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ABSTRACT

Introduction. In rats, long-term ovariectomy results in low concentrations of steroid hormones and reproduc-
es anxiety- and depression-like behavior after surgical menopause in women. Progesterone produces antide-
pressant-like effects two weeks post-ovariectomy (i.e., early post-ovariectomy) through actions on γ-aminobu-
tyric acid-A (GABAA) receptors, but its antidepressant-like effects and mechanism of action in rats eight weeks 
post-ovariectomy (i.e., late post-ovariectomy, considered a model of surgical menopause) remain unknown. 
Objective. To explore the antidepressant-like effects of progesterone and the participation of GABAA recep-
tors in rats eight weeks post-ovariectomy. Method. Long-term ovariectomized female Wistar rats were treated 
sub-acutely with vehicle or progesterone (.5, 1, and 2 mg/kg) and subjected to the open field and forced swim 
tests, and behavior was compared with cycling or fluoxetine-treated rats. The rats were then pretreated with 
picrotoxin (1 mg/kg) followed by progesterone (1 mg/kg) to explore the role of GABAA receptors in long-term-
induced depression-like behavior. Results. Long-term ovariectomized rats exhibited depression-like behavior 
in the forced swim test compared with intact rats, an effect that was not observed in progesterone- and fluox-
etine-treated long-term ovariectomized rats. These effects were not attributable to psychomotor alterations. In 
the open field test, the time spent rearing and grooming was lower in ovariectomized rats compared with intact 
rats, which was not observed in progesterone- and fluoxetine-treated rats. Picrotoxin blocked the effects of 
progesterone in both behavioral tests. Discussion and conclusion. These results indicated that sub-acute 
progesterone treatment reduced depression-like behavior through actions on GABAA receptors in a rat model 
of surgical menopause.

Keywords: Antidepressant, depression-like behavior, GABAA receptor, picrotoxin, progesterone, surgical 
menopause.

RESUMEN

Introducción. En la rata, la ovariectomía a largo plazo reproduce algunos síntomas de la menopausia qui-
rúrgica, incluyendo la conducta de tipo depresiva. La progesterona produce efectos tipo antidepresivo en 
ratas con dos semanas de post-ovariectomía (post-ovariectomía temprana) con participación del receptor 
GABAA, pero se desconoce si este efecto y mecanismo de acción se mantiene en ratas con ocho semanas de 
post-ovariectomía (post-ovariectomía tardía considerada como un modelo de menopausia quirúrgica). Objeti-
vo. Evaluar el efecto tipo antidepresivo de la progesterona y la participación del receptor GABAA en ratas con 
ocho semanas de post-ovariectomía. Método. Ratas con ocho semanas de post-ovariectomía fueron tratadas 
sub-agudamente con vehículo o progesterona (.5, 1, y 2 mg/kg) y comparadas con ratas intactas u ovariec-
tomizadas tratadas con fluoxetina, evaluadas en campo abierto y nado forzado. Posteriormente, se identificó 
la participación del receptor GABAA en los efectos de progesterona (1 mg/kg) mediante el pretratamiento con 
picrotoxina (1 mg/kg). Resultados. En nado forzado, la ovariectomía produjo conductas tipo depresión en 
comparación con las ratas intactas de la gónada, un efecto prevenido por la administración de progesterona 
y fluoxetina. En campo abierto, no hubo cambios significativos en la locomoción, pero la conducta vertical y 
el acicalamiento fueron bajos en las ratas ovariectomizadas respecto a las ratas intactas; lo cual fue preve-
nido por progesterona y fluoxetina. La picrotoxina bloqueó los efectos de la progesterona en ambas pruebas 
conductuales. Discusión y conclusión. El tratamiento subagudo con progesterona reduce la conducta tipo 
depresión inducida en un modelo de menopausia quirúrgica con participación del receptor GABAA.

Palabras clave: Antidepresivo, conducta tipo depresiva, receptor GABAA, picrotoxina, progesterona, meno-
pausia quirúrgica.
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INTRODUCTION

The premenstrual period, postpartum period, natural meno-
pause, and surgical menopause are characterized by low 
concentrations of ovarian hormones and associated with 
symptoms of anxiety and depression that frequently trigger 
psychiatric disorders (Paoletti et al., 2001; Taylor, 2001). 
During surgical menopause induced by hysterectomy with 
or without ovary removal (i.e., oophorectomy), plasma and 
brain concentrations of the steroid hormones estradiol and 
progesterone abruptly decrease, and follicle-stimulating 
hormone levels increase through a reduction of inhibin A 
(Muttukrishna et al., 2002). In the long-term, these hor-
monal changes caused by surgical menopause can produce 
more severe symptoms of anxiety and depression com-
pared with natural menopause (Erekson, Martin, & Ratner, 
2013; Zsakai et al., 2016).

Preclinical studies have shown that long-term ova-
riectomy (ltOVX) can serve as a rat model of surgical 
menopause that produces changes similar to oophorecto-
my in women (Wronski, Dann, Scott, & Cintrón, 1989; 
Kimura, Nishihara, Hiruma, & Funabashi, 1991; Picazo, 
Estrada-Camarena, & Hernández-Aragón, 2006). Similar 
to women who undergo oophorectomy, ovariectomized 
rats develop endocrine, physiological, and emotional 
alterations characterized by an early increase in folli-
cle-stimulating hormone levels and decrease in estradiol 
levels. In the long-term these changes are accompanied by 
the loss of bone density (i.e., osteoporosis), vasomotor al-
terations, and changes in the sensitivity of γ-aminobutyric 
acid (GABA), GABAergic and dopaminergic receptors in 
the brain (Kalu, 1991; Bossé & Di Paolo, 1996). Reduc-
tions of glutamate receptor density and cellular prolifera-
tion in the hippocampus and other brain structures also oc-
cur in ltOVX rats (Lagunas, Calmarza-Font, Diz-Chaves, 
& García-Segura, 2010; de Jesús-Burgos, Torres-Llenza, 
& Pérez-Acevedo, 2012). Such changes can negatively 
affect memory processes (McLaughlin, Bimonte-Nelson, 
Neisewander, & Conrad, 2008), immune function (Baeza, 
de Castro, Giménez-Llort, & de la Fuente, 2010), and car-
diovascular function (McGregor et al., 2014). Addition-
ally, an increase in anxiety- and depression-like behavior 
is detected several weeks post-OVX (Picazo et al., 2006; 
Puga-Olguín et al., 2019). These findings validate the util-
ity of the rat model of ltOVX for exploring physiological 
and emotional changes associated with ovarian failure or 
hysterectomy, based on the criteria of the Stages of Re-
productive Aging Workshop (STRAW) in women (Har-
low et al., 2012).

Beginning at one-week post-OVX, female rats ex-
hibit anxiety-like behavior compared with females in 
proestrus-estrus (Puga-Olguín et al., 2019), an ovarian 
cycle phase that is characterized by high concentrations 
of steroid hormones. At eight weeks post-OVX, depres-

sion-like behavior is observed in the forced swim test 
(Puga-Olguín et al., 2019). Based on the STRAW criteria, 
these time-dependent effects of OVX may be related to 
hormonal changes that occur during the early stage (e.g., 
an increase in follicle-stimulating hormone levels and de-
crease in inhibin A and estradiol levels) and late stage (e.g., 
permanent very low concentrations of inhibin A and estra-
diol) of menopause (Harlow et al., 2012). In this surgical 
model of menopause in rats, treatment with 17β-estradi-
ol (Charoenphandhu, Teerapornpuntakit, Nuntapornsak, 
Krishnamra, & Charoenphandhu, 2011; Diz-Chaves et al., 
2012) and the phytoestrogen genistein (Rodríguez-Landa, 
Hernández-Figueroa, Hernández-Calderón, & Saavedra, 
2009b) significantly decreased anxiety-like behavior eight 
weeks post-OVX through actions on the estrogen receptor 
β, a behavioral effect that was similar to diazepam (Ro-
dríguez-Landa, Hernández-López, & Saavedra, 2012). 
Interestingly, some neurosteroids (e.g., progesterone and 
allopregnanolone) that act on GABAA receptors were 
also shown to exert anxiolytic- and antidepressant-like 
effects when they were intraperitoneally injected or mi-
croinjected in the lateral septal nucleus, hippocampus, and 
nucleus accumbens in adult male rats (Khisti, Chopde, & 
Jain, 2000; Molina-Hernández, Tellez-Alcántara, Garcı́a, 
López, & Jaramillo, 2003; Rodríguez-Landa, Contreras, 
Bernal-Morales, Gutiérrez-García, & Saavedra, 2007; 
Rodríguez-Landa, Contreras, & García-Ríos, 2009a) and 
female rats two weeks post-OVX (Martínez-Mota, Con-
treras, & Saavedra, 1999; Estrada-Camarena, Contreras, 
Saavedra, Luna-Baltazar, & López-Ruvalcaba, 2002). 
Remaining unknown, however, is whether theses effects 
of progesterone are also evident in rats eight weeks post-
OVX, a time point at which changes in the GABAergic 
system have been reported (Herbison & Fénelon, 1995; 
Tominaga et al., 2001; Daendee, Thongsong, & Kalanda-
kanond-Thongsong, 2013).

Ovariectomy has been reported to reduce the density 
of glutamate receptors and decrease cellular proliferation 
in the hippocampus and other brain structures (Lagunas 
et al., 2010; de Jesús-Burgos at al., 2012). Additionally, 
a reduction of GABA has been observed in the hippo-
campus (Tominaga et al., 2001). Downregulation of the 
mRNA expression of α2, α3, α4, β3, and γ1 subunits of 
the GABAA receptor has also been observed in the amyg-
dala (Herbison & Fénelon, 1995; Daendee et al., 2013). 
Steroid hormones are neuromodulators of GABAA re-
ceptors (Gunn et al., 2015) and were shown to activate 
GABAergic neurons in the lateral septal nucleus in ova-
riectomized rats (Briski & Singh, 2008). Progesterone 
produces time-dependent anxiolytic-like effects that have 
been attributed to both non-genomic factors [e.g., direct 
or indirect modulation of GABAA receptors and α-ami-
no-3-hydroxy-5-methyl-4-isoxazolepropionic acid and 
kainate receptors (Barth, Villringer, & Sacher, 2015) and 
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monoamine release (Tonge & Greengrass, 1971)], and ge-
nomic factors (e.g., higher expression of GABAA recep-
tor subunits; Nin et al., 2008; Arbo, Andrade, Osterkamp, 
Gomez, & Ribeiro, 2014). In the brain, progesterone pro-
duces direct or indirect effects. Both progesterone and its 
metabolite allopregnanolone have been shown to induce 
behavioral (Schüle, Nothdurfter, & Rupprecht, 2014) and 
electrophysiological (e.g., Smith, Waterhouse, Chapin, & 
Woodward, 1987; Medina-Maldonado & Eblen-Zajjur, 
2018) effects. Progesterone produces time-dependent ef-
fects on different neurotransmitter systems via both direct 
and indirect mechanisms, and at least part of its mech-
anism of action converges on the GABAergic system. 
Thus, low concentrations of steroid hormones post-OVX 
may decrease GABAergic neurotransmission to produce 
anxiety- and depression-like behaviors. Interestingly, 
some symptoms of mental disorders associated with a 
reduction of steroid hormones may be treated by drugs 
that interact with specific neurotransmitter systems and 
activate neurosteroidogenesis. Fluoxetine and different 
selective serotonin reuptake inhibitors (SSRIs) have been 
shown to increase the activity of 3α-hydroxysteroid de-
hydrogenase in humans and laboratory animals (Griffin 
& Mellon, 1999; Pinna, Costa, & Guidotti, 2006) and fa-
cilitate the biotransformation of 5α-dihydroprogesterone 
(i.e., a metabolite of progesterone) to allopregnanolone, 
the concentration of which was shown to increase in the 
hippocampus, olfactory bulb, and frontal cortex in cas-
trated rats (Uzunov, Cooper, Costa, & Guidotti, 1996; 
Guidotti & Costa, 1998). These findings may explain the 
ability of SSRIs to rapidly alleviate symptoms of anxi-
ety and depression that are associated with low concen-
trations of steroid hormones (Pinna, 2010), thus opening 
the possibility of exploring non-classic mechanisms by 
which progesterone and its α-reduced metabolites exert 
antidepressant-like effects. Such studies will broaden our 
knowledge of neurosteroids as potential anxiolytic and 
antidepressant agents and contribute to the development 
of therapeutic strategies for this group of patients who are 
characterized by low concentrations of ovarian hormones, 
such as in oophorectomized women.

GABAergic compounds, including neurosteroids (e.g., 
progesterone), and their α-reduced metabolites (e.g., allo-
pregnanolone), exert anxiolytic- and antidepressant-like 
effects through actions on GABAA receptors. GABAA re-
ceptors are modified by ltOVX, but the effects of proges-
terone have not been evaluated in ltOVX rats. The present 
study investigated the effects of several sub-acute doses of 
progesterone on depression-like behavior in female rats 
that were subjected to OVX-induced surgical menopause 
at eight weeks post-OVX. We explored the participation of 
GABAA receptors in the sub-acute actions of progesterone 
in these effects.

METHOD

Animals

Eighty-two adult female Wistar rats (three months old), 
weighing 200-250 g at the beginning of the study, were 
used. The rats were housed in Plexiglas cages (4-5 rats/cage) 
under a 12 h/12 h light/dark cycle (lights on at 7:00 AM) 
with an average temperature of 25°C ± 1°C and ad libitum 
access to water and food (Nutri-cubos, Purina, Agribrands 
Purina Mexico, Mexico City, Mexico). All of the rats, with 
the exception of intact rats, were ovariectomized at three 
months of age. The behavioral tests were performed eight 
weeks post-OVX.

Vaginal smears

Before starting the experiments, we obtained daily vaginal 
smears from all of the rats. Only females with three contin-
uous regular cycles (4-5 days) were included in the study. 
On the day of behavioral testing, vaginal smears were ob-
tained only from rats that served as ovarian cycle controls 
immediately after the open field test to identify their estrous 
cycle phase. Vaginal smears were collected by gently in-
serting the rounded tip of a Pasteur pipette into the entrance 
of the vaginal canal, flushing saline in and out, and placing 
the fluid onto a microscope slide. The ovarian cycle phase 
was immediately determined by optical microscopy (40× 
magnification) according to Rhodes, Balestreire, Czam-
bel, and Rubin (2002). The rats were classified into two 
groups for statistical analysis: proestrus-estrus (P-E) and 
metestrus-diestrus (M-D). Previous studies showed that P-E 
is characterized by low anxiety-like behavior, and M-D is 
characterized by high anxiety-like behavior (Walf, Sumida, 
& Frye, 2006; Puga-Olguín et al., 2019) and insensitivity 
to diazepam treatment (Gouveia, Antunes, Maximino, & 
Morato, 2009).

Ovariectomy

At three months of age, the rats were ovariectomized. Sur-
gery was performed through an abdominal ventral inci-
sion under deep anesthesia with sodium pentobarbital (60 
mg/kg, i.p., Cheminova de México, Mexico City, Mexi-
co; Reg. SAGARPA Q-7048-044) with atropine sulfate 
pretreatment (.05 mg/kg, i.p., Sigma-Aldrich, St. Louis, 
MO, USA). The oviducts and ovaries were ligated (ap-
proximately 1 cm from the ovary) and then removed. The 
tissue was carefully cleaned with benzalkonium chloride 
(Medipharm, San Luis Río Colorado, Sonora, Mexico). 
The muscle and skin were then separately sutured. An-
algesic-antipyretic medication (50 mg/kg dipyrone, i.m., 
Virbac Animal Health, Guadalajara, Mexico) was admin-
istered for four consecutive days to minimize postsurgical 
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pain. After surgery, the rats were returned to the hous-
ing facilities for eight weeks until vehicle, progesterone, 
and fluoxetine treatment began. Fluoxetine was used as 
a positive control reference antidepressant drug that has 
been shown to exert antidepressant-like activity in ova-
riectomized rats (Estrada-Camarena, López-Rubalcava, 
Hernández-Aragón, Mejía-Mauries, & Picazo, 2011).

Experiment 1: Progesterone dose-response curve

Fifty-eight rats were randomly assigned to seven experi-
mental groups. Three control groups were used: non-OVX 
group in P-E (P-E group, n = 8; this phase is considered 
to be associated with high concentrations of ovarian hor-
mones), non-OVX group in M-D (M-D group, n = 8; this 
phase is considered to be associated with low concentra-
tions of ovarian hormones), and OVX group treated with 5 
mg/kg fluoxetine at eight weeks post-OVX (FX group, n = 
8). Likewise, four experimental groups were used (n = 8-9/
group): OVX group treated with .05 mg/kg progesterone 
(water-soluble, Sigma-Aldrich, St. Louis MO, USA) eight 
weeks post-OVX (P .5 group), OVX group treated with 1 
mg/kg progesterone eight weeks post-OVX (P1 group), 
OVX group treated with 2 mg/kg progesterone eight weeks 
post-OVX (P2 group), and OVX group treated with vehi-
cle (.9% saline) eight weeks post-OVX (VE group). All of 
the treatments were administered intraperitoneally 24 and 
2 h before behavioral testing (Martínez-Mota et al., 1999; 
Estrada-Camarena et al., 2011). The behavioral tests were 
performed between 10:00 AM and 1:00 PM.

Experiment 2: GABAA receptor antagonism

Twenty-four ltOVX rats were randomly assigned to three 
independent groups (n = 8/group): vehicle (.9% saline; VE 
group), 1 mg/kg progesterone (P1 group), and 1 mg/kg pro-
gesterone plus 1 mg/kg picrotoxin (P1+Pic group). Vehicle, 
progesterone, and fluoxetine were administered 24 and 2 
h before behavioral testing. Picrotoxin or its vehicle was 
administered 30 min before the second injection of proges-
terone. The administration schedule was based on previous 
studies, in which 1 mg/kg picrotoxin did not produce sig-
nificant effects on behavioral variables in the open field test 
or forced swim test but prevented the antidepressant-like 
effects of GABAergic compounds (Rodríguez-Landa et al., 
2007; Rodríguez-Landa et al., 2018). All of the treatments 
were administered intraperitoneally in a volume of 1 ml/
kg. The effects of the treatments were evaluated in the open 
field test and then in the forced swim test.

Behavioral tests

We compared the behavioral effects of progesterone in 
OVX rats, rats in different ovarian cycle phases, and rats 

treated with fluoxetine. The rats were sequentially tested 
in the open field test (5 min) and then in the forced swim 
test. Approximately, 2 min elapsed between tests. One day 
before starting the treatments, the rats underwent a pretest 
session in the open field test and then in the forced swim 
test (15 min), the results of which were discarded from the 
statistical analysis because these sessions were considered 
only habituation to the experimental conditions (Porsolt, Le 
Pichon, & Jalfre, 1977).

Open field test

To identify possible nonspecific psychomotor effects (e.g., 
hypoactivity or hyperactivity) of the surgical manipulation, 
ovarian cycle phases, or treatments, the rats were evaluated 
in the open field test 2 h after the second injection of the 
treatments. Nonspecific motor changes could interfere with 
behavioral activity in the forced swim test, thus masking 
behavioral responses that are associated with emotional 
states. The open field consisted of an opaque Plexiglas cage 
(44 cm length × 33 cm width × 20 cm height). The floor was 
delineated into 12 squares (11 cm2). The rats individually 
underwent a 5-min locomotor activity test. A digital video 
camera (Sony, DCR-SR42, 40× optical zoom, Carl Zeiss 
lens) was installed above the cage to record activity. Two 
independent observers who were blind to the treatments 
measured behavioral variables until at least 95% agreement 
was reached between observers.

At the onset of the test, the rat was gently placed in 
one of the corners of the cage, and the following variables 
were measured: number of squares crossed (a square cross-
ing was recorded when the rat passed from one square to 
another with its hind legs), time spent rearing (rearing was 
recorded when the rat acquired a vertical posture relative 
to the cage floor; this behavior is considered an indicator 
of exploration that is lower in animals that exhibit “stress” 
or “despair”), and time spent grooming (i.e., paw lick-
ing, nose/face grooming, head washing, body grooming/
scratching, leg licking, and tail/genital grooming). Groom-
ing is considered an indicator of stress in rodents (Kalueff & 
Tuohimaa, 2005). This behavior is lower in rats that exhibit 
“stress” or “despair” and recovered by antidepressant drug 
and neurosteroid treatment (e.g., progesterone and allopreg-
nanolone; Contreras, Rodríguez-Landa, Bernal-Morales, 
Gutiérrez-García, & Saavedra, 2011).

After each test session, the Plexiglas cage was careful-
ly cleaned with a 15% ethanol solution to avoid immediate 
behaviors that are caused by sensory stimuli (i.e., volatile 
substances) present in the urine of previous rats.

Forced swim test

After the open field test, the rats were individually forced 
to swim in a rectangular pool (50 cm × 30 cm × 60 cm) 
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filled with 25°C ± 1°C water to a depth of 25 cm, which 
has been validated for the detection of antidepressant-like 
effects of clinically effective antidepressant drugs (Contre-
ras, Martínez-Mota, & Saavedra, 1998; Contreras, Rodrí-
guez-Landa, Gutiérrez-García, & Bernal-Morales, 2001), 
neurosteroids (Martínez-Mota et al., 1999; Rodríguez-Lan-
da et al., 2007), and plant extracts (Molina, Contreras, & 
Tellez-Alcantara, 1999; Lozano-Hernández et al., 2010). 
Approximately 2 h after drug administration, the rats were 
evaluated in a 5-min forced swim test session. The follow-
ing variables were evaluated: latency to the first episode 
of immobility (i.e., elapsed time since the rat was intro-
duced to the pool until the first episode of immobility) 
and total immobility time. Immobility was recorded when 
the rat floated for more than 1 s without making vigorous 
movements that led to displacement in the pool and only 
maintained its head above the water surface. All of the 
experimental sessions were video recorded. Two indepen-
dent observers who were blind to the treatment measured 
the behavioral variables until at least 95% agreement was 
reached between observers.

Statistical analysis

The behavioral data were analyzed using the Kruskal-Wal-
lis test followed by Dunn’s post hoc test. Values of p ≤ .05 
were considered statistically significant. The results are pre-
sented as individual data points overlaid on boxplots.

Ethical considerations

All of the experimental procedures were performed ac-
cording to official Mexican guidelines (Especificaciones 
Técnicas para la Producción, Cuidado y Uso de Animales 
de Laboratorio; Norma Oficial Mexicana, 1999) and inter-
national ethical guidelines, based on the National Research 
Council Guide for the Care and Use of Laboratory Animals 
(National Research Council, 2011). All efforts were made to 
minimize suffering of the animals.

RESULTS

Progesterone dose-response curve

Open field test

No significant differences were found between groups in 
the number of crossings in the open field test (H6 = 9.723, 
p = .137; Figure 1A). Significant differences in grooming 
were found between groups (H6 = 41.526, p < .001). The 
post hoc test revealed no significant differences in groom-
ing between the M-D and P-E groups, but vehicle-treated 
ltOVX animals exhibited a decrease in grooming compared 
with the P-E and M-D groups. These effects that were as-

sociated with ltOVX were not observed when 1 or 2 mg/kg 
progesterone or fluoxetine was administered. Progesterone 
at a dose of .5 mg/kg did not affect grooming (Figure 1B).

The analysis revealed significant differences in the time 
spent rearing between groups (H6 = 38.451, p < .001). The 
vehicle-treated ltOVX group exhibited a decrease in the 
time spent rearing compared with the P-E and M-D groups, 
whereas this effect was not observed in rats that were treat-
ed with 1 or 2 mg/kg progesterone or fluoxetine. Proges-
terone at a dose of .5 mg/kg did not affect the time spent 
rearing (Figure 1C).

Forced swim test

The latency to the first episode of immobility in the forced 
swim test was significantly different between groups (H6 = 
48.538, p < .001). The latency to the first episode of immo-
bility was lower in the vehicle-treated group compared with 
the P-E and M-D groups (Figure 2A), but this effect of OVX 
was not detected in rats that were treated with 1 or 2 mg/kg 
progesterone or fluoxetine; even the values of this variable 
were higher than P-E and M-D groups. Progesterone- and 
fluoxetine-treated rats had a significantly higher latency to 
the first episode of immobility compared with the P-E and 
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Figure 1. Behaviors evaluated in the locomotor activity test. Number 
of crossed squares (A), time spent in grooming (B) and time spent in 
rearing (C). Data are presented as individual data points (dots) su-
perimposed over the median ± interquartile ranges. Different letters 
indicate differences at the p < .05 level. P-E, proestrus-estrus phase; 
M-D, metestrus-diestrus group; VE, Vehicle; P, progesterone, FX, 
fluoxetine; OVX ovariectomized rats (shading area).
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M-D groups. No significant effect of .5 mg/kg progesterone 
was detected on this variable.

The total immobility time was also significantly dif-
ferent between groups (H6 = 49.220, p < .001). The vehi-
cle-treated ltOVX group exhibited a higher total immobility 
time compared with the P-E and M-D groups, but this effect 
was not observed in rats treated with 1 or 2 mg/kg proges-
terone or fluoxetine; even the total immobility time in those 
groups was higher than P-E and M-D groups. Progesterone 
at a dose of .5 mg/kg did not significantly affect this vari-
able (Figure 2B).

GABAA receptor antagonism

Open field test

The number of crossings was not significantly different be-
tween groups (H2 = 2.906, p < .234; Figure 3A). Significant 
differences in the time spent grooming were found between 
groups (H2 = 16.485, p < .001). The progesterone-treated 
group spent more time grooming compared with the vehi-
cle-treated group, and this effect was prevented by pretreat-
ment with picrotoxin (Figure 3B). The progesterone-treated 
group exhibited an increase in rearing compared with the 

vehicle-treated group (H2 = 16.035, p < .001), and this effect 
was prevented by picrotoxin (Figure 3C).

Forced swim test

The latency to the first episode of immobility was signifi-
cantly different between groups (H2 = 17.565, p < .001). The 
progesterone-treated group exhibited a longer latency to the 
first episode of immobility compared with the vehicle-treat-
ed group, and this effect was prevented by pretreatment with 
picrotoxin (Figure 4A). The progesterone-treated group ex-
hibited a lower total immobility time compared with the ve-
hicle-treated group (H2 = 15.860, p < .001), and this effect on 
immobility was blocked by picrotoxin (Figure 4B).

DISCUSSION AND CONCLUSION

The present study explored the effect of progesterone on 
depression-like behavior that is associated with ltOVX in 
female Wistar rats, and this effect was compared with rats 
treated with fluoxetine and rats in the P-E and M-D phases 
of the ovarian cycle. We also investigated the participation 
of GABAA receptors in the mechanism of action of proges-
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terone by blocking chloride ion channels with picrotoxin. 
In ltOVX rats, progesterone exerted behavioral effects that 
were similar to fluoxetine, reaching values that were similar 
to rats in P-E when high concentrations of ovarian hormones 
are observed (Lagunas et al., 2010). Furthermore, picrotox-
in prevented the antidepressant-like effects of progesterone, 
suggesting the involvement of GABAA receptors in the phar-
macological actions of progesterone or its α-reduced metab-
olites in ltOVX rats, although other neurotransmitter sys-
tems (e.g., serotonin and dopamine) may also be involved in 
these actions. The present findings support the potential ther-
apeutic efficacy of progesterone in ameliorating symptoms 
of depression in women with low concentrations of steroid 
hormones, such as after oophorectomy.

The forced swim test is a valid behavioral model 
used to detect potential antidepressant-like effects of var-
ious substances. In this test, more immobility is observed 
in the second trial of the test in animals that exhibit de-
pression-like behavior. Clinically effective antidepressant 
drugs reduce the total immobility time, which is interpret-
ed as an antidepressant-like effect (Porsolt et al., 1977; 
Nestler, Gould, & Manji, 2002). In the present study, the 
rats at eight weeks post-OVX had a higher total immo-
bility time compared with rats in P-E and M-D, which 
is consistent with the depression-like state previously 

reported in ltOVX rats (Puga-Olguín et al., 2019). Inter-
estingly, a sub-acute injection of progesterone prevented 
the establishment of immobility in ltOVX rats, thus in-
dicating an antidepressant-like effect similar to clinically 
effective antidepressant drugs (Porsolt et al., 1977; Kara, 
Stukalin, & Einat, 2018). Progesterone and its α-reduced 
metabolites have been implicated in the underlying mech-
anism of depression symptoms. Some disorders related 
to female reproductive life, such as premenstrual syn-
drome and post-partum depression, are characterized by 
low concentrations of progesterone and allopregnanolone, 
among others. Interestingly, SSRIs, in addition to activat-
ing the serotonergic system, have been shown to increase 
the cerebrospinal fluid content of neurosteroids (e.g., the 
progesterone metabolite allopregnanolone) by activating 
3α-hydroxysteroid-dehydrogenase in humans and rodents 
(Uzunov et al., 1996; Griffin & Mellon, 1999; Uzunova et 
al., 1998). In ovariectomized rats, progesterone treatment 
decreased depression-like behavior without influencing in-
tracellular progestin receptors (Frye, 2011a; Frye, 2011b), 
suggesting that the acute antidepressant-like effects of pro-
gesterone may occur independently of progestin receptors 
(Frye, 2011b). This action could involve the modulation 
of ionotropic receptors. Therefore, the possible activation 
of GABAA receptors could occur by allosteric modulation 
exerted by progesterone itself of its biotransformation to 
allopregnanolone (Carver & Reddy, 2013; Reddy, 2018). 
Nonetheless, other neurotransmitter systems, such as the 
serotonergic and dopaminergic systems, may also be in-
volved in these actions, similar to other antidepressant 
drugs that interact with the GABAergic system (Ago et al., 
2016; Hasebe et al., 2017).

The latency to the first episode of immobility is consid-
ered an indicator of the magnitude of the first effort that rats 
expend to cope with the stressful situation of being forced 
to swim (Contreras et al., 1998; Espejo & Miñano, 1999). 
A short latency to the first episode of immobility is consid-
ered a complementary indicator of depression-like behav-
ior. A longer latency indicates an antidepressant-like effect 
that occurs with the administration of clinically effective 
antidepressant drugs (Contreras et al., 1998; Contreras et 
al., 2001; Castagné, Porsolt, & Moser, 2009). In the pres-
ent study, the latency to the first episode of immobility was 
shorter in ltOVX rats than in the P-E and M-D groups. The 
latency increased in progesterone- and fluoxetine-treated 
rats, thus supporting an antidepressant-like effect under our 
experimental conditions.

Interestingly, the effects of progesterone and fluoxe-
tine on the latency to the first episode of immobility and 
total immobility time in the forced swim test in ltOVX 
rats were greater than in normally cycling rats with nat-
ural concentrations of steroid hormones. Allopregnano-
lone is a metabolite of progesterone. Allopregnanolone 
can also be produced by the actions of fluoxetine beyond 
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its actions on the serotonergic system. This suggests that 
progesterone or allopregnanolone may further activate 
neurotransmitter receptors in ovariectomized rats to pro-
duce antidepressant-like effects. In the present study, we 
injected progesterone and fluoxetine twice (24 and 2 h 
before behavioral testing). The first drug injection, which 
can acutely produce antidepressant-like effects (Contreras 
et al., 2011), may sensitize or change the conformation 
of receptor subunits. Therefore, the second drug injection 
may produce a greater effect than the first, as it probably 
occurred. However, specific protocols are required to test 
this possibility.

In the present study, no significant changes in sponta-
neous locomotor activity were observed, indicating that the 
effects of progesterone and fluoxetine in the forced swim test 
were not attributable to spontaneous motor effects and thus 
likely associated with a positive motivational state that re-
sulted from the antidepressant-like effect of the neurosteroid. 
Additionally, rearing and grooming are behavioral indicators 
of emotional states in rats when they are exposed to novel 
environments (Gilad, Rabey, Eliyayev, & Gilad, 2000). The 
rats at eight weeks post-OVX had the lowest level of rearing 
and grooming in the open field test, which could be associat-
ed with a depression-like state that was previously reported in 
ovariectomized rats (Rodríguez-Landa, Rodríguez-Santiago, 
Rovirosa-Hernández, García-Orduña, & Carro-Juárez, 2014; 
Rodríguez-Landa et al., 2017). This suggests low motivation 
to auto-groom and explore, which is commonly observed in 
rats that exhibit “anxiety” or “despair” (Rodríguez-Landa et 
al., 2009b; Contreras et al., 2011; Puga-Olguín et al., 2019). 
These changes in grooming and rearing behavior associated 
with ltOVX were prevented by progesterone and fluoxetine, 
reaching values that were similar to rats in P-E. Therefore, 
alterations of grooming and rearing that were associated with 
progesterone and fluoxetine treatment could be a behavioral 
component of the antidepressant-like effect that was detected 
in the forced swim test.

The present study also explored the participation of 
chloride ion channels of the GABAA receptor in the anti-
depressant-like effects of progesterone. GABAA receptors 
appear to be involved in the antidepressant-like actions of 
progesterone, possibly through the allosteric modulation of 
these receptors and modification of structural combinations 
of its subunits. These conformational changes impact ion 
conductance through the channel and ultimately produce 
pharmacological actions (Smith et al., 1987). Therefore, pre-
treatment with picrotoxin may prevent the anxiolytic- and 
antidepressant-like effects of some neurosteroids, including 
progesterone and allopregnanolone. Picrotoxin is a noncom-
petitive GABAA receptor antagonist that blocks the opening 
of chloride ion channels and prevents the antidepressant-like 
effects of GABAergic compounds, including neurosteroids, 
in male and female rats (Estrada-Camarena et al., 2002; Ro-
dríguez-Landa et al., 2009b). Picrotoxin also blocked the 

antidepressant-like effect of progesterone in ltOVX rats in 
the present study. Other effects of picrotoxin, however, can-
not be fully discarded. Picrotoxin is traditionally viewed as 
a noncompetitive GABAA and GABAσ receptor antagonist, 
but parallel effects on other anion-selective ligand-gated ion 
channels, such as glycine receptors (Pribilla, Takagi, Lan-
gosch, Bormann, & Betz, 1992) and glutamate-gated chlo-
ride channels (Etter et al., 1999), have also been reported. 
Moreover, picrotoxin has been shown to noncompetitively 
inhibit cation-selective serotonin 5-hydroxytryptamine-3A 
receptors (Das, Bell-Horner, Machu, & Dillon, 2003). Im-
portantly, the doses of picrotoxin used in the present study 
are devoid of intrinsic effects on behavior in rodent tests 
of anxiety and depression (Rodríguez-Landa, García-Ríos, 
Cueto-Escobedo, Bernal-Morales, & Contreras, 2013). 
Therefore, picrotoxin likely did not exert sufficient actions 
on neuronal activity to influence depression-like behavior 
under our experimental conditions. Nonetheless, the present 
results should be interpreted with caution.

In the present study, the GABAergic system was like-
ly fully functional in ltOVX rats that exhibited an antide-
pressant-like effect of progesterone. However, we cannot 
discard the possible participation of allopregnanolone, the 
α-reduced metabolite of progesterone, in the effects that 
were detected herein. The antidepressant-like effects of 
progesterone in the forced swim test could indeed be pro-
duced by its biotransformation to allopregnanolone (Con-
treras et al., 2011). Finasteride, an inhibitor of 3α-hydroxys-
teroid dehydrogenase, prevented antidepressant-like effects 
during natural physiological states that are characterized by 
high concentrations of progesterone, such as during preg-
nancy, lactation, and proestrus (Frye & Walf, 2002; 2004). 
The antidepressant-like effects of both progesterone and al-
lopregnanolone were reported to be prevented by GABAA 
receptor antagonism (Rodríguez-Landa et al., 2007; 2009a), 
thus supporting the participation of GABAA receptors in the 
mechanism of action of progesterone.

Ovariectomy reduces the density of glutamate receptors 
in some brain structures (Lagunas et al., 2010; de Jesús-Bur-
gos et al., 2012), which reduces GABAergic neurotransmis-
sion and possibly contributes to the expression of depres-
sive symptoms. The activation of glutamatergic receptors 
by agonists was shown to reactivate the GABAergic system 
in ovariectomized rats, and this activation depended on the 
concentration of steroid hormones that modulate membrane 
metabotropic glutamate receptors and participate in the ex-
pression of behavioral responses associated with anxiety and 
depression (de Jesús-Burgos et al., 2012). Similarly, ltOVX 
was shown to reduce the concentration of GABA in the hip-
pocampus (Tominaga et al., 2001) and downregulate the 
mRNA expression of some subunits of the GABAA recep-
tor in the amygdala (Herbison & Fénelon, 1995; Daendee 
et al., 2013). These changes in the brain may contribute to 
the anxiety- and depression-like behavior associated with 
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ltOVX (Puga-Olguín et al., 2019). In the present study, the 
sub-acute injections of progesterone produced antidepres-
sant-like effects, probably associated with the reactivation of 
GABAA receptors, which is consistent with previous stud-
ies (Gunn et al., 2015) and was shown to occur particularly 
in brain regions related to the neurobiology of depression 
(Briski & Singh, 2008).

The present study has limitations. First, we did not 
control for whether the antidepressant-like effects that were 
observed herein were produced by progesterone or its bio-
transformation to allopregnanolone. Second, because we 
only tested the effect of one nonselective GABAA receptor 
antagonist, we cannot confirm or refute the possible partic-
ipation of other neurotransmitter systems in the behavioral 
effects that were observed. Nonetheless, our findings strong-
ly suggest that the antidepressant-like effects of progester-
one or allopregnanolone identified in a surgical menopause 
model involve GABAA receptors. The present findings con-
tribute to our understanding of the antidepressant-like ac-
tions progesterone in a rat model of surgical menopause, 
which contribute to knowledge of antidepressant effects of 
progesterone and progestins in menopause transition (Maki 
et al., 2019). Further studies should explore the efficacy of 
progesterone and allopregnanolone in modulating different 
neurotransmitter systems to ameliorate clinical symptoms 
of depression, particularly in women with low concentra-
tions of ovarian hormones, such as during natural or surgical 
menopause.
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