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Abstract

Previously, we found that after a single i.p. administration of pCPA in male rats, aggressive behavior parameters were increased, serotonergic activity
was reduced, and TPH2 and GABAAa1 expression was increased in the olfactory bulb. Here, we investigate the interaction of allopregnanolone
with serotonergic activity, TPH2, GABAAa1, and GABAAS mRNA expression in the olfactory bulb. To study allopregnanolone, a stereotactic surgical
protocol was developed in which a fixed cannula was implanted in the third ventricle before i.p. administration of pCPA. This protocol assessed
animals’ aggressive behavior in an intruder test six days after pCPA administration, and allopregnanolone (6puM) was administered i.c.v. 30 min
before the test. Subsequently, the concentrations of 5-HT and 5-HIAA were determined in the olfactory bulb. Because allopregnanolone modulates
the GABAergic system and the olfactory bulb has abundant GABAergic innervation, mRNA expression of GABAAal and GABAAS subunits was
determined in parallel with TPH2. We recovered aggressive behavioral parameters in pCPA-depleted animals and increased 5-HT, 5-HIAA, and
serotonergic catabolism. In addition, GABAAa1l mRNA expression was decreased, whereas GABAAS mRNA expression did not change in the olfactory
bulb. These results suggest that allopregnanolone plays a role in aggressive behavior and module serotonergic and GABAergic in the olfactory bulb.
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Introduction

Serotonin (5- HT) plays a vital role in aggressive territorial be-
havior [3,6,44-46]. 5-The enzyme Tryptophan Hydroxylase (TPH)
synthesizes HT in the raphe nuclei. The expressed TPH2 isoform
has been described mainly in neurons of the raphe complex [36,49].
5-HT-producing neurons in the raphe project their axons to the cor-
tex, amygdala, hippocampus, basal ganglia, thalamus, hypothala-
mus, and Olfactory Bulb (OB) [Lesch & Waider, 2012; 33]. OB is an

important serotonergic innervated structure, and we have recently
demonstrated mRNA expression of the TPH2 isoform in OB [14].
GABAA receptors are found in principal neurons and local interneu-
rons in the OB [34]. Mitral and tufted cells receive the primary GA-
BA-ergic input from two populations of interneurons, periglomeru-
lar cells, and granule cells, respectively, via specific dendrodendritic
synapses in the glomerular layer and the external plexiform layer
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[40]. At the same time, the sense of smell regulates social behaviors
such as aggressive encounters in rodents [14,41].

The GABAA receptor is a Cl ion channel distributed throughout
the brain [28,50]. There are seven leading families of receptor sub-
units (o, B, v, 6, € 6, ™) and some families with multiple isoforms
(al-6, B1-3, y1-3). The neurophysiological and pharmacological
properties of GABAA receptors depend on the subunit [28,38,50].
Combining these subunits and isoforms results in a functional di-
vision of GABAA receptors: synaptic (phasic) and extra synaptic
(tonic). While synaptic receptors have an a1;2;3;6, 3, y, extra syn-
aptic ones have an a4;5, 3, 6 [24,38]. However, the most abundant
GABAA receptor-a subunits are 1 and 3, expressed in mitral and
tufted cells in the OB, and have odor-discriminatory activities [34].
Furthermore, four weeks of isolation in male mice decreased the
expression of the al-isoform of the GABAA receptor compared to
group-housed males [26]. Furthermore, the most abundant subunit
of the GABAA receptor in adult neurons is the al-subunit, which
is also associated with rapidly declining cortical neuronal currents

[4]-

Allopregnanolone (Allo) (3a-hydroxy-5a-pregnan-20-one)
is the primary active metabolite of progesterone. It is one of the
best-studied neuroactive steroids and influences a wide range of
behaviors: sexual, affective, cognitive, and aggressive. Aggressive
behavior is influenced by various neurobiological factors such as
neurotransmission systems and neuroactive steroids [15,23]. Neu-
ro steroids act in two ways: fast action via ion channel receptors
and slow action via cytosolic receptors that activate conventional
genomic expression [10]. The reported effects of Allo are associated
with the GABAA receptor, where Allo acts as a positive allosteric
modulator [10]. Allo has a particular affinity for GABAA receptors
with the &-subunit present on extra synaptic GABAA receptors
[5,7,8,29,43]. Several studies [38,42] show that exposure to neu-
roactive steroids, such as Allo, results in altered GABAA receptor
structure, in some cases associated with changes in GABAA expres-
sion subunits [7], and these could have behavioral implications.
Increased extra synaptic GABAA receptor expression increases
sensitivity to neuro steroids by increasing tonic current [7,51]. In
contrast, deficient expression of the extra synaptic GABAA receptor
decreases sensitivity to neuro steroids or neuroactive steroids [38,
42]. Carver CM, et al, propose the hippocampus as the nucleus for
mRNA expression of the §-subunit in the brain. This expression has
several functions for memory and learning. In our laboratory, we
have demonstrated the modulatory effect of Allo in the hippocam-
pus [13,14].

Another brain structure that resembles the plasticity of the hip-
pocampus in the adult brain is the OB. In 2014, Cook, et al, demon-
strated that the regulatory enzymes of neuro steroidogenesis are
present in the hippocampus, cortex, and OB neurons. They also
performed tasks related to memory, learning, and social interac-
tions. However, there are no controlled studies linking the effects of
neuroactive steroids in OB. Furthermore, increased aggressive be-
havior and decreased Allo levels have been found in mice living in
social isolation [26]. While high, administered Allo concentrations
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reduce aggressiveness [31]. In moderately administered concentra-
tions, Allo increases aggression [16]. This evidence prompted us to
investigate the possible involvement of Allo in a model of aggressive
behavior in rats induced by serotonergic i.p. depletion. To investi-
gate this, we analyzed the parameters of aggressive behavior, sero-
tonergic activity, TPH2, GABAAq, and GABAAS mRNA expression in
OB after acute i.c.v. Administration of Allo.

Methods and Materials
Subjects and Housing

Animals were housed in a temperature-controlled animal room
(22+/-2°C) with a 12-h light-dark cycle (light from 07:00 to 19:00h)
and artificial light (60-70 lumens). Food and water were provided
ad libitum. Residents: Male Sprague-Dawley rats of 60 days and
350g (average weight). Intruders: Male Sprague-Dawley rats are 50
days old and weigh 280g (average weight). After the surgical proce-
dure, all resident subjects were housed in boxes for six consecutive
days to recover. We divided the subjects into four groups. Two re-
ceived i.p. vehicle (control veh; control allo), and two received i.p.
pCPA (pCPA veh; pCPA Allo). Intruder subjects remained in groups
of 3 until the resident intruder test (RVI), after which they were
euthanized. All animal experiments were approved by the Comité
Institucional para el Cuidado y Uso de Ani-males de Laboratorio de
la Universidad Nacional de Cuyo (CICUAL-UNCuyo) (Aval 82/2016),
Mendoza, Argentina.

Reagents

The drugs used were: pCPA-methyl ester hydrochloride, allo-
pregnanolone (3a-hydroxy-5a-pregnan-20-one) (SIGMA, St. Louis,
MO, USA); penicillin G benzathine (Richet, Argentina); ketamine
HCL (Holliday-Scott S.A, Argentina) and xylazine (Koening Labora-
tories, Argentina). pCPA methyl ester hydrochloride was dissolved
in saline at pH 6.5 at a concentration of 300mg/kg [19]. Allo was
first dissolved in propylene glycol at a concentration of 600uM. The
dose of Allo used in the experiments, six uM, was obtained by serial
dilution in sterile saline with 1% propylene glycol to the indicated
concentration [14]. The Allo concentration was chosen following
previous findings from our laboratory in a pharmacological range
[13,14]. In addition, similar concentrations of Allo (51M) have been
reported for its inhibitory effect on GABAergic neuronal activity in
the dorsal raphe nucleus through activation of the GABAA receptor
[20]. Benzathine penicillin G(im) was resolved at a concentration of
1,200,000 IU (0.6pg; 72mg/rat) [1,10]. The reagents used in each
procedure are described in the following sections.

Surgical Procedure

Rats were anesthetized with ketamine HCL (80mg/kg) and
xylazine (4mg/kg). Confirmation of the level of anesthesia was es-
tablished by loss of the postural, palpebral-palpebral, corner-pal-
pebral, and foot reflexes and by the absence of tail pinch response.
They were then placed in a stereotaxic position (David Kopf, USA)
for surgical intervention. To avoid hypothermia, the animals were
covered with a blanket during the surgical procedure; during recov-
ery from anesthesia, the animal was covered with the same blanket.
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A cotton pad was placed over the animal’s eyes to avoid eye injury
during the procedure. The implants were placed in the region of the
third cerebral ventricle according to the atlas coordinates of Pax-
inos and Watson: AP 0.0mm (Bregma), L: Omm, DV 9mm, dental
ridge inclination: +5°. The cannulas were inserted 1 mm above the
structure to avoid injuring the tissue. Stainless steel guide cannu-
las (13.5mmx0.80mmx38mm) were used, which were fixed to the
skull with dental cement and a stainless-steel screw. The cannulas
were closed with a stainless-steel wire at the end of the process to
prevent them from becoming blocked. To avoid possible infections,
all animals received a subcutaneous injection of benzathine peni-
cillin G (i.m) of 1,200,0001U [1,10]. Subsequently, each animal was
placed in a box with a bed of pine shavings on a pad of tissue paper,
with food and water available until recovery of the anesthetic level
was verified (we waited until the animal showed coordinated vol-
untary movements).
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Drugs Administration

Animals were injected i.p. with pCPA 300mg/kg (pCPA veh;
pCPA Allo) or saline (control veh or control Allo) and returned to
their home cage for six days. On the day of the behavioral test, the
experimental animals received Allo or veh i.c.v.(1ul) (Caceres et al.,
2020) into the third ventricle 30 min beforehand. Control animals
were injected with sterile saline containing 1% propylene glycol
[13] (Nishida, et al,, 2020)-all i.c.v. Administrations were performed
with a needle (0.5mm diameter) connected to a 10pl syringe (Ham-
ilton et al.) and were performed gently (0.25ul/min) [1]. The nee-
dle was left in place for 60 s to allow diffusion of the drugs in the
ventricular system; then, the experimenter removed it [14]. A sche-
matic representation of the experimental procedure can be seen in
Figure 1.
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Figure 1: Schematic representation of experimental procedure.

Behavioural Tests

The RVI test was used to examine aggressive behavior. The RVI
test was conducted following Koolhaas et al. (2013). In summer,
the RVI test involves the interaction of animals: the resident, who
is the test animal, and the intruder, who is the interaction animal.
An RVI test was conducted 6 days after the administration of pCPA
between 15:00 and 18:00 (Corthell, 2013). The test was conducted
in a wooden box containing wood crisps from the resident’s home
cage. After each test, the box was cleaned with ethanol (10%) [9].
The Everio G-series GZ-MG330 from JVC was used to record all
tests. The total time of the RVI test was 900 seconds. It was divided
into two phases: the adaptation phase and the interaction phase.
The first 300 seconds were considered the resident’s adaptation
phase to the environment. The remaining 600 seconds were con-
sidered the interaction phase. At the beginning of the interaction
phase, an intruder was placed on the opposite side of the resident
at the end of the adaptation phase, and the interaction behavior
was measured. To exclude a possible effect of pCPA on the locomo-
tor activity of the animals, the distance traveled during the adap-
tation phase was evaluated. In the interaction phase, we assessed
four main groups of behaviors: 1-non-social activity, i.e., the time
of grooming, sniffing, and sitting; 2-social activity, i.e., the time of
hetero grooming and hetero sniffing; 3-aggressive behavior, i.e., as a
time of the chase, moving towards, upright posture and false mount,
bite, clinch, clinch attack, lateral threat and keep down during the

interaction phase; and 4-aggressive latency, i.e., the time before the
first aggressive behavior.

5-HT and 5-HIAA Content Determination by HPLC in the
Olfactory Bulb.

Tissue homogenization was performed according to [11]. Brief-
ly, the tissue was collected in 400pl of 0.2N perchloric acid and then
homogenized in a glass-glass homogenizer. The homogenate was
centrifuged at 12000xg for 15min at four °C (Hermle, et al, model
Z233MK-2), and the supernatant was injected into a High-Perfor-
mance Liquid Chromatograph (HPLC) instrument coupled to elec-
trochemical detection to measure 5-HT, 5-HIAA. Using bovine serum
albumin as standard, the pellet was resuspended in 1N NaOH for
protein quantification by the Bio-Rad Protein Assay (Bio-Rad Labo-
ratories, Inc., Richmond, CA, USA). The contents of 5-HT and 5-HIAA
were expressed as picograms per milligram of total protein. Ten mi-
croliters of each supernatant were injected into the HPLC system
with the following setting: An isocratic pump (model PU-2080 Plus,
Jasco Co. Ltd., Tokyo, Japan), a UniJet microbore column (MF-8912,
et al,) and an ampere metric detector (set at 650mV, 0.5nA; model
LC-4C, BAS, West Lafayette, IN, USA). The mobile phase, contain-
ing 0.05 M NaH2P04, 1.0mM 1-octanesulfonic acid, 0.27mM EDTA,
1.0%(v/v) tetrahydrofuran, and 4.0%(v/v) acetonitrile (CH3CN)
(pH adjusted to 2.6) was pumped at a flow rate of 100ul/min. The
level of neurotransmitters and metabolites was assessed by com-
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paring the sample’s respective peak area and elution time with a
reference standard, and the quantification was performed using a
calibration curve for each neurotransmitter (Program et al., Tokyo,
Japan). Under these experimental conditions, retention times were
33.3 for 5-HT and 25.6 for 5-HIAA. Standards, EDTA, and 1-octane
sulfonic acid were purchased from Sigma-Aldrich, Inc. (St, et al.),
and all other reagents were of analytical grade. 5-HIAA/5-HT turn-
over was expressed as a percentual ratio.

RNA Extraction and RT-PCR Analysis

According to the manufacturer’s specifications, total RNA from
OB was extracted using the TRIzol™ reagent (Invitrogen-Life et al.,,
Argentina). Integrity of the mRNA of the samples was confirmed
by 1% agarose gel electrophoresis and staining with Syber Gold™
(Invitrogen-Life, et al., Argentina.) 10pg of total RNA was reverse
transcribed at 37°C using random hexamer primers and Moloney
murine leukemia virus retro transcriptase (Invitrogen-Life et al.,
Argentina) in a 20pL reaction mixture. RNA was first denatured at
70°C for 5 min in the presence of 2.5pug of random hexamer primers
(Invitrogen). For the subsequent RT reaction, the following mix-
ture was added: RT buffer [50mM Tris-HCl (pH 8.4), 75mM KC],
three mM MgCl2], 0.5mM dNTPs, five mM DTT, 200 units M-MLV
Reverse Transcriptase (Invitrogen). The reaction was incubated at
37°C for 50min.; next, the reaction was inactivated by heating at
70°C for 15min. The cDNA was stored at-20°C. TPH2, GABAA a1,
and GABAAS mRNA levels were estimated by RT-PCR with a Corbett
Rotor-Gene 6000 Real-Time Thermocycler (Corbett, et al., Austra-
lia) using rat-specific primers and reaction conditions described in
Table 1. PCR reactions were performed using a Corbett Rotor-Gene
6000 Real-Time Thermocycler using Eva-GreenTM (Biotium, et al.)
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in a final volume of 20uL. The reaction mixture consisted of 2uL
of 10xPCR Buffer, 1uL of 50mM MgCl2, 0.4pL of 10mM dNTP Mix
(Invitrogen), 1puL of 20xEva Green, 0.25uL of 5U/uL Taq DNA Poly-
merase (Invitrogen) 0.1uL of each 2.5mM primer (forward and re-
verse primers) and 10uL of diluted cDNA.

PCR reactions were performed at the conditions described in
Table 1. Melt curve analysis was used to determine whether a spe-
cific amplified product was generated. Absolute time quantification
was monitored by measuring the increase in fluorescence caused
by the binding of Eva Green dye to double-strand DNA at the end of
each amplification cycle. Relative expression was determined us-
ing the comparative quantitative visitation method of normalized
samples about the expression of a calibrator sample, according to
the manufacturer’s protocol [35]. Each PCR run included a no-tem-
plate control and a sample without reverse transcriptase. All mea-
surements were performed in duplicate. Reaction conditions and
quantities of cDNA added were calibrated such that the assay re-
sponse was linear concerning the amount of input cDNA for each
pair of primers. RNA samples were assayed for DNA contamination
by performing the different PCR reactions without prior reverse
transcription. Relative levels of mRNA were normalized to the S16
reference gene. RT-PCR products were analyzed on 2% agarose
gels containing 0.5mg/mL ethidium bromide, and a unique band of
the approximately correct molecular weight corresponded with a
unique peak in melt curve analysis. RT-PCR reactions were carried
out for 40 cycles, with an initial step of 5min at 95 ¢C followed by a
three-step scheme: 30s at 95 2C, 30s at the annealing temperature
shown above for each primer pair, and a final step at 722C for 30s.
Primers were designed with Beacon Designer 7.9 software.

Table 1: RT-PCR Primer Design. Design of specific primers for amplifying specific rat gene sequences selected for the RT-PCR

assay.

mRNAs Primer Sequence a::;:ensesi]za:lnlil(o Ams]z;iecon t:r::;::;llit?lie Anneling exon

TPH2 Sense CGGCGAAGAAGTTCTGAAGT NM_173839.2 164 60.6 Exon 2

Antisense AACCACGGCACATCCTCTA Exon 3

GABAAal Sense CGGCTGAACAACCTGATGG NM_183326.2 163 60.6 Exon 4

Antisense ATTCGGCTCTCACAGTCAAC Exon 5

GABAAS Sense CTGGATCTGCTATGTCTTCGT NM_017289.1 111 59,8 Exon 9

Antisense CTTGGCTTCGTGACCTTGA Exon 9

S16 Sense TCCAAGGGTCCGCTGCAGTC NM_001169146.1 100 60 Exon 1

Antisense CATTCACCTTGATGAGCCCATT Exon 2

Statistical Analysis

Comparisons between the means of the different groups were
made using the one-way test ANOVA and the Tuckey post-hoc test.
The significance level was set at p<0.05 for all statistical tests. Data
were expressed as means +S.E.M. Normality tests (Shapiro-Wilk)
were performed for all variables studied; results showed deviations
from normality were insignificant. All data were analyzed using the
software application GraphPad Prism 9.0 (GraphPad et al.,, USA).

Results
Behavioral Tests

There was a significant reduction in distance travel
(F(1,41)=31.02;p<0.0001) in the control group (non-pCPA) after
acute Allo administration. Interestingly, Allo did not affect the dis-
tance traveled in the pCPA groups (Figure 2). Acute Allo adminis-
tration significantly increased non-social activity (F(1,41)=3.758
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p<0.01; p<0.001; p<0.0001) compared to all groups (Figure 3). p<0.05;p<0.01; p<0.001; p<0.0001) (Figure 4). Interestingly, acute
In contrast, acute Allo administration resulted in a significant de-  Allo administration did not affect non-social and social activity in
crease in social activity compared to all groups (F(1,41)=30.65; the pCPA group.
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Figure 2: Effect of Allo on Locomotor Activity. Results are expressed as mean +SEM of distance traveled in control veh (n=10); control allo
(n=11); pCPA veh (n=9) and pCPA Allo (n=15). ****p<0.0001 for one-way ANOVA.
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Figure 3: Effect of Allo on Nonsocial Behavior: Results are expressed as mean +SEM of nonsocial time in second in control veh (n=10); control
allo (n=11); pCPA veh (n=9) and pCPA Allo (n=15). **p<0.01; ***p<0.001; ****p<0.0001 for one way ANOVA.
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Figure 4: Effect of Allo on Social Behavior: Results are expressed as mean +SEM of social time in second in control veh (n=10); control allo
(n=11); pCPA veh (n=9) and pCPA Allo (n=15). *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 for one way ANOVA.
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It was found that acute Allo administration affected aggressive
latency and aggressive behavior in the previously administered
pCPA group. First, Allo had no effect on aggressive latency in the
control groups. However, Allo significantly (p<0.01) increased ag-
gressive latency in the pPCA groups. We also observed a significant
increase in aggressive latency (p<0.0001) between the Allo-treated
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groups not treated with pCPA and those previously treated with
pCPA after Allo administration. (All comparisons F (1,41)=83.97)
(Figure 5). Second, we observed a significant decrease in aggressive
behavior (F(1,41)=6.850; p<0.01) in the pCPA group after acute
Allo administration (Figure 6).

Time (s)

veh Allo

control

veh Allo

pCPA 6

Figure 5: Effect of Allo on Aggressive Latency: Results are expressed as mean +SEM of latency time in second in control veh (n=10); control allo
(n=11); pCPA veh (n=9) and pCPA Allo (n=15). **p<0.01; ****p<0.0001 for one way ANOVA.
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Figure 6: Effect of Allo in Aggressive Behavior: Results are expressed as mean +SEM of aggressive time in second in control veh (n=10); control
allo (n=11); pCPA veh (n=9) and pCPA Allo (n=15). **p<0.01 for one-way ANOVA.

5- HT and 5-HIAA Content Determination by HPLC in the
Olfactory Bulb.

It was found that acute administration of Allo (Figure 7) in-
duced a significantincrease in the concentration of 5-HT (p<0.05) in
OB, whether non-pCPA was previously administered. Similarly, we
observed a significant increase (p<0.01) between the pCPA group

and the Allo-non-pCPA group (all comparisons F (1,27)=18.49).
The concentration of 5-HIAA metabolites increased significantly
(F(1,27)=8.63; p<0.01) after the administration of Allo in the pC-
PA-treated groups, OB (Figure 8). In addition, we observed that
acute Allo administration significantly increased (F(1,27)=10.47;
p<0.01; p<0. 001) serotonergic activity (Figure 9).
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Figure 7: Effect of Allo in 5-HT content determination by HPLC in the olfactory bulb: Results are expressed as mean +SEM of pg/mg proteins in
control veh (n=8); control allo (n=8); pCPA veh (n=7) and pCPA Allo (n=8). *p<0.05; **p<0.01 for one way ANOVA.
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Figure 8: Effect of Allo in 5-HIAA content determination by HPLC in the olfactory bulb: Results are expressed as mean +SEM of pg/mg proteins in
control veh (n=8); control allo (n=8); pCPA veh (n=7) and pCPA Allo (n=8). **p<0.01 for one-way ANOVA.
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Figure 9: Effect of Allo in Turnover 5-HIAA/5HT: Results are expressed as mean+SEM of %pg/mg proteins for control veh (n=8); control allo
(n=8); pCPA veh (n=7) and pCPA Allo (n=8). **p<0.01; ***p<0.001 for one-way ANOVA.
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RT-PCR Analysis in OB (Figure 10). Similarly, Allo induced a significant decrease
(F(1,27)=5.61; p<0.01) in GABAAal mRNA expression in OB (Fig-
ure 11). Interestingly, Allo did not affect GABAAS mRNA expression
(F(1,27)=0.0138)(Figure 12).

It was found that acute administration of Allo induced a signif-
icant decrease (F(1,27)=3.95; p<0.05) in TPH2 mRNA expression
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Figure 10: Effect of Allo in TPH2: Results are expressed as mean +SEM of the relative expression units of rat TPH2 in control veh (n=8); control
allo (n=8); pCPA veh (n=7) and pCPA Allo (n=8). *p<0.05 for one-way ANOVA.
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Figure 11: Effect of Allo in GABAAa1: Results are expressed as mean+SEM of the relative expression units of rat GABAAa1 in control veh (n=8);
control allo (n=8); pCPA veh (n=7) and pCPA Allo (n=8). **p <0.01 for one-way ANOVA.
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Figure 12: Effect of Allo in GABAAJ: Results are expressed as mean +SEM of the relative expression units of rat GABAAS in control veh (n=8);
control allo (n=8); pCPA veh (n=7) and pCPA Allo (n=8)-NS for one-way ANOVA.
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Discussion

Social interaction, including aggressive behavior, is controlled
by several neurobiological factors. Neuroactive steroids exert mod-
ulatory functions on neurotransmission systems involved in aggres-
siveness. In this work, we investigate the acute effects of Allo i.c.v.in
amodel of aggressive behavior in rats produced by serotonergic i.p.
depletion. We investigated whether these effects occur in OB sero-
tonergic activity, the structure with the most outstanding value for
social interaction in rodents and whether they correspond to mem-
brane responses or changes in the expression of specific genes. We
examined Allo concentrations previously reported [14],[20] and
demonstrated that Allo altered aggressive behavior parameters
in animals with serotonergic depletion by pCPA. Specifically, Allo
increased aggressive latency and decreased aggressive behavior.
These results are consistent with the qualitatively less aggressive
behaviors that Takahashi and Miczek (2014) suggested, as the an-
imals showed a marked tendency toward social integration. Other
reports [16] describe an increase in aggression after i.p. adminis-
tration of Allo. However, it is important to note that biphasic effects
of neuroactive steroids are commonly observed [31]. One possible
explanation is the concentration of Allo and the administration via.
We also observe that in subjects without serotonergic depletion, an
increase in aggressive latency and a decrease in aggressive behav-
ior are associated with increased sedation. Consistent with the sug-
gestion of sedation in animals without depletion, the parameters of
locomotor activity and nonsocial and social interaction did not ap-
pear to be differences between groups with serotonergic depletion
mediated by pCPA, suggesting a decrease in aggression exclusively
mediated by Allo in these groups.

Allo increased the concentrations of 5-HT and 5-HIAA in OB
in subjects with serotonergic fatigue. In addition, we observed an
increase in the turnover rate of Allo action in serotonergic sys-
tem catabolism. Our results are consistent with other studies [39]
showing that i.c.v. Administration of Allo in female rats increases
the firing rate of raphe nucleus serotonergic neurons in vivo. They
suggest a direct effect of Allo on serotonergic release in neurons of
different brain regions. One possible explanation is that Allo medi-
ates its effect through allosteric modulation of GABAA receptors in
raphe [18]. Although GABAA receptors are distributed throughout
the brain, it has also been documented that modulation of firing
from the raphe nucleus to OB is the product of a delicate balance be-
tween inhibitory 5-HT1A/1B autoreceptors (McDevitt, 2011) and
GABAA receptors in neurons of the raphe nucleus [18]. Previously,
we showed that TPH2 expression increased in OB after pCPA [14].
Interestingly, Allo decreased TPH2 expression in OB. Immunohisto-
chemical studies are needed to confirm the presence of 5-HT-pro-
ducing neurons in the Olfactory Bulb (OB). However, our findings
are consistent with previous research [2,21,25,32,37,53], which
demonstrated TPH2 mRNA expression in the cortex, thalamus, hy-
pothalamus, hippocampus, amygdala, and cerebellum in both hu-
mans and other species. Immunohistochemical studies are needed
to confirm the presence of 5-HT-producing neurons in the Olfacto-
ry Bulb (OB). However, our findings are consistent with previous
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research [2,21,25,32,37,53], which demonstrated TPH2 mRNA
expression in the cortex, thalamus, hypothalamus, hippocampus,
amygdala, and cerebellum in both humans and other species.

GABAA receptors play a role in olfactory [48], and the changes
in aggressive behavior observed with neuroactive steroid treatment
may be explained by the diversity of GABAA receptor subunits and
conformations [26,16,26]. Moreover, circulating concentrations of
neuroactive steroids such as Allo may alter GABAAS receptor sub-
unit expression [51,24], and GABAA«al1 is differentially expressed
in mitral cells of OB [34]. Specifically, we investigate whether Allo
modifies the differential expression of GABAAal mRNA in synaptic
receptors and GABAAS in extrasynaptic receptors after acute ad-
ministration. We observed that GABAAal mRNA expression was
altered in the presence of Allo, but GABAAS expression in OB was
not. Interestingly, GABAAa1 expression was altered by Allo because
[34] reported that OB cells preferentially express GABAAal over
other a-subunits.

Others [7,51] found that GABAAS-mRNA expression was mod-
ified after exposure to neuroactive steroids in other brain regions,
but prolonged exposure was required (Pinna et al.,, 2004). A com-
prehensive analysis of these results would suggest that Allo i.c.v.
Reduces GABAAa1 subunit mRNA levels in OB, offsetting the high
requirement for synthesis of this subunit caused by serotonergic
depletion in an animal with aggressive behavior. Allo, in the OB,
through positive GABAergic modulation, could induce a more in-
tense pattern of neuronal activity, which exerts a facilities compari-
son between the stored memories and the new ones acquired in the
test, may lead to more straightforward discrimination of the oppo-
nent and changes in behavior associated with the pattern of adap-
tive aggressive behavior of the species. Therefore, in rodents where
odor is the first sensory information to establish social interaction,
Allo may contribute to the mechanisms of olfactory discrimination
mediated by GABAergic and serotonergic systems in OB. The ten-
dency not to attack and interact evenly with intruders must have
some relationship with GABAA receptor subunits in OB after Allo
administration, which would elicit differential olfactory discrimina-
tion of chemical signals in the context of territory.

Conclusion

Thus, we conclude that acute administration of Allo in a seroto-
nergic system depleted by pCPA leads to decreased aggressive be-
havior without affecting locomotion, nonsocial, and social activity.
We have demonstrated decreased TPH2Z mRNA expression in OB
and shown that GABAAa1 subunit mRNA is decreased in OB after
Allo administration. Our data provide evidence for the modulatory
neuroactive role of steroids in behavior and demonstrate that OB
is a relevant structure for understanding the neurobiological com-
plexity of aggressive behavior.
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