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Abstract

Tachykinin (TAC) signaling is an important element in the central control of reproduction. TAC family is mainly composed of sub-
stance P (SP), neurokinin A (NKA), and NKB, which bind preferentially to NK1, NK2, and NK3 receptors, respectively. While most
studies have focused on the reproductive functions of NKB/NK3R, and to a lesser extent SP/NKI1R, the relevance of NK2R,
encoded by Tacr2, remains poorly characterized. Here, we address the physiological roles of NK2R in regulating the reproduc-
tive axis by characterizing a novel mouse line with congenital ablation of Tacr2. Activation of NK2R evoked acute luteinizing hor-
mone (LH) responses in control mice, similar to those of agonists of NKIR and NK3R. Despite the absence of NK2R, Tacr2™/~
mice displayed only partially reduced LH responses to an NK2R agonist, which, nonetheless, were abrogated after blockade of
NK3R in Tacr2™/~ males. While Tacr2™~ mice displayed normal pubertal timing, LH pulsatility was partially altered in Tacr2™/~
females in adulthood, with suppression of basal LH levels, but no changes in the number of LH pulses. In addition, trends for
increase in breeding intervals were detected in Tacr2™~ mice. However, null animals of both sexes were fertile, with no
changes in estrous cyclicity or sex preference in social behavioral tests. In conclusion, stimulation of NK2R elicited LH responses
in mice, while congenital ablation of Tacr2 partially suppressed basal and stimulated LH secretion, with moderate reproductive
impact. Our data support a modest, albeit detectable, role of NK2R in the control of the gonadotropic axis, with partially overlap-
ping and redundant functions with other tachykinin receptors.

NEW & NOTEWORTHY We have explored here the impact of congenital ablation of the gene (Tacr2) encoding the tachykinin
receptor, NK2R, in terms of neuroendocrine control of the reproductive axis, using a novel Tacr2 KO mouse line. Our data sup-
port a modest, albeit detectable, role of NK2R in the control of the gonadotropic axis, with partially overlapping and redundant
functions with other tachykinin receptors.
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INTRODUCTION

The mammalian reproductive system, essential for the per-
petuation of species, is controlled by a complex network of
central and peripheral regulatory inputs, which integrate at
the hypothalamic-pituitary-gonadal (HPG) axis. A major hall-
mark of the functioning of this neuroendocrine axis is the
pulsatile secretion of the hypothalamic decapeptide, gonado-
tropin-releasing hormone (GnRH), which operates as a major
hierarchical element of this system, driving the secretory
pulses of pituitary gonadotropins, luteinizing hormone (LH)
and follicle-stimulating hormone (FSH), that in turn control
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gonadal function (1, 2). Among the myriad of central regulatory
signals converging on GnRH neurons, Kisspeptins, encoded by
the Kiss1 gene and operating via the G-protein-coupled recep-
tor Gpr54, have been recognized in the past decades as major
stimulators of GnRH neurosecretion and as essential elements
in the central control of puberty onset, sex steroid feedbacks,
fertility, and, possibly, sexual behaviors (2-5).

Tachykinins (TACs) have also been identified as key ele-
ments in the central control of GnRH/LH secretion in differ-
ent species (6-9). The mammalian TAC family is composed
of a number of neuropeptides, which include substance P
(SP), neurokinin A (NKA), and neurokinin B (NKB), as well as
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the extended forms of NKA, neuropeptide K (NPK) and vy
(NPy), all having the characteristic C-terminal sequence,
Phe-X-Gly-Leu-Met-NH, (10, 11). TACs are widely distributed
throughout the central nervous system and periphery, play-
ing a diverse array of functions that include modulation of
neural activity, control of behavioral responses, mainte-
nance of fertility, vasodilation, and smooth muscle contrac-
tion (10-12). To date, most attention in TAC research has
focused on the biological effects of SP, NKA (both encoded
by a single gene, Tacl in rodents), and NKB (encoded by
Tac2 in rodents), which bind preferentially to the G-protein-
coupled receptors NKIR (encoded by Tacrl), NK2R (encoded
by Tacr2), and NK3R (encoded by Tacr3), respectively (10, 11,
13). Notwithstanding this ligand preference, some degree of
cross reactivity between TACs and their receptors has been
documented (14, 15). Thus, while TAC effects on LH release
were blunted by central administration of an antagonist for
all three receptors, administration of each TAC receptor an-
tagonist alone had no effect on LH secretion in rats (8). In
the same vein, full blockade of NKB actions on GnRH neuron
firing was only achieved when concomitant suppression of
all three TAC receptors was applied (14).

A majority of the studies reported to date on the roles of
TACs in the control of GnRH/LH secretion have focused on the
role of the NKB/NK3R system, as initial reports documented
that inactivating mutations of the genes encoding NKB (TAC3)
or NK3R (TACR3) in humans were associated with hypogona-
dotropic hypogonadism (HH) and lack of puberty (16, 17).
Interestingly, studies in rodents, sheep, monkeys, and humans
have documented the coexpression of NKB in a substantial
fraction of Kissl neurons located in the hypothalamic arcuate
nucleus (ARC) (18-21); this population was termed KNDy, as
they coexpress not only Kissl and NKB but, to a variable
degree, also Dynorphin (Dyn) (22). This defines a sort of oscil-
latory network, in which NKB activates and Dyn preferen-
tially inhibits kisspeptin output to GnRH neurons (2, 7,
23); a neuronal setup that has been recently proven as an
essential component of the GnRH pulse generator (24, 25).
In good agreement, the stimulatory effects of the NKB ago-
nist, senktide, were absent in Gpr54 null mice, suggesting
mediation via kisspeptin signaling (3, 7, 26).

Despite the reported human phenotype, genetic inacti-
vation of Tac2 or Tacr3 caused a less severe reproductive
impairment in mice (27, 28). For instance, Tacr3 null
female mice were only subfertile, whereas Tacr3-deficient
males attained fertility. Similarly, Tac2~/~ female mice
displayed delayed puberty but were otherwise fertile at
adulthood, while males showed no overt reproductive
defects. Altogether, these features resemble the human
phenotype of some mutations of the NKB pathway, in
which partial or complete reversal of their HH state has been
reported (29). As a plausible interpretation, it has been pro-
posed that, due to some degree of redundancy among the
TAC pathways, SP/NKIR and/or NKA/NK2R signaling may
compensate for the congenital absence of NKB actions,
thereby preserving fertility in mice and permitting reversal of
the hypogonadal state in humans, with genetic inactivation of
the NKB pathway. This redundancy has been recently docu-
mented by phenotypic analyses on double Tacl/Tac2 KO
mice, which displayed more profound reproductive defects
than mice lacking one of the two Tac genes (30).
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Although less characterized than the NKB/NK3R system,
compelling evidence supports the involvement of SP/NKIR
in the control of reproduction (15). This TAC system seem-
ingly has variable effects on LH secretion depending on the
species, so that NKIR agonists stimulated LH secretion in
intact male mice, as well as in ovariectomized (OVX) female
mice, supplemented or not with estradiol, while in adult
rats, no LH responses to NKIR activation were detected (7,
31). Recent evidence has further documented the role of the
SP/NKIR pathway in the modulation of puberty and fertility.
Thus, in prepubertal female mice, central injection of an
NKIR agonist elicited gonadotropin secretion, while Tacl KO
female mice displayed delayed puberty and subfertility (32).
Notably, SP/NKIR signaling seems to be also involved in the
control of sexual behavior, as injection of SP into the mid-
brain central gray facilitated lordosis (33), and Tacrl KO
male mice showed decreased pheromone-induced sexual
approach behavior (34).

In contrast, the physiological roles of the NKA/NK2R sys-
tem in the control of the reproductive axis remain largely
unexplored. Although NK2R does not seem to be expressed
in Kissl (or GnRH) neurons, NKA agonists have been found
to be capable of regulating gonadotropin secretion in a sex
steroid- and kisspeptin-dependent manner, with stimulatory
and inhibitory actions on LH release being reported (7, 35,
36). More recently, a putative role for the NKA/NK2R path-
way in the control of puberty and the gonadotropic axis was
suggested by pharmacological studies showing that activa-
tion of NK2R in prepubertal female mice advances puberty
onset, while it stimulates LH release in adulthood (36). In the
same line, the delayed puberty and subfertility seen in Tacl
null mice might be caused, at least partially, by the lack of
endogenous NKA, since this neuropeptide, together with SP,
is ablated in this mouse line (32). Nonetheless, the overlap-
ping functions of other TAC pathways, the partial promiscu-
ity at the receptor level, and the lack of more incisive genetic
models have prevented further elucidation of the specific bi-
ological roles and actual physiological relevance of NK2R sig-
naling in the control of the reproductive axis. In the present
study, we aimed to characterize more deeply the role of
NK2R in the regulation of the reproductive axis by analyzing
anovel Tacr2~/~ mouse line.

MATERIALS AND METHODS

Ethics Statement

The experiments and animal protocols included in this
study were approved by the Ethical Committee of the
University of Coérdoba; all experiments were conducted in
accordance with the European Union (EU) normative for
the use and care of experimental animals (EU Directive
2010/63/UE, September 2010).

Animals

Mice were housed in the Animal Service for Experimenta-
tion (SAEX) of the University of Cérdoba. All animals were
maintained under a 12-h light/dark cycle, at standard temper-
ature (22+2°C), and given ad libitum access to standard labo-
ratory mice chow (A04, Panlab) and water, unless mentioned
otherwise. The day the litters were born was considered as
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day 1 of age (PND1); animals were weaned at PND21. For the
diet-induced obesity studies, adult mice were fed with a high-
fat diet (HFD, Ref. No, D12451; Research Diets, New
Brunswick, NJ) with 45%, 20%, and 35% calories from fat, pro-
tein, and carbohydrate, respectively, for a period of 10 wk.

Tacr2~/~ Mouse Line

Tacr2 knockout mice (named hereafter Tacr2/~) were
obtained from the UCDavis KOMP Repository [referred to
there as tm1(KOMP)Wtsi, tm1(KOMP)Mbp]. The strategy for
disrupting the Tacr2 gene was to replace exon 2 with a LacZ/
neo cassette. Genotyping was conducted by final PCR analy-
ses on genomic DNA isolated from mouse ear tissue. Two
PCR amplifications per mouse were set; one specific to detect
the wild-type (WT) allele (210 base pair, bp) and another one
for the disruption of Tacr2 allele (875bp). The primers used
for detection of the WT allele were as follows: 5'-CTC CTG
ACC ATC ACC CAA TCC-3' and 5'-GGC TGG AAA GGG TGG
ACA ATG G-3', while the primers used to detect the mutated
allele were as follows: 5'-TGG ATT CAT CGA CTG TGG CCG-
3'and 5'-TGA GTC TCA AGC CTA GCT CCC TAG-3'.

Drugs

The NKIR agonist (GR 73632), NK2R agonist (GR 64349),
NK3R agonist (senktide), and NK3R antagonist (SB 222200)
were purchased from Tocris Bioscience (Bristol, UK). Of
note, GR 64349 has been reported as a potent and selective
NK2R agonist, displaying >1,000-fold and >300-fold selec-
tivity over NKIR and NK3R, respectively (37), and >10-fold
higher selectivity for NK2R than the endogenous ligand, NKA
(38); hence, GR 64349 can be considered as a bona fide NK2R
agonist. Kisspeptin (110-119)-NH2 (referred as kisspeptin-10 or
Kp-10) was obtained from Phoenix Pharmaceuticals Inc.
(Burlingame, CA). 17p-estradiol (E2), glucose, and insulin were
obtained from Sigma-Aldrich (St. Louis, MO). Kp-10, NK2R
agonist, NKIR agonist, and senktide were dissolved in physio-
logical saline (0.9% sodium chloride); E2 was dissolved in olive
oil; glucose and insulin were dissolved in water for injections;
and the NK3R antagonist was dissolved in 50% dimethyl sulf-
oxide (DMSO). The doses for the different drugs, administered
via the intracerebroventricular route, were as follows: Kp-10
(50 pmol), GR 73632 (3nmol), GR 64349 (600 pmol), senktide
(600 pmol), and SB222200 (7nmol). The drugs were adminis-
tered in a final volume of 5 uL, to allow accurate dose infusion
of the compounds without adverse effects, in line with the
extensive experience of our group (3, 39-41). The intraperito-
neal bolus of glucose used in the glucose tolerance test (GTT)
was 2 g/kg of body weight (BW) per mouse, and the bolus of in-
sulin injected intraperitoneal for the insulin tolerance test
(ITT) was 0.75 international units (IU).

Experimental Design and Analytical Methods

As general rule, assignment of animals to the different ex-
perimental groups was done by stratified randomization
within each genotype. However, due to operational reasons,
groups were not blinded to the experimenters.

General procedures and LH assay.

For pharmacological studies, intracerebroventricular injec-
tions were conducted. Cannulas INTRADEMIC polyethylene

E498

tubing, Becton Dickinson, Sparks, MD) were implanted, 2-3
days before the initiaition of the experiments, into the rodent
brain at 2 mm depth, with coordenates of 1 mm posterior and
1.2 mm lateral to bregma, to allow delivery into the lateral ven-
tricle; a procedure that is well validated, based on postmortem
necropsy, and routinely used in our research team (3, 39-41).
For cannula implantation, mice were anesthetized with
isoflurane.

For hormone (LH) assays, blood samples were obtained
from the mouse tail at at the designated times after intrace-
rebroventricular injection of the agonists. For each sample,
4 uL of whole blood was diluted in 46 uL of 0.1 M phosphate-
buffered saline (PBS) with 0.05% Tween 20, snap-frozen on
dry ice, and stored at —80°C until the assay using a super-
sensitive LH ELISA (42). Mice were handled (5-10 min per
animal) every day for 3wk before blood sampling, to habitu-
ate them for tail-tip bleeding. For blood sample collection,
mice were restrained in a cardboard tube every 5-min inter-
val during 3h for taking serial tail-tip blood samples.
Samples were stored at —80°C for the subsequent hormone
assay. For studies involving real-time PCR (RT-PCR), hypo-
thalami were dissected out, immediately upon the decapita-
tion of the animals, frozen in liquid nitrogen, and stored at
—80°C until used for molecular analyses.

Phenotypic evaluation of pubertal maturation and
fertility of Tacr2 null mice.

After weaning, 3-wk-old mice were checked for phenotypic
markers of puberty onset on a daily basis. Somatic and repro-
ductive indices of pubertal development were monitored,
including body weight (BW), age of vaginal opening (VO),
and balano-preputial separation (BPS), the two latter being
considered external markers of puberty onset in female and
male rodents, respectively. Once vaginal opening occurred,
vaginal cytology was performed daily to identify the age of
the first estrus (FE), a marker of first ovulation in female
rodents.

Reproductive assessment of adult Tacr2 null mice.
Adult virgin female mice were monitored daily by vaginal
cytology for at least 3-4 wk to characterize estrous cyclicity.
Fertility studies were performed by breeding adult Tacr2 KO
mice of either sex with fertile WT counterparts. Litter size,
time lapse until successful pregnancy in females, and preg-
nancy rates were monitored.

Pharmacological studies in adult control and Tacr2 null
mice.

To assess the role of NK2R signaling in the control of the
gonadotropic axis, we analyzed time-course LH responses to
intracerebroventricular administration of the NK2R agonist
GR 64349 in control and Tacr2~/~ male and female mice,
and compared those with LH secretory responses induced by
the NKIR and NK3R agonists, as well as Kp-10. The total
number of animals used in the pharmacological experi-
ments, per genotype and sex, was as follows: females, con-
trol: n = 17; Tacr2~'~: n = 17; males: control: n = 22; Tacr2~'~:
n = 27. Subsets of mice from the available pool of mice were
injected with the NK2R agonist (600 pmol), the NK3R agonist
(600 pmol), the NKIR agonist (3nmol), or Kp-10 (50 pmol).
To optimize animal use, minimizing the total number of
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mice needed while securing sufficient group sizes for robust
statistical analyses, repeated testing was allowed, under the
following premises: 1) time-course analyses were run in par-
allel for both genotypes; 2) animals were allowed to recover
for at least 72 h between tests; and 3) animals were not
included in more than three tests and were evenly distrib-
uted across the tests to allow grossly similar recovery times.
In each test, blood samples were collected before injections
(to set basal reference levels) and at 15, 30, and 60 after intra-
cerebroventricular administration. Doses and routes of
administration were selected on the basis of previous refer-
ences (7, 36). Details of the number of individuals included
in each pharmacological test are included in Supplemental
Table S1; all Supplemental material is available at http://dx.
doi.org/10.17632/fktzgbbdpr.1.

In an additional experiment, we intended to assess LH
responses to the NK2R agonist GR 64349 after pharmacologi-
cal NK3R blockade, using the selective antagonist SB222200
(7nmol/mouse in 5pL icv). To this end, adult WT and
Tacr2~'~ male mice were pretreated with SB222200 60 min
before the intracerebroventricular administration of GR
64349 (600 pmol). This test was conducted selectively in
males, since our initial analyses revealed that LH responses
to GR 64349 were already blunted in Tacr2~/~ females but
not significantly altered in Tacr2~/~ male mice. Blood sam-
ples were collected before (basal) and at 15 and 60 min after
SB222200 administration and at 15, 30, and 60 min after the
injection of GR 64349. For further details, see Supplemental
Table S1.

Gene expression analyses in the mediobasal
hypothalamus of Tacr2 null mice.

To confirm effective ablation of NK2R and to determine
whether the Tacr2~/~ mice display compensatory changes in
expression of other key elements in the central control of the
reproductive axis, we measured the expression levels of the
mRNAs encoding NKIR (Tacrl), NK2R (Tacr2), NK3R
(Tacr3), NKB (Tac2), kisspeptin (Kiss1), GnRH (Gnrhil), and
dynorphin (Pdyn) in the mediobasal hypothalamus (MBH) of
WT (n = 5-7) and Tacr2 KO (n = 5-7) female and male mice.
To this end, total RNA from the MBH was isolated using the
Favorgen Tissue Total RNA Extraction Mini Kit (FATRKO0O1)
according to the manufacturer’s protocol. RNA was quanti-
fied using the Nanodrop ND-1000 v3.5.2 spectrophotometer
(Nanodrop Technology, Cambridge, UK), and 0.5 ug of RNA
was reverse transcribed using the iScriptcDNA synthesis kit
(Bio-Rad Laboratories Inc.). Quantitative real-time PCR
assays were performed on a CFX96 Touch Real-Time PCR
Detection System (Bio-Rad Laboratories Inc.) and using
SYBR Green qPCR Master Mix (Promega Corporation). The
primer pairs, cycling conditions, and amplicon product size
used are indicated in Supplemental Table S2.

Assessment of LH pulsatile secretion in Tacr2 null
female mice.

Assessment of pulsatile LH secretion was conducted in con-
trol and Tacr2~/~ female mice (n = 8-10). To avoid the poten-
tial confounding factor posed by dynamic fluctuations
of endogenous estrogen levels, 4-5-month-old female mice
were subjected to bilateral ovariectomy (OVX) under
isoflurane anesthesia, followed by 2-wk replacement with
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physiological levels of estradiol (E,), according to previous
references (20, 43). After the standard habituation period (see
Genaral procedures and LH assay), serial tail-tip blood sam-
ples were collected at 5-min intervals during 3 h. The number
of pulses and the basal and mean LH levels were measured.
For OVX + E, mice, LH pulses were defined as those display-
ing an increase of 20% over the preceding two points; formula
was adapted from previous references (24, 44). Basal LH levels
were calculated using the mean of the values preceding each
peak, whereas mean LH levels were estimated as the arithme-
tic mean of all LH values over the study period.

Assessment of LH responses to ovariectomy in Tacr2
null female mice.

To investigate the role of NK2R signaling in mediating the
negative feedback effects of ovarian steroids on LH release,
control and Tacr2~/~ female mice were subjected to bilateral
ovariectomy (OVX) via abdominal incision under light iso-
flurane anesthesia. Blood samples were collected before sur-
gery and 2 and 7days after bilateral OVX. Body weight
changes were monitored in parallel.

Analysis of the effect of fasting on LH secretion in Tacr2
null mice.

To determine whether Tacr2 null mice display alterations in
LH responses to nutritional stress caused by food depriva-
tion, control and Tacr2~/~ male mice were subjected to fast-
ing for a total period of 24 h. Blood samples were collected
before and at 12, 18, and 24 h of fasting. Body weight changes
were monitored in parallel.

Evaluation of metabolic parameters in Tacr2 null mice.
To assess the role of NK2R signaling in the control of key
metabolic parameters, we carried out body weight and com-
position analyses, in both males and females, as well as glu-
cose tolerance tests (GTT) and insulin tolerance tests (ITT) in
adult WT and Tacr2/~ male mice, fed with either standard
(low-fat content; <8.5%) chow or a 45% HFD. In addition,
noninvasive measures of food intake, energy expenditure
(EE), respiratory quotient (RQ), and locomotor activity were
conducted in adult WT and Tacr2 null mice of both sexes fed
with standard chow. For analyzing the body composition,
quantitative magnetic resonance (QMR) imaging using the
EchoMRI 700 analyzer (Houston, TX, software v.2.0) was
performed. For GTT and ITT, male mice (n = 5-13) were
fasted for 4h and subsequently received an intraperitoneal
bolus of glucose and/or insulin, as described in previous sec-
tions. Glucose concentrations from tail-tip bleeding were
monitored before (basal) and at 20, 60, and 120 min after ip
injections, using a handheld glucometer (ACCU-CHECK
Aviva; Roche Diagnostics). For GTT and ITT, the total area
under the curve (AUC) of glucose concentrations was deter-
mined by the trapezoidal method, during the 120 min follow-
ing glucose and/or insulin administration.

To determine the EE and RQ, after a 24-h acclimation to
the metabolism cages, mice were monitored for a further
24 h with ad libitum access to standard laboratory chow and
water. Animal O, consumption rate (VO,) and CO, produc-
tion rate (VCO,) were measured every 40 min, allowing cal-
culation of EE and RQ. Locomotor activity of the animal and
measurement of food intake were recorded every 3min.
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Finally, systolic blood pressure was measured in control
and Tacr2~/~ male and female mice by using a tail-cuff
sphygmomanometer.

Female urine sniffing test.

To examine whether Tacr2 KO male mice can distinguish
between a sex odor (female urine, 10 uL) and nonsocial odor
(water, 10 uL) on cotton pads located in opposite corners of
the cage in comparison with WT male (n = 17-20), the female
urine sniffing test (FUST) was performed, as adapted from
previous references (45, 46). In short, urine samples were
collected from mature WT female mice from different cages
and pooled for decreasing variability in sniffing time. Mice
were individually placed into the Social Box (Panlab —~LE894-)
and habituated for 5min. After the acclimation period, mice
were presented to the social and nonsocial odors. The time
spent sniffing each cotton pad was recorded using Debut
Video Capture Software (NCH Software) and digitally deter-
mined by using a video tracking software (EthoVision XT,
Noldus). The open-field cage was cleaned with 70% ethanol
followed by double-distilled water after each test.

Three-chamber sex preference test.

To test sex preference, WT and Tacr2 null female and male
mice (n = 9-15) were individually put into the Social Box and
allowed to acclimate for Smin. After the habituation stage,
mice were allowed to explore, during 10 min, the arena
where nonfamiliar female and male mice were placed in op-
posite corners of the cage into a closed wire basket. The non-
familiar mice used in the sex preference test were
previously habituated to the wire basket for 3days. The
time spent by the mouse in each chamber and in close
interaction was recorded using Debut Video Capture
Software (NCH Software) and calculated automatically by
a video tracking software (EthoVision XT, Noldus). The
open-field cage was cleaned with 70% ethanol followed by
double-distilled water after each test.

Presentation of Data and Statistical Analyses

Statistical analyses were performed using Prism software
(GraphPad Prism). All data are presented as means + SE. An
unpaired t test was applied for the assessment of differences
between two groups and ANOVA followed by post hoc
Bonferroni tests for comparisons of more than two groups.
The significance level was set at P < 0.05, and different let-
ters or asterisks indicate statistical significance. Sample size
was adjusted based on animal availability (for each genotype
and sex) and previous experience of our group in analogous
studies addressing molecular and neuroendocrine aspects of
the central mechanisms controlling reproduction and me-
tabolism. These calculations were assisted by power analy-
ses performed using values of standard deviation that we
get usually when assessing parameters similar to those
of this study. All relevant sample sizes are provided in
the MATERIALS AND METHODS, figure legends, and in
Supplemental Table S1.

Data Availability Statement

The authors declare that the data supporting the findings
of this study are included in this article and its supplementary
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information files. All relevant original data are available from
the corresponding authors, upon request.

RESULTS

LH Responses to NK2R Activation in Control and Adult
Tacr2 '~ Mice: Comparison with Other TACs and Kp

We explored time-course LH responses to the agonist of
NK2R GR 64349 in Tacr2~’~ mice of both sexes, and their
corresponding controls, and compared these responses with
those induced by agonists of NKIR (GR 73632) and NK3R
(senktide), as well as kisspeptin-10 (Kp-10). In line with geno-
typing results, male and female Tacr2~/~ mice displayed
absent Tacr2 mRNA expression in the hypothalamus
(Supplemental Fig. S1), which was present in control mice,
validating the selective lack of NK2R in our model. In con-
trast, hypothalamic expression of a number of genes encod-
ing key regulators of the reproductive axis, including
Tacrl, Tacr3, Kissl, Gnrhl, Tac2, and Pdyn, was detectable
in the hypothalamus of Tacr2~/~ mice of both sexes, at lev-
els comparable with those seen in control mice (Supplemental
Fig. S1).

All the analogs tested evoked significant elevations of se-
rum LH levels in control male and female mice, in line with
previous literature (3, 7, 36), with peak values being achieved
between 15 and 30 min after injection. In fact, comparison of
the magnitude of such responses at 30 min after intracere-
broventricular administration showed that activation of
NK2R with GR 64349 evoked a significant twofold elevation
of serum LH levels over basal values, which was grossly simi-
lar in magnitude to the responses elicited by NKIR and
NK3R agonists, in both male and female mice. In turn, adult
mice of both sexes responded to a bolus of a low dose of Kp-
10 with a robust increase in LH levels, 30 min after intracere-
broventricular injection, which was significantly higher than
any of the LH responses to the individual NKR agonists
(Supplemental Fig. S2).

In Tacr2~/~ female mice, LH responses to the NK2R ago-
nist GR 64349 were detectable but significantly attenuated
versus controls, as defined by lower LH levels at 15 and 30
min after agonist injection (Fig. 14), and the overall decrease
of integral (AAUC) LH responses for the 60-min period fol-
lowing administration of GR 64349 (Fig. 1C). In contrast, LH
responses to the other TAC receptor agonists and Kp-10 were
not affected by Tacr2 ablation and were similar in magni-
tude to those of control female mice (Fig. 14). Tacr2 null
male mice displayed a grossly conserved LH responsiveness
to the NK2R agonist, as denoted in time-course and integral
analyses (Fig. 1, B and C), except for a very modest decrease
in serum LH levels over corresponding control values at 60
min after injection of GR 64349. In addition, the stimulatory
effects of the other TAC receptor agonists and Kp-10 on LH
secretion were similar in Tacr2~~ and control male mice
(Fig. 1B).

The intriguing conservation of LH responses to the NK2R
agonist in male mice congenitally lacking this receptor
prompted us to explore the potential interplay between
NK2R and other TAC pathways in this model. Of note, this
phenomenon was studied selectively in males, as Tacr2 ™/~
females were already displaying reduced LH responses to
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Figure 1. Time-course LH responses to NK2R and other tachykinin (TAC) agonists in Tacr2™’~ male and female mice. The effects of acute intracerebro-
ventricular injection of NK2R agonist (GR 64349; 600 pmol/5 pL icv), NK1R agonist (GR 73632; 3 nmol/5 pL icv), NK3R agonist (senktide; 600 pmol/5 pL
icv), and kisspeptin-10 (Kp-10; 50 pmol/5 pL icv) on LH secretion were monitored in Tacr2™/~ female (yellow; top—see A) and male (blue; middle—see B)
mice. Blood samples for LH determination were obtained before (basal) and 15, 30, and 60 min after each injection. In addition to time-course profiles,
net increment of integral secretory responses to central administration of the NK2R agonist (represented as AAUC) over the 60-min study period are
shown in C. Finally, the effects of pretreatment with the antagonist of NK3R (SB 222200; 7 nmol/5 pL icv) on LH responses to the NK2R agonist are dis-
played in D. Statistical significance was determined by two-way ANOVA followed by Bonferroni’s post hoc test or Student’s ¢ tests: *P < 0.05 vs. corre-
sponding control values (basal); **/##P < 0.01 vs. corresponding control values (basal); ***/###P < 0.001 vs. corresponding control values (basal);
Rkt P < 0.0001 vs. corresponding control values (basal); °P < 0.01vs. corresponding WT values; and PP < 0.05 vs. corresponding WT values. The

number of animals used in each hormonal test is indicated in Supplemental Table S1. AUC, area under the curve.

the NK2R agonist, suggesting a lower degree of redundancy.
In detail, male Tacr2/~ and control mice were pretreated
with the NK3R antagonist SB 222200, and after 60 min, the
animals were intracerebroventricularly injected with an
effective dose of the NK2R agonist GR 64349. In line with
our previous data, control mice pretreated with the NK3R
antagonist displayed significant LH responses to NK2R acti-
vation. In contrast, LH responses to the NK2R agonist GR
64349 were fully prevented by the concomitant blockade of
NK3R in Tacr2~/~ mice (Fig. 1D).

Tacr2 '~ Mice Display Preserved Puberty and Fertility
but Altered LH Pulsatility

Puberty onset and reproductive parameters were moni-
tored in Tacr2 null mice of both sexes. Analysis of pheno-
typic markers of puberty revealed normal pubertal timing in
Tacr2~/~ male and female mice, as denoted by the conserved
ages of vaginal opening (VO) and first estrus (FE) in females
(Fig. 2, B-E) and balano-preputial separation (BPS) in males
(Fig. 2, G and H). In addition, body weight (BW) gain during
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the pubertal transition was similar in KO and control mice of
both sexes (Fig. 2, A and F).

Additional parameters of the functioning of the reproduc-
tive axis were monitored in Tacr2~/~ female mice. In detail,
pulsatile LH secretion was assessed over a 180-min period,
using frequent 5-min blood sampling and a super-sensitive
LH ELISA. In addition, estrous cyclicity and fecundity were
studied; the latter also in Tacr2 null males. To avoid the
potential interference of fluctuations of endogenous estrogen
levels, LH pulsatility was evaluated in female mice of both ge-
notypes following bilateral ovariectomy (OVX) and replace-
ment with a physiological dose of estradiol (E,). In this model
of clamped E, concentrations, basal and mean LH levels were
significantly lower in Tacr2~/~ female mice. In contrast, the
number of pulses was not significantly altered in null mice; if
any, a trend for a higher number of pulses over the 180-min
period was observed (Fig. 3, A and B). Despite these altera-
tions in LH pulsatility, estrous cyclicity was fully preserved in
Tacr2”/~ female mice, without any differences being
observed in terms of total cycle length or stage distribution/
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Figure 2. Indices of pubertal maturation in Tacr2™/~

presented from wild-type (WT) (white) and Tacr2 ™ (

male and female mice. A: evolution of body weight (BW) gain from weaning (PND21) to adulthood is
yellow) female mice (WT: n=18; Tacr2™~:n =16). B: the accumulated percentage of female mice dis-

playing vaginal opening (VO) during the period of 3 wk after weaning is shown; the average age of VO is presented in C. The accumulated percentage
of female mice displaying first estrus (FE) and the average age of FE are shown in D and E, respectively. In addition, evolution of BW gain from weaning
(PND21) to adulthood is presented from WT (white) and Tacr2~’~ (blue) male mice (WT: n=22; Tacr2 KO: n=28) in presented in F. G: the accumulated
percentage of male mice displaying balano-preputial separation (BPS) during the period of 3 wk after weaning is shown, while the average age of BPS is

presented in H.

frequency (Fig. 3, C-E). Finally, fertility tests were conducted
by crossing control or Tacr2~/~ mice of either sex with control
mice of the opposite sex. A nonsignificant trend for increased
breeding intervals was detected, especially for null females,
although due to inherent variability, this did not reach statis-
tical significance (Fig. 3, F and G).

In addition, we monitored changes in LH levels in
Tacr2~/~ mice in response to hormonal or nutritional
manipulations, previously reported to modify LH secre-
tion (47), such as ovariectomy and short-term fasting. In
control mice, LH concentrations rose shortly after OVX, with
a significant elevation already at day 2 after surgery, and
massively increased LH concentrations being detected by 1
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wk after OVX. A similar profile was detected in Tacr2™/~
mice; yet, the elevation in LH levels observed at day 2 post-
OVX was not statistically significant over the corresponding
basal levels (Fig. 4A). On the other hand, in male mice sub-
jected to a 24-h period of fasting, LH levels were significantly
lower in Tacr2~/~ versus control mice, as evidenced by time-
course analyses and integral [area under the curve (AUC)]
values (Fig. 4, B and C).

Tacr2 '~ Mice Exhibit Normal Social Interaction and Sex
Preference Behavior

To address whether NK2R signaling participates in the
control of key aspects of sexual behavior, as reported
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Figure 3. LH pulsatility and reproductive parameters in Tacr2™/~

bers of LH pulses detected over a 3-h sampling period in wild-type (WT) and Tacr2

'|1
@

Breeding Interval (day)
S
Breeding Interval (day)

0]
WT Tacr2 KO WT WT

female mice. A: histograms showing basal and mean LH levels, together with the num-

~/~ mice, ovariectomized (OVX) and supplemented with estradiol (E>),

are presented (WT: n=8-9; Tacr2™”~: n=9-10). B: individual representative LH secretion profiles of OVX + E, WT and Tacr. ~/~ mice are shown. In

addition, histograms showing the percentual distribution of estrous cycle phases in WT and Tacr2

~/~ female mice are presented in C (WT: n=12; Tacr2

KO: n=12). D: the duration of the estrous cycle is displayed in WT and Tacr2™/~ female mice. E: in addition, representative estrous cycle profiles in WT
and Tacr2™~/~ female mice are shown. F: finally, breeding intervals in WT (white; n=8) or Tacr2™~ (yellow; n=14) female mice mated with WT males are
presented. G: for comparative purposes, the breeding intervals of WT female mice mated with WT (white; n=8) or Tacr2 KO (blue; n=9) male mice are
also displayed. Statistical significance was determined by Student’s t tests: *P < 0.05 vs WT values. In B, asterisks denote LH pulses.

previously for Tacr1 (34), we applied female urine sniffing
and sex preference tests to Tacr2™/~ mice, following
standard protocols. A three-chamber social sex preference
test was applied to adult male and female null mice and
their controls. In males, the stereotyped preference for
the opposite (female) sex was documented; yet, no differ-
ences in any of the behavioral parameters explored,
including velocity, distance moved, and time spent in the
vicinity of the same or opposite-sex mouse, were noted
between control and KO mice. Likewise, no differences in
terms of sex preference and social behavior were found
between control and Tacr2~/~ female mice (Fig. 5). In the
same vein, sniffing tests revealed no defects in Tacr2 ™/~
male mice in terms of preference for female urine odors; if
any, better focusing for close interaction with the female
versus neutral odor was observed in Tacr2~/~ null mice
(Supplemental Fig. S3).

Metabolic Profiles of Tacr2 '~ Mice in Lean and
Obesogenic Conditions

To assess the impact of the lack of NK2R signaling on key
metabolic parameters, we first monitored body weight gain
in both female and male Tacr2 ™~ mice, at 2 and 6 mo of age,
which was similar to that of control littermates. In addition,
body composition analyses at 2 mo of age confirmed similar
fat and lean mass in Tacr2 null and control mice. Alike,
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energy expenditure (EE) and respiratory quotient (RQ), as
well as total and nocturnal locomotor activity, were similar
in control and Tacr2-deficient mice. No differences in terms
of 24-h food intake and day/night feeding patterns were
observed in Tacr2~/~ mice either. Finally, measurement of
blood pressure by a tail-cuff sphygmomanometer demon-
strated that Tacr2 null mice display values of systolic blood
pressure similar to their control littermates. For further
details, see Supplemental Figs. S4 and SS.

Additional metabolic analyses, addressing glucose homeo-
stasis, were conducted in control and Tacr2 null mice, after
challenge with an obesogenic diet. Note that due to animal
availability, these analyses were conducted only in males.
Exposure to an HFD for 10 wk evoked a nonsignificant reduc-
tion of basal LH levels, which was associated with a signifi-
cant increase in total body weight and basal glucose levels.
Notably, whereas the rise of body weight induced by the
HFD was similar between control and Tacr2 KO mice, the
elevation of basal glucose levels was significantly higher in
Tacr2™’~ males (Fig. 6, A-C). Likewise, GTT denoted that
glucose intolerance was induced by HFD, but this parameter,
as assessed by integral AUC glucose values over the 120-min
period after the glucose bolus, reached statistical signifi-
cance only in Tacr2~/~ mice (Fig. 6, D and E). In contrast, no
major alterations in insulin sensitivity, measured by ITT,
were detected in Tacr2 null mice, irrespective of the diet reg-
imen (Fig. 6, F and G).
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Figure 4. Short-term LH responses to ovariectomized (OVX) and fasting in Tacr2™~ mice. A: body weight (BW) changes (at 7 and 14 days post-OVX) and
LH responses to ovariectomy (at 2 and 7 days post-OVX) in wild-type (WT) and Tacr2™/~ female mice are shown (WT: n=6; Tacr2~’": n=7). B: BW
changes and LH levels at timed intervals during a 24-h period after food deprivation are presented from Tacr2™~ male mice and their corresponding
WT controls (WT: n=12; Tacr2~/": n=18); the integral (AUC) secretory mass of LH during the 24-h period of fasting in WT and Tacr. ~/~ mice is shown in
C. Data are presented as means + SE. Statistical significance was determined by two-way ANOVA followed by Bonferroni’s post hoc test: *P < 0.05 vs.
corresponding control values (basal); **P < 0.001 vs. corresponding control values (basal); ****/####P < 0.0001 vs. corresponding control values (ba-
sal); °P< 0.05 vs. corresponding WT values; and °P< 0.01vs. corresponding WT values. AUC, area under the curve.

DISCUSSION

Our understanding of the central pathways that regulate
GnRH neurons remains incomplete. Yet, Kisspeptins have
been shown to play a major physiological role in the control
of GnRH secretion and the function of the reproductive axis,
as solidly documented by pharmacological and genetic stud-
ies in humans and rodents (2, 5). In addition, compelling
data have previously shown that not only NKB and its recep-
tor NK3R but also other members of the tachykinin family
participate in the control of GnRH neurosecretion and differ-
ent aspects of reproductive function, seemingly via close
interaction with the kisspeptin pathway (3, 7, 20, 31, 32, 36,
48). However, due to the intense cross talk and partial redun-
dancy of the elements of the TAC signaling, as defined by
multiple ligands (SP, NKA, and NKB) and receptors (NKIR,
NK2R, and NK3R), teasing apart the individual roles of the
specific TAC pathways has remained complex and elusive.
In this scenario, analysis of human mutations and murine
models of inactivation of the genes encoding TAC ligands
and receptors has been illustrative, although not fully con-
clusive, due to species differences, putative compensatory
responses, and the divergent characterization of different
mouse lines, with genetic inactivation of the various TAC
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ligands or receptors. In this context, characterization of the
physiological roles of NKA/NK2R pathways in the control of
reproduction has lagged behind and was mostly based on
pharmacological analyses or studies in murine models with
congenital ablation of the Tacl gene, which encodes both SP
and NKA. We report herein the first systematic characteriza-
tion of a novel murine line in which the Tacr2 gene has been
ablated (aka, the Tacr2~/~ mouse), thus allowing to dissect
out the putative roles of NK2R signaling in the control of dif-
ferent aspects of reproductive function, from puberty onset
and gonadotropin secretory profiles to sexual behavior.
These studies come to cover a persistent gap of knowledge
and provide an estimation of the actual physiological rele-
vance of NK2R pathways within the TAC family.

Our data refine and complement recent studies addressing
the role of NKA in the control of puberty and reproduction
in the mouse (36). In line with previous reports (39), central
administration of the agonist of NK2R GR 64349 evoked
unambiguous LH responses in control male and female
mice, which our current data document are similar in mag-
nitude to those evoked by agonists of other TAC receptors,
such as NKIR and NK3R. This pharmacological evidence
supports the involvement of NK2R signaling in the stimula-
tory control of the gonadotropin axis. Intriguingly, however,
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Figure 5. Analysis of social sex preference behavior in Tacr2™/~

male and female mice. The three-chamber social interaction paradigm testing sex pref-

erence was applied. A: representative images illustrating the protocol used are shown. B and C: mean velocity and distance covered, respectively, dur-
ing the habituation for sex preference tests for wild-type (WT) (white) and Tacr2™~ male mice are plotted (WT:n=8; Tacr2”":n =15). In addition, mean
velocity (D) and distance covered (E) during the habituation for sex preference tests for WT (white) and Tacr2™~ (blue) female mice are presented (WT:
n=10; Tacr2”’":n =12). F: data of WT and Tacr. ~/~ males when tested for their preference of female over male odor are displayed. G: data of close inter-
action in similar preference tests are shown. H and /: representative images illustrating the results of sex preference test for Tacr2~~ male mouse are
shown. J: in addition, data of WT and Tacr2 /" females when tested for their preference of male over female odor are displayed. K: data of close interac-
tion in similar preference tests are presented. L and M: finally, representative images illustrating the results of sex preference test for Tacr2™/~ female
mouse are shown. Data are presented as means * SE. Statistical significance was determined by Student’s ¢ tests: *P < 0.05 vs. corresponding male
time values for WT; ##P < 0.001vs. corresponding male time values for Tacr2 KO and ###P < 0.001vs. corresponding male time values for Tacr2™"~

mice.

despite the proven ablation of Tacr2 expression in our
model, LH responses to the selective NK2R agonist were only
partially blunted in female Tacr2~/~ mice, while in null
males, LH secretion in response to the NKA agonist GR
64349 was only marginally reduced at late timepoints. The
possibility that this merely stems from the spurious, non-
physiological activation of other NK receptors by the agonist
can be ruled out, since the doses of GR 64349 used were in
the low range (7), and this compound has been defined as a
bona fide agonist, with much higher selectivity for NK2R
over NKIR and NK3R (37). Hence, while some degree of
promiscuity at the receptor level of the agonist used may
explain the partially preserved LH responses, this is likely to
reflect the physiological redundancy of NKA signaling,
which might also involve the collateral activation of other
TAC receptors. This is further supported by the fact that LH
responses to the NK2R agonist could be totally blocked in
Tacr2~/~ males pretreated with the pharmacological antago-
nist of NK3R. In the same vein, the phenotypic impact of
genetic ablation of Tacl, encoding SP and NKA, has been
recently shown to be augmented by the concomitant
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elimination of Tac2, encoding NKB (30). In any event, it is
interesting to note that the impact of Tacr2 elimination on
LH secretory responses to the NKA agonist was higher in
females, suggesting that the degree of redundancy and com-
pensation among the TAC pathways is lower than in males.
This suggests a greater physiological relevance of NK2R sig-
naling in the control of the female (vs. male) gonadotropic
axis. In good agreement, the reproductive impact of individ-
ual or combined Tacl and Tac2 ablation was higher in
females (27, 30, 32), suggesting that the female reproductive
axis is more sensitive to alterations in TAC signaling.
Generation of novel murine models, with combined ablation
of Tacr2 and Tacr1 and/or Tacr3, may help to further expose
the degree of redundancy and compensation among the dif-
ferent TAC signaling pathways.

Inactivating mutations of the NKB/NK3R systems cause
failure of puberty of central origin in humans, whereas mice
with genetic inactivation of various elements of the TAC sig-
naling pathways display variable, but milder, alterations,
which in general were stronger in females. Yet, congenital
ablation of Tacr3 (encoding NK3R) failed to alter puberty
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onset in either male or female mice (28), while the pubertal
phenotype of Tacrl null mice has not been reported. Our cur-
rent data set expands those previous observations and dem-
onstrates normal timing of puberty in Tacr2/~ mice of
either sex. Interestingly, ablation of Tacl or combined elimi-
nation of Tacl/Tac2 did cause overt alterations of puberty in
male and female mice (30), suggesting that the joint absence
of several TACs is needed to overtly perturb puberty onset in
rodents of both sexes. The fact that individual elimination of
Tacr3 or Tacr2 did not alter pubertal timing in mice further
emphasizes the functional redundancy of the TAC system
also in terms of pubertal control; a contention that might be
confirmed by compound ablation of all TAC receptors in
future studies. At a physiological level, these data suggest
that the biological effects of the different TACs will depend
on the expression level of the three TAC receptors in a given
cell target.

Similar redundancy appears to operate in terms of mainte-
nance of fertility, so that both male and female Tacr2 ™/~
mice produced litters when crossed with WT counterparts

E506

and displayed grossly normal reproductive indices, such as
preserved estrous cyclicity in females. This is in line with the
preserved fertility of Tacrl™~ mice (34), whereas Tacr3/~
females were subfertile (28). In contrast, individual or com-
pound ablation of the genes encoding the TAC ligands Tacl
and Tac2 resulted in subfertility, with the greatest perturba-
tion being observed in Tacl/Tac2 null mice, which displayed
infertility in 80% of the females (30). Preservation of fertility
in mice lacking NK2R signaling was not seemingly attained
by developmental compensation in our congenital KO
model, as suggested by the conserved hypothalamic expres-
sion of key central elements of the reproductive axis, such as
the genes encoding NKB, NK1R and NK3R, Kissl, dynorphin,
and GnRH. In addition, functional (LH) responses to central
administration of other activators of the GnRH/gonadotro-
pin axis, such as agonists of SP, NKB, and kisspeptin, were
maintained in Tacr2/~ mice; an observation that also
argues against a major primary defect at the pituitary level
due to congenital ablation of NK2R, in line with previous
studies reporting no changes in LH secretion by rat
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pituitaries from gonadal-intact rats, after challenge with ei-
ther NKA (35) or an NK2R antagonist in vitro (49). Therefore,
considering that pharmacological activation of NK2R can
stimulate the gonadotropic axis, it is tenable that the lack of
overt reproductive phenotypes in Tacr2™/~ mice might
derive from the cross talk and redundancy among the differ-
ent TAC pathways, acting likely at central levels, rather than
a potential compensation via overexpression of complemen-
tary regulatory pathways. Admittedly, however, other com-
pensatory events (e.g., adaptative connectivity) cannot be
ruled out on the basis of our current data.

Notwithstanding, while gross fertility was preserved, the
fecundity of Tacr2 null mice, especially of females, appeared
to be modestly compromised, as suggested by their longer
breeding intervals than controls. In the same line, Tacr2™/~
female mice displayed altered patterns of LH pulsatility, as
defined by lower mean and basal LH levels than correspond-
ing control females, although the number of LH pulses over
the 3-h period of sampling was preserved. These data point
out that, despite the potential redundancy among the TAC
pathways, NK2R plays a genuine, specific role in defining
specific aspects of LH pulsatility. Of note, previous evidence
had demonstrated that, although the stimulatory effects of
NKA on GnRH/LH secretion require a preserved Kisspeptin
signaling (36), Tacr2 is not expressed in Kissl (or GnRH) neu-
rons, suggesting a primary site of action of NKA on upstream
afferents to Kissl neurons (15). These might include Tacl
neurons in the ventromedial hypothalamus (VMH), which
express Tacr2, as well as unidentified neurons from the ARC
and VMH (36). This is in contrast with the proposed network
for the stimulatory effects of NKB, which would take place
directly on ARC KNDy neurons, by auto- or parasynaptic
loops. Interestingly, this KNDy neuronal population has
been proposed as an essential component of the GnRH pulse
generator, which likely dictates not only the pulse interval
but also other features of the secretory profile of GnRH. On
the basis of our data, the NKA/NK2R pathway appears to
play a relevant role in defining the basal interpulse levels of
GnRH/LH secretion. Admittedly, other neurotransmitters
with proven roles in the central control of GnRH neurosecre-
tion (50) may contribute also in conveying at least part of
NKA/NK2R effects on LH secretion.

Subtle alterations were also noticed when analyzing sin-
gle-point LH levels in Tacr2~/~ mice subjected to manipula-
tions known to perturb the normal functioning of the
gonadotropic axis. On one hand, short-term responses to
ovariectomy appeared to be marginally blunted in Tacr2 /=
female mice, as LH levels at 2 days after OVX were not signif-
icantly increased over basal levels, in contrast with the sig-
nificant rise detected in control animals. On the other hand,
the secretory mass of LH over a 24-h period of fasting, a
manipulation known to suppress LH secretion, was signifi-
cantly lower in Tacr2~/~male mice than in their correspond-
ing controls. A tenable explanation for both findings is that
the ablation of a stimulatory pathway, such as NK2R, would
result in a partially defective activation of the GnRH/LH sys-
tem immediately after lifting the negative feedback of sex
steroids by OVX but a greater suppression of LH secretion in
conditions driving an inhibitory input to the reproductive
axis, such as fasting. Admittedly, however, the net differen-
ces caused by Tacr2 ablation were rather modest and, in
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fact, the absence of NK2R signaling did not prevent (but
rather modestly attenuated) LH secretory patterns. These
observations further emphasize the detectable, but modest,
physiological role of this TAC pathway in the control of the
gonadotropic axis.

In addition to neuroendocrine responses, basic aspects of
social and sexual behavior were explored in Tacr2~/~ mice.
These analyses were fueled by previous studies in mice con-
genitally deficient for Tacl or Tacrl which evidenced that
the SP/NKIR pathway plays a role in emotional behavior (51,
52). In addition, previous reports had documented that abla-
tion of Tacrl, but not of Tacl, results in diminished attrac-
tion by female pheromones and blunted sexual behavior
(34). In clear contrast, our current analyses failed to detect
any defects in the exploration of female urine by Tacr2~/~
male mice. Similarly, social sex preference was not affected
by congenital ablation of Tacr2, even in male mice, in which
the stereotyped preference for the female was fully preserved
in Tacr2 null animals. Albeit more incisive sex behavioral
tests were not applied (e.g., assessing lordosis or copulatory
efficiency) due to the lack of behavioral phenotypes in our
initial analyses, our current data strongly suggest that, con-
trary to Tacrl, Tacr2 pathways are dispensable for the mani-
festation of basic adult social and sex preference behavior in
mice.

Similar to kisspeptins, for which distinct metabolic roles
have been recently proposed (53, 54), previous evidence
strongly suggested that TAC pathways putatively participate
in the control of key aspects of metabolism, such as body
weight and composition, feeding behavior, and glucose ho-
meostasis. In detail, initial studies using Tacrl KO mice
revealed a potential metabolic role of NKIR signaling in met-
abolic responses to obesogenic insults, as Tacrl-deficient
animals showed reduced body weight gain and circulating
levels of leptin and insulin, as well as improved glucose ho-
meostasis in response to an HFD (55). In good agreement,
later analyses in Tacl null mice have documented a role of
SP signaling in metabolic responses to obesity, so that con-
genital ablation of Tacl conferred resistance to obesity and
improved glucose tolerance and insulin sensitivity under an
HFD (56, 57). Of note, ablation of Tacl might positively
impact metabolic profiles by elimination of SP and/or NKA,
the actions of the latter being mediated by NK2R. However,
our current data argue against this possibility, since NK2R-
deficient mice, under normal diet, displayed similar body
weight gain and composition as their paired fed littermates,
neither did they show alterations in energy expenditure, re-
spiratory quotient, and food intake. Moreover, while expo-
sure to an HFD caused an increase in body weight that was
similar in control and Tacr2/~ male mice, basal glucose lev-
els were higher in Tacr2 null animals fed a HFD, which also
displayed worse indices of glucose intolerance, without
changes in insulin sensitivity. Altogether, this evidence sug-
gests that, if any, the role of NKA/NK2R signaling in the con-
trol of metabolism is opposite to that of SP/NKIR, both being
seemingly engaged in a reciprocal manner in the modulation
of glucose homeostasis, especially in obesogenic conditions.
As a final note, despite previous pharmacological evidence
suggesting a putative role of NKA in the control of cardiovas-
cular function (58), our current analyses failed to detect any
alteration in blood pressure in our Tacr2~/~ mice, which
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Figure 7. Summary of major phenotypic features of Tacr2~/~ mouse and comparison with other genetic models of altered tachykinin (TAC) signaling.
The major phenotypic features of female (A) and male (B) Tacr2 ’~ mouse, as compared with those described previously for other genetically modified
mouse lines, with congenital ablation of the genes encoding TACs (Tac? and Tac2) or other TAC receptors (Tacr! and Tacr3), are synoptically
presented.
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were normotensive in both sexes. These findings are in line
with previous pharmacological studies showing that block-
ade of NK2R did not cause changes in blood pressure or
heart rate in conscious rats (59). Deeper analyses in our
genetic model are deemed to assess whether other parame-
ters of cardiovascular function might be altered in the con-
genital absence of NK2R.

In conclusion, our present study is the first to document
that global disruption of the Tacr2 gene, which results in abla-
tion of NK2R, leads to detectable, albeit discrete, deficits in
the functioning of the reproductive axis, including the sup-
pression of basal and mean LH levels and trend for lengthen-
ing of breeding intervals but without preventing fertility or
basic social sex behavior. Of note, pharmacological tests in
our model of congenital ablation of Tacr2 allowed to surface
sex differences in the degree of redundancy between this and
other TAC pathways. In addition, our data also suggest that
the NK2R pathway might contribute to keeping glucose ho-
meostasis at check in obesogenic conditions, playing a role
opposite to NKIR. All in all, our current data set adds to previ-
ous knowledge on the reproductive (as well as behavioral and
metabolic) roles of TAC pathways (see Fig. 7) and helps to
weight the actual physiological relevance of NK2R signaling
in mediating TAC actions in these neuroendocrine axes.
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