice (Balasubramanian et al. 2011; Pitteloud et al. 2007), no
colocalization between Prokr2-Cre GFP and GnRH immunoreactivity was detected in adult
mice (Fig. 6m-o0). However, we did find that several Prokr2 neurons are in close apposition
with GnRH cells in the preoptic area.

We then assessed if Prokr2-Cre heterozygous and homozygous mice are fertile. Six males (7
= 3 heterozygous and 7= 3 homozygous) and nine females (n7= 6 heterozygous and 7= 3
homozygous) were evaluated from 2 to 8 months of age. The presence of one or two Cre
alleles (in Prokr2-Cre heterozygous and homozygous mice) did not affect fertility in males
and in females. Prokr2-Cre and wild type control mice produced an average of six pups/litter
(Prokr2-Cre heterozygous, 5.75 * 0.45 pups; homozygous, 5.92 + 0.55 pups; wild type, 5.45
+ 0.47 pups in 2—4 fertility trials), and latency to pregnancy ranged from 1 to 5 days in
average for all genotypes.

Prokr2-Cre and ERa are coexpressed in the VMHvI

Previous studies in mice have suggested that Prokr2 is regulated by changing levels of
estradiol (Xiao et al. 2014). Using the Prokr2-Cre GFP mice, we assessed colocalization
between ERa and GFP-ir in female brains. Little-to-no coexpression was observed in the
lateral septum, medial preoptic area, anteroventral periventricular nucleus, arcuate nucleus
and the posterodorsal subdivision of the medial amygdala (Fig. 7a—i). However, partial
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coexpression was observed in the ventrolateral subdivision of the ventromedial nucleus of
the hypothalamus (VMHUvI) of females (62.3 + 3.4% of GFP+ neurons coexpress ERa and
8.8 £ 0.9% of ERa neurons coexpress Prokr2-Cre GFP). The colocalization between
Prokr2-Cre GFP and ERa was not evaluated in males due to the lack of GFP+ cells in the
male. Sporadic coexpression of ERa and GFP was observed in the lateral hypothalamic area
and arcuate nucleus.

Discussion

In the present study, we describe the generation and characterization of a novel preclinical
model for the studies on the Prok2/Prokr2 system using CRISPR/Cas9 technology. The
Prokr2-Cre mice express iCre recombinase driven by Prokr2 promoter, visualized using two
distinct R26 reporter mice (Allen et al. 2016; Cravo et al. 2011, 2013). The expression
pattern of Cre-induced reporter gene (GFP and tdTom) was compared with previous
published data (Cheng et al. 2006) and our own analysis of Prokr2 mRNA distribution.
Further validation of the mouse model was performed using dual label
immunohistochemistry and in situ hybridization. Expression of Cre-induced reporter genes
and Prokr2 mRNA were highly congruent except for several thalamic nuclei that expressed
only GFP-ir in male and female adult brain. No changes in Prokr2 mRNA expression, GnRH
migration or fertility were observed. Prokr2-Cre GFP is not expressed in GnRH neurons in
agreement with previous studies in wild type mice (Pitteloud et al. 2007), and Prokr2/ERa
colocalization was only detected in the female VMHuI.

The activity of Cas9 at the sgRNA target was initially assessed by microinjection into
zygotes, culturing zygotes to the blastocyst stage and the occurrence of indels in the
genomic DNA (Sakurai et al. 2014). The correct integration of the transgene DNA into the
genome was obtained via homology directed repair of a chromosome break induced by
CRISPR/Cas9. Whereas the probability for the integration of the transgene DNA into the
genome without CRISPR/Cas9 induced DNA breaks exists, it is vanishingly small (Brinster
et al. 1989). Seminal work in mouse genetics demonstrated that the efficiency of
homologous recombination of microinjected transgenes in zygotes without induced DNA
breaks is attained at a low frequency of 0.0094% (Brinster et al. 1989). In our study, we
obtained one founder in 293 injected zygotes, representing a frequency of 0.34%, i.e. more
than two orders of magnitude higher than reported in previous studies (Brinster et al. 1989).
The CRISPR/Cas9 treatment of ES cells dramatically increased homologous recombination
with DNA donors (Gennequin et al. 2013; Schick et al. 2016, and author’s unpublished
observations). Thus, the probability that correct integration of the synthetic DNA donor
molecule occurred after CRISPR/Cas9-induced chromosome break is very high and the most
likely explanation for the transgene knockin in Prokr2 sequence.

The role of Prok2/Prokr2 system in reproductive function was described after an incidental
finding that mice with the deletion of Prok2or Prokr2 genes had a strikingly similar
phenotype to that observed in individuals with Kallmann syndrome (Matsumoto et al. 2006;
Ng et al. 2005). Soon after, a series of studies reported distinct mutations in PROKZ or
PROKRZ2 genes in humans diagnosed with Kallmann syndrome (Abreu et al. 2008; Canto et
al. 2009; Cole et al. 2008; Leroy et al. 2008; Monnier et al. 2009; Pitteloud et al. 2007;
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Sarfati et al. 2010; Sinisi et al. 2008). In both, mice and humans, the most prominent
reproductive deficit caused by these genetic mutations is the arrest of GnRH neurons in the
cribiform plate and disruption of their migratory path from the olfactory pla-code to the
hypothalamus (and medial septum in rodents) (Cariboni et al. 2007; Norgren and Lehman
1991; Pitteloud et al. 2007; Wierman et al. 2011). The lack of GhnRH migration disrupts
sexual maturation and fertility in mice and humans, revealing an incontestable role for
Prok2/ PROKZ and Prokr2/PROKRZ in reproductive function. Whereas these findings
represented a breakthrough to the field, a series of questions remained unanswered
(Balasubramanian et al. 2011). For example, the mechanisms by which PROK2 promotes
GnRH neuronal migration, the neuroendocrine action of PROK2/PROKR2 system in the
reproductive and other endocrine axes, and the role of other Prokr2 neuronal populations are
still poorly understood. Due to the widespread distribution of Prokr2 neurons, the lack of
sophisticated mouse models and experimental tools has precluded a better understanding and
dissection of the PROK2/PROKR?2 systems. The use of global knockout mouse and
pharmacological approaches has generated important but sometimes imprecise or ambiguous
data.

The recent development of molecular techniques and the use of genetic mouse models have
allowed an impressive advance in our understanding of brain circuitry and physiology.
Conditional gene knockouts, conditional gene re-expression, molecular mapping using viro-
genetic and remote activation or inhibition of specific neural circuits using chemo- or
optogenetic control have revolutionized the way scientific knowledge has advanced (Cravo
et al. 2011, 2013; Elias 2014; Klockener et al. 2011; Krashes et al. 2013; Lam et al. 2011,
Sadagurski et al. 2012; Simonds et al. 2014; Sternson and Roth 2014; Wang et al. 2014). The
downside, however, has been the time and cost to produce the genetically engineered mouse
models to perform the crucial experiments. With the development of the CRISPR/Cas9
technology, these issues are minimized. The RNA-guided endonuclease Cas9 from
streptococcus pyrogenes has been successfully used for genetic manipulations in
experimental animal models (Lee and Lloyd 2014; Mashiko et al. 2014; Platt et al. 2014;
Wang et al. 2013). The Prokr2-Cre mouse was generated by inducing a chromosome break
near the Prokr2termination codon followed by homology directed repair of the break and
insertion of iCre sequence.

Following the identification of a Prokr2-Cre founder, the mouse was bred with two distinct
lines of Cre-induced reporter genes (GFP and tdTom) to evaluate the efficiency of loxP
recombination (Allen et al. 2016; Borges et al. 2016; Cravo et al. 2011, 2013). In both cases,
we found a similar distribution of labeled cells throughout the brain. We chose to perform
the validation of the mouse model, i.e., the colocalization of Cre-induced reporter gene and
Prokr2 mRNA, using the Prokr2-Cre GFP mice due to the higher efficiency obtained
following the in situ hybridization procedure. Whereas the coexpression of Cre induced
reporter genes and Prokr2 mRNA were highly congruent, several thalamic nuclei (mostly the
ventral group) displayed cells positive to GFP (in single or dual label procedures) or tdTom
(auto-fluorescence). This finding suggests that neurons in these areas expressed Prokr2
earlier in development and the expression was silenced in adult life. Alternatively, it is also
possible that Prokr2 mRNA is very low in these sites, undetectable using ISHH.
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Developmental fate mapping with Prokr2-Cre mice can be made in the future to address
these questions.

The distribution of Prokr2-Cre expressing neurons in males and females were mapped using
GFP immunoperoxidase and tdTomato auto-fluorescence in independent cohorts. The
sexually dimorphic pattern of Prokr2-Cre cells was evident in several brain regions. As
reported by others (Xiao et al. 2014), higher numbers of Prokr2-Cre neurons were found in
the preoptic area of females, but virtually no coexpression of ERa was observed in that site,
suggesting that a direct effect of estradiol via ERa is not the main mechanism for estrogen
action. We did find that Prokr2-Cre GFP and ERa. are coexpressed in the female, not in the
male, VMHUvI, a hypothalamic nucleus associated with female sexual behavior (Flanagan-
Cato 2011; Musatov et al. 2006). Given the reported role of Prokr2 in estrous cycling (Xiao
et al. 2014), further investigations on the specific neuronal subpopulations and mechanisms
associated with ERa and Prokr2 signaling are warranted.

The sexually dimorphic pattern of Prokr2-Cre distribution in the amygdala is of great
interest. The medial amygdala densely expresses sex steroids receptor and is a secondary
relay of the vomeronasal system (Rasia-Filho et al. 1991; Scalia and Winans 1975; Simerly
et al. 1990; Wood and Coolen 1997; Wood and Newman 1995). Those neurons are activated
(Fos-ir) following pheromone exposure and sexual behavior, and electrochemical stimulation
of the medial amygdala increases LH secretion (Beltramino and Taleisnik 1978; Bressler and
Baum 1996; Coolen et al. 1996; Kollack-Walker and Newman 1995; Veening et al. 2005).
Studies suggest the existence of a topographic distribution of neurons associated with
segregation between conspecific (socially relevant) and heterospecific (socially irrelevant)
chemosensory stimuli (Meredith and Westberry 2004). The Prokr2-Cre mouse model will be
useful to examine the role of Prokr2 cells in these aspects of the reproductive function and
the motivated behaviors in a sexually dimorphic manner.

A moderate to high expression of Prokr2-Cre was observed in the PVH of both males and
females. The PVH is a complex structure comprised of neurons associated with
neuroendocrine, autonomic and behavioral controls (Biag et al. 2012; Garfield et al. 2015;
Sawchenko and Arias 1995; Sawchenko et al. 1984, 1996; Shah et al. 2014; Swanson and
Kuypers 1980; Swanson and Sawchenko 1980). Interestingly, studies have reported that
Prokr2-null mice show reduced pituitary gland size, and that individuals with PROKRZ2 loss-
of-function mutation display combined pituitary hormone deficiency (CPHD) (McCabe et
al. 2013; Raivio et al. 2012). In addition to low levels of LH and FSH, these individuals also
show low levels of growth hormone (GH), vasopressin (AVP), thyrotropin-stimulating
hormone (TSH) and adrenocorticotropic hormone (ACTH) (Asakura et al. 2015; Correa et
al. 2015; Raivio et al. 2012; Reynaud et al. 2012). The Prokr2-Cre mice will allow for the
dissociation between the effects of releasing factors from hypothalamic neurosecretory
neurons, including the PVH, and the endocrine secretion from the pituitary gland on the
hypopituitarism and CPHD observed in Prokr2/PROKRZ2 gene mutation.

Prok2/Prokr2 cells have been also linked to other physiological systems. This is not
surprising considering the widespread distribution of Prokr2 expression in the brain (Cheng
et al. 2006). Circadian regulation, energy balance (food intake and energy expenditure),
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glucose homeostasis, stress response, cardiovascular regulation and locomotor activity are
among the complex systems associated with PROKR2 function (Abreu et al. 2010;
Balasubramanian et al. 2011; Cheng et al. 2002, 2005; Gardiner et al. 2010; Martin et al.
2011; Prosser et al. 2007; Zhou and Cheng 2005). Therefore, the Prokr2-Cre mouse
represents a crucial preclinical model for the understanding of the neural circuitry and
molecular mechanisms associated with Kallmann syndrome, GnRH neuronal migration,
hypothalamic control of the reproductive function and many other physiological systems.
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Fig. 1.

ngeration of the Prokr2-Cre mouse line. a, b Chromatogram of DNA sequence from PCR
products obtained by amplification across the Cas9 target shows the presence of indels in the
genomic DNA due to non-homologous end joining repair of double-strand chromosome
breaks induced by sgRNA/Cas9 complexes (b). ¢, d Schematic diagrams of the Prokr2-Cre
donor construct used in the generation of Prokr2-Cre mouse model (c) showing the position
of primers used to identify Prokr2-Cre founders (d). Note the position of the primers outside
the homology arms to control for the correct insertion of Cre into the genome. e, f Images of
agarose gels showing genotyping data of potential founders for the integration of Cre (€) and
correct insertion of Cre sequence downstream of Prokr2 gene (different bands temperature
gradient, f). g Bar graphs showing quantification analysis of iCre integration events using //2
gene as a random positive control. Note that iCre and //2are found in the same dosage in
Prokr2C¢/Cre mice, and iCre is reduced to half the amount of //2in Prokr2C"®* mice. h
Schematic illustration of the breeding strategy used to obtain Prokr2-Cre reporter mice and
Prokr2-Cre homozygous mice. i—k Digital images showing the distribution of Prokr2 mRNA
(wild type mouse), Prokr2-Cre tdTomato and Prokr2-Cre GFP in the suprachiasmatic
nucleus (SCN) in female brains (P60-80 days of age). 3V/third ventricle, G2 generation 2,
G5 generation 5, ox optic chiasm. Scale bar200 um
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Fig. 2.
Distribution of Prokr2-Cre GFP neurons and Prokr2 mRNA in male and female brain (G3

generation, P60-80 days of age). A-L Bright- and dark-field images showing distribution of
GFP immunoreactive cells (GFP-ir) and Prokr2 mRNA in male (A, C, D, F, G, J) and
female (B, E, G, 1-K) brains. 3V'third ventricle, Z0 motor nucleus of the vagus nerve, 12
hypoglossal nucleus, AParea postrema, cc corpus callosum, ffornix, LS lateral septum, LV
lateral ventricle, MS medial septum, NV7S nucleus of the solitary tract, ox optic chiasm, PVH
paraventricular nucleus of the hypothalamus, SCN suprachiasmatic nucleus. Scale bar A, B
400 pm, C-L 200 pm
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pgPAG

Prokr233p

Fig. 3.
Distribution of Prokr2 mRNA in male and female brains. a—i Dark field images showing

distribution of Prokr2 mRNA (hybridization signal observed as silver grains) in male (a, d,
g) and female (b, c, g f, h, i) brains. AHJiamygdalohippocampal area, Agaqueduct, Arc
arcuate nucleus, LD laterodorsal nucleus of the thalamus, LAHb lateral habenula, LV lateral
ventricle, MeA medial nucleus of the amygdala, gpt optic tract, pgPAG pleioglial
periaqueductal gray, Po posterior hypothalamus, PV/T paraventricular nucleus of the
thalamus, SC superior colliculus. Scale bara, b, d, €, g, h 2 mm; ¢, f, i 200 ym
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Fig. 4.

Coexpression of Prokr2 mRNA and Prokr2-Cre GFP in the female brain. a—c Bright field
images showing colocalization of Prokr2 mRNA (hybridization signal visualized as dark
grains) and Prokr2-Cre GFP immunoreactivity (GFP-ir, arrows) in the suprachiasmatic

nucleus (SCN, a), in the pleioglial periaqueductal gray (pgPAG, b) and in the nucleus of the

solitary tract (NTS, c). d Bright field images showing GFP immunoreactive cells in the
ventral posterolateral (VPL) and ventral posteromedial (VPM) nuclei of the thalamus. 3V
third ventricle, AParea postrema, Ag aqueduct, dPAG dorsal column of the periaqueductal
gray, GPglobus pallidus, /cinternal capsule, ox optic chiasm, Rfreticular nucleus of the
thalamus. Scale bar a—d 100 pm
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Fig. 5.

Di%"ferential expression of Prokr2-Cre GFP and Prokr2 mRNA in adult (P60-P80, G2
generation) male and female brains. A, B, D, E, G, H, J, K Bright- and dark-field images
showing the differential distribution of GFP immunoreactive (GFP-ir) cells and Prokr2
mRNA in male (A, C, E, G, I, K, M, O) and female (B, D, F, H, J, L, N, P) brains. Q Bar
graphs showing sexual dimorphism in the number of GFP-ir cells in amigdalo-hippocampal
nucleus (AHi, A= 0.0007, g=0.00036, #6.34), posterodorsal subdivision of the medial
nucleus of the amygdala (MeApd, £=0.003, g =0.00079, ¢4.40), medial preoptic area
(MPO, £=0.0006, g=0.00068, ¢8.38), in the arcuate nucleus (Arc, A= 0.0015, ¢g= 0.0005,
15.03), in the ventrolateral subdivision of the ventromedial nucleus of the hypothalamus
(VMHvI, £=0.0048, g=0.0009, £4.03) and in the lateral parabrachial nucleus (PBIl, P=
0.02, g=0.0043, £2.82). R Bar graphs showing sexual dimorphism of Prokr2 mRNA in AHi
(P=0.0079, g=0.040, £4.91), in MPO (P=0.036, g=0.045, £2.68), in VMHvI (£=0.020,
g=0.045, £3.13), in Arc (P=0.029, g=0.045, ¢2.83) and a strong trend in MeApd (P=
0.051, g=0.052, £2.41). No difference was observed in Prokr2 mRNA in the PBI. 3V/third
ventricle, CoA cortical nucleus of the amygdala, cp cerebral peduncle, DMH dorsomedial
nucleus of the hypothalamus, ffornix, LHA lateral hypothalamic area, LV lateral ventricle,
ox optic chiasm, PBm medial parabrachial nucleus, PurPurkinje cells, scp superior
cerebellar peduncle. */<0.05; **/<0.01; ***F<0.001, ****P<0.0001. Scale bar 400 pm
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Fig. 6.
Prokr2 mRNA and GnRH neuronal migration are not altered in Prokr2-Cre heterozygous

and homozygous mice. a—f Dark field images showing the distribution of Prokr2 mRNA
(hybridization signal observed as silver grains) in the brains of wild type (a, d), Prokr2-Cre
heterozygous (b, e G3 generation, P60-80 days of age) and Prokr2-Cre homozygous (c, f G5
generation, P60-70 days of age) females. g-I Fluorescent images showing the distribution of
gonadotropin releasing hormone immunoreactive (GnRH-ir) cell bodies (g-i) and fibers (j—I)
in wild type (g, j), Prokr2-Cre heterozygous (h, k), and ProR2-Cre homozygous (i, I) female
mice. No differences were observed in the distribution of Prokr2 mRNA and GnRH neurons.
m-o Fluorescent images showing distribution of GnRH-ir (red) and GFP-ir (green) cells in
the Prokr2-Cre heterozygous (m, n) and homozygous (o) female mice. Note lack of
colocalization and close proximity between these two groups of cells. 3V/third ventricle, ac
anterior commissure, Arcarcuate nucleus, DG dentate gyrus, DMH dorsomedial nucleus of
the hypothalamus, ME median eminence, MeA medial nucleus of the amygdala, MPO
medial preoptic area, OVLT vascular organ of the lamina terminalis, PV T paraventricular
nucleus of the thalamus, SCN suprachiasmatic nucleus, SFO subfornical area. Scale bar a—f
2 mm, g—-m 400 pm, n, 0 200 pm
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Fig. 7.
Prokr2-Cre GFP and ERa are coexpressed in the ventrolateral subdivision of the

ventromedial nucleus of the hypothalamus (VMHvI) in females. a—m Fluorescent images
showing the distribution of GFP immunoreactivity (GFP-ir, a, d, g, j) and ERa-
immunoreactivity (ERa-ir, b, €, h, k) in the lateral septum (LS, a—c), the medial preoptic
area (MPO, d-f), the posterodorsal subdivision of the medial nucleus of the amygdala
(MeApd, g-i), the arcuate nucleus (Arc, j—I), and the ventrolateral subdivision of the
ventromedial nucleus of the hypothalamus (VMHuvl, j—m) of a female PorkR2-Cre
heterozygous mice (P60-80, G5 generation). Consistent colocalization was only observed in
the VMHvI. m is a higher magnification of | (arrow indicates the same cell). AVPV
anteroventral periventricular nucleus, LV lateral ventricle, MS medial septum, gpt optic
tract, VIMHdm dorsomedial subdivision of the VMH. Scale bara—1 200 pm, m 100 pm
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Table 1

List of primers used for genotyping of the mouse models

Mice Forward Size (bp)

Cre-upstream F5 TTCCCTGGTCCCTATGTCAG 3’ 1112
R5" GTCCCTGAACATGTCCATCA 3’

Cre-downstream F5 GTCCATCCCTGAAATCATGC 3’ 990
R5" CTCATTGCCACTGGAAACCT 3’

Cre (founders) F5 GAAATGGTTCCCTGCTGAAC 3’ 600
R5" TCTCTGCCCAGAGTCATCCT 3’

Prokr2-Cre (progeny) F5° TCCCCACGGTAGTTGTGAAG 3’ Cre: 353
R5" ATTGGTTGGTGTGGTTTGCAG 3’ Wt: 499
mt5" CAGCAGGTTGGAGACTTTCCT 3’

Genomic iCre (QPCR) F5° CCACATTGGCAGGACCAAGA 3’ 163
R 5" GGCAGCCACACCATTCTTTC 3’

Genomic //2(gqPCR) F5 CTAGGCCACAGAATTGAAAGATCT 3’ 324
R5 GTAGGTGGAAATTCTAGCATCATCC 3’

R26-tdTom?@ F5 CTGTTCCTGTACGGCATGG 3’ 197
R5 GGCATTAAAGCAGCGTATCC 3’

R26-GEPA F5 AAGTTCATCTGCACCACCG 3’ 176

R 5" TCCTTGAAGAAGATGGTGCG 3’

a . . . .
Mouse lines are commercially available at IaX® mice
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Distribution of Prokr2-Cre GFP immunoreactive neurons and Prokr2 mRNA in adult male and female mice

Brain areasand nuclei Male Female

Prokr2-Cre GFP-ir  Prokr2mRNA  Prokr2-Cre GFP-ir ~ Prokr2 mRNA
Cerebral cortex
Anterior olfactory + + ++ +
Lateral olfactory tract + + ++ +
Endopiriform + +/- + +
Subventricular zone of lateral ventricle  + ++ + ++
Piriform + + + +
Prelimbic/infralimbic ++ +/- +4+ +
Cingulate +/- + + +
Retrosplenial + + ++ +
Perirhinal +++ + T+ ++
Entorhinal + +/- + +
Insular ++ + ++ +
Septum
Lateral septum, dorsal +++ +++ +++ +++
Lateral septum, intermediate ++ ++ ++ ++
Lateral septum, ventral + + ++ +
Medial septum +/- +/- + +
Hippocampus
CA1land CA3 + + +/- +
Dentate gyrus + +- ++ +
Presubiculum/subiculum + + + +
Basal ganglia
Caudado/putamen +/- - + -
Accumbens + +/- ++ +/-
Ventral pallidum + +/- ++ +/-
Globus pallidus, lateral ventral ++ ++ ++ ++
Amygdala, bed nucleus of striaterminalis
Anterior cortical amygdala + + + +
Lateral amygdala ++ ++ ++ +
Basomedial amygdala ++ + ++ ++
Medial amygdala, posterodorsal + + +++ ++
Amygdalohippocampal area ++++ +H++ ++ ++
Amygdalopiriform transition area + + + +
Bed nucleus of stria terminalis, medial — +/- +/- + +
Thalamus and epithalamus
Anterodorsal + + + +
Paraventricular +++ +++ +4+ 4+
Paracentral ++ ++ ++ ++
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Brain areas and nuclei Male Female

Prokr2-Cre GFP-ir  Prokr2mRNA  Prokr2-Cre GFP-ir  Prokr2 mRNA
Central medial ++ ++ ++ ++
Interoanterodorsal + + + +
Xifoid ++ + 4+ ++
Reuniens + +/- ++ +
Lateral dorsal +++ +/— 4+ +
Lateral posterior ++ +/- ++ +
Lateral habenula +++ ++ 44 ++
Medial habenula ++ ++ ++ ++
Ventral lateral +++ - +++ -
Ventral posteromedial +++ - +44+ -
Ventral posterolateral +++ - +++ _
Hypothalamus
Median preoptic + +/- + +
Medial preoptic area + +/- +++ +
Lateral preoptic area + +/- + +/-
Ventrolateral preoptic + - + -
Lateral preoptic area + - ++ _
Suprachiasmatic ++++ ++++ ++++ e+
Paraventricular, parvicellular +++ +++ 4+ +++
Lateral hypothalamic area ++ + ++ +
Perifornical area +++ ++ ++ ++
Arcuate + + ++ ++
Ventromedial, ventrolateral - - + +
Dorsomedial +++ ++ 4+ ++
Dorsal premammillary +++ +++ +++ +++
Posterior hypothalamus ++ ++ ++ ++
Lateral mammillary +++ +++ +++ e+
Medial mammillary, medial ++ +++ ++ +++
Medial mammillary, lateral +++ ++ +++ ++
Midbrain
Precomissural + + + +
Superior colliculus + + ++ +
Edinger—Westphal + +/- + +/-
Periaqueductal gray, dorsal ++ + +++ +
Periaqueductal gray, ventrolateral ++ + +++ +
Pleioglial periaqueductal gray +H++ +H++ ++++ e
Dorsal raphe ++ ++ ++ ++
Hindbrain
Dorsal cochlear + +/- + +/-
Parabrachial, medial + - + -
Parabrachial, lateral + + ++ +
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Brain areasand nuclei Male Female

Prokr2-Cre GFP-ir  Prokr2mRNA  Prokr2-Cre GFP-ir  Prokr2 mRNA
Lateral reticular + +/- + +-
Nucleus of the solitary tract, anterior ++ +/- ++ +/-
Dorsal motor (10) +/- - +/- -
Hypoglossal (12) + - + -
Cerebellum, Purkinje cells + - + -
Circuventricular organs
Subfornical organ +++ +++ +++ +++
Median eminence +/- - +- -
Subcomissural +++ +++ +++ +++
Area postrema ++++ ++++ +4+++ ++++

Page 28

Subjective analysis comparing number of GFP + cells in Prokr2CTe/* mice (n=4-5/sex) and hybridization signal in wild type mice (1= 3/sex).

+/-, very low; +, low; ++, moderate; +++, high; ++++, very high
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