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Abstract 

Restraint stress is a psychosocial stressor that suppresses reproductive status, including LH pulsatile 35 

secretion, but the neuroendocrine mechamisms underlying this inhibition remains unclear. Reproductive 

neural populations upstream of gonadotropin releasing hormone (GnRH) neurons, such as kisspeptin, 

neurokinin B, and RFRP-3 (GnIH) neurons, are possible targets for psychosocial stress to inhibit LH pulses, 

but this has not been well-examined, especially in mice in which prior technical limitations prevented 

assessment of in vivo LH pulse secretion dynamics. Here we examined whether one-time acute restraint 40 

stress alters in vivo LH pulsatility and reproductive neural populations in male mice, and what the time-

course is for such alterations. We found that endogenous LH pulses in castrated male mice are robustly and 

rapidly suppressed by one-time, acute restraint stress, with suppression observed as quickly as 12-18 min. 

This rapid LH suppression parallels with increased in vivo corticosterone levels within 15 min of restraint 

stress. Although Kiss1, Tac2, and Rfrp gene expression in the hypothalamus did not significantly change 45 

after 90 or 180 min restraint stress, arcuate Kiss1 neural activation was sigmnifciantly decreased after 180 

min. Interestingly, hypothalamic Rfrp neuronal activation was strongly increased at early times after 

restraint stress initiation, but was attenuated to levels lower than controls by 180 min of restraint stress. 

Thus, the male neuroendocrine reproductive axis is quite sensitive to short-term stress exposure, with 

significantly decreased pulsatile LH secretion and increased hypothalamic Rfrp neuronal activation 50 

occurring rapidly, within minutes, and decreased Kiss1 neuronal activation also occurring after longer stress 

durations. 
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Introduction 

Stress disturbs many physiological processes, including reproduction. While multiple types of 55 

stressors, including psychosocial stress, have been demonstrated to decrease reproductive hormone 

secretion in many species, including humans, the specific mechanism(s) underlying this decrease in 

hormonal output remain unknown (Demura, et al. 1989; Fenster, et al. 1997; Lopez-Calderon, et al. 1991; 

Mann and Orr 1990; Rivier and Rivest 1991). One common animal model of psychosocial stress is restraint 

(or immobilization) stress. Previous studies demonstrated that restraint stress decreases mean plasma LH 60 

levels in rats, sheep, and monkeys (Chen, et al. 1996; Kirby, et al. 2009; Li, et al. 2006; Tilbrook, et al. 

2000, 2002; Wagenmaker, et al. 2009). Furthermore, repeated restraint stress has been shown to disrupt LH 

pulses in ovariectomized female rats (Li, et al. 2004). Similar studies in mice have historically been lacking 

because, until just recently, it was not technically possible to measure endogenous pulsatile LH secretion 

in mice due to their small size and assay limitations. With new advances permitting measurement of murine 65 

pulsatile LH, we recently reported that in gonadectomized (GDX) female mice, acute exposure to restraint 

stress decreased both mean and pulsatile LH secretion (Yang, et al. 2017). However, to date, the underlying 

mechanisms involved in the restraint stress-induced suppression of LH have not been fully elucidated, 

especially at the level of the brain. In the hypothalamus, pulsatile GnRH secretion coordinates the 

downstream pulsatile release of LH from the pituitary, and measurement of LH pulses is often used as a 70 

proxy for functional output of GnRH secretion. Several reports suggest that restraint stress suppresses 

frequency of LH pulses, suggesting that some stress effects must be occurring at the level of the brain to 

influence the GnRH “pulse generator”, but how this occurs is unknown (Kinsey-Jones, et al. 2009; Li et al. 

2004; Orr and Mann 1990; Yang et al. 2017). Additional findings have noted that restraint stress also 

suppresses the amplitude of LH pulses, as well as basal LH levels, which could reflect effects at the level 75 

of the brain, pituitary, or both (Handa, et al. 1994; Tilbrook, et al. 1999). 

Alteration of GnRH pulse frequency by stress could possibly occur through direct effects at the 

level of GnRH neurons or upstream, through GnRH-regulating neural circuits, such as kisspeptin or RFRP-

3 neurons. Kisspeptin neurons of the arcuate nucleus (ARC) have recently been implicated as part of the 

GnRH pulse generator mechanisms and project to GnRH neurons to synchronize bursts of electrical activity 80 

and Ca++ influxes, leading to pulsatile GnRH secretion (Clarkson, et al. 2017; Goodman, et al. 2013; 

Lehman, et al. 2010). In female mice, acute restraint stress decreased ARC Kiss1 neural activation at 45 

min, 90 min, and 180 min following the start of restraint exposure (Yang et al. 2017), but had no effect on 

Kiss1 gene expression at any of these time points. However, in female rats, ARC Kiss1 mRNA expression 

was decreased when measured 6 hr after restraint stress initiation (Kinsey-Jones et al. 2009). Together, 85 

these data suggest that restraint stress may inhibit GnRH pulse generation in female rodents, at least in part, 

by inhibiting ARC Kiss1 neurons. Whether this occurs in males too, and if so, to what degree, is unknown. 
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ARC kisspeptin neurons are also known as KNDy neurons for their colocalization of kisspeptin, neurokinin 

B (NKB; encoded by Tac2 gene), and dynorphin, with NKB serving as a key positive regulator of kisspeptin 

secretion to trigger GnRH pulses (Lehman et al. 2010). Whether alteration of NKB is involved in 90 

psychosocial stress inhibition is not yet studied.  

RFRP-3 (the mammalian homologue of gonadotropin-inhibiting hormone (GnIH)), is synthesized 

exclusively in and around the dorsal-medial nucleus (DMN) of the hypothalamus and is inhibitory to the 

reproductive axis (Clarke, et al. 2008; George, et al. 2017; Johnson, et al. 2007; Kriegsfeld, et al. 2006; 

Osugi, et al. 2004; Poling, et al. 2012). In mammals, these inhibitory actions occur in the brain (not the 95 

pituitary) through pathways that still remain to be elucidated (Anderson, et al. 2009; Ducret, et al. 2010). 

Previous studies in rats demonstrated that a 3 hr restraint stress increased neural Rfrp expression (Kirby et 

al. 2009). Another study in female rats showed that LPS-induced immunological stress increased Rfrp levels 

after 6 hr (Iwasa, et al. 2014). Together, these few data suggest that restraint stress may suppress GnRH 

pulsatile secretion through upstream neural circuits that include RFRP-3 neurons, but additional studies are 100 

needed to confirm and test this possibility, especially in mice, and to link such changes to altered LH 

secretion. 

The current study examines whether a one-time, acute (90 min) restraint stress exposure 

significantly alters in vivo endogenous pulsatile LH secretion and/or reproductive neural factors in male 

mice.  Changes in in vivo circualting corticosterone (CORT) levels were also measured over the course of 105 

restraint stress to correlate with any possible changes in pulsatile LH secretion and to track the changes in 

timing of each measure. Furthermore, to determine if stimulatory and inhibitory neural regulators of GnRH 

neurons are altered by restraint stress in males, hypothalamic Kiss, Rfrp, and Tac2 (NKB) gene expression 

was measured via single-label in situ hybridization (ISH). Lastly, cfos induction, a common marker of 

recent neuron activation, was also assessed specifically in hypothalamic Kiss1 and Rfrp neurons via double-110 

label ISH. 

 

 

Materials and Methods 

Animals 115 

Adult male C57BL6 mice (8-9 weeks old) were pair housed under a 12 hr light/dark cycle (lights off at 

1800) with food and water available ad libitum. Prior to experimentation, all males were bilaterally 

gonadectomized (GDX) for 4 (Experiment #1), 3.5 (Experiment #2), or 2 (Experiment #3) weeks prior to 

day of experimentation to increase circulating LH levels and to remove inter-individual differences in 

circulating gonadal sex steroids, which are known to alter stress responsiveness. In brief, male mice were 120 

anesthetized with isoflurane (4%) and kept on a sterile, heated surgical plane. A small invision was made 



5 

 

at the ventral midline of the skin and underlying muscle, and each testes was clamped with a hemostat prior 

to excision with scissors. The muscle wall was then sutured using absorbable sutures and the skin cut closed 

using sterile surgical wound clips. An analgesic (buprenorphine) was administred subcutaneously the day 

of GDX and one day-post GDX.  All experiments were conducted at the University of California, San Diego 125 

under the approval of the Institutional Animal Care and Use Committee. 

 

Experiment #1: Effects of short-term restraint on in vivo LH pulsatility in male mice 

Effects of psychosocial stress or restraint on in vivo LH pulses in male mice have not been previously 

determined. To determine if short-term restraint stress affects LH pulses at all in GDX males, and if so, 130 

how fast and to what degree, blood LH was measured every 6 min during the 90 min pre- and 90 min post-

stress periods. GDX male mice were allowed to recover from surgery for 1 week before daily handling was 

initiated to habituate the mice to the tail-tip bleeding procedure used for collecting blood for LH 

measurement. Mice were briefly handled daily for 3 weeks prior to the day of serial bleeding, to habituate 

them to handling during tail tip bleeding on the actual experimental day. All handling, bleeding, and stress 135 

induction (restraint) was conducted in the morning between 0900 h and 1200 h to avoid normal circadian 

elevations in CORT levels that rise later in the day/evening. After 3 weeks of handling acclimation, on the 

day of the serial bleeding experiment, the mice were separated into a control (non-stressed) group (n=10) 

and a stress group (n=10). For the initial 90 min of the experiment (pre-stress period), all mice were freely 

awake and kept in their pair-housed cages. The tail tip of each animal was cut and serial bleeds were 140 

collected every 6 minutes. We previously reported LH pulses in OVX female mice sampled at 5 min 

intervals (Yang et al. 2017). For the current experiment, we increased sampling interval to 6 min to decrease 

impacts of stress of bleeding and to permit for a greater number of mice to be bled simultaneously each 

day, while still being frequent enough to detect each LH pulse. For each sample, 3 μl of whole blood was 

taken from the tail and mixed with 57 μl of assay buffer, and then placed on ice until storage at -20C. 145 

Following the initial 90 min baseline bleeding period, stress mice were immediately placed into Broome 

rodent restraint devices (Harvard Apparatus, Holliston, MA), isolated into new cages, and then continued 

to be bled every 6 min for the next 90 min (the stress period). By contrast, control mice were kept pair-

housed in their home cages and continued to be bled every 6 min for the same 90 min period without any 

restraint stress exposure. 150 

Serial blood samples collected every 6 min were measured for LH levels by the University of 

Virginia Ligand Assay Core using an ultra-sensitive murine LH ELISA. The intra- and inter-assay % CVs 

were 2.3% and <7%, respectively. Functional sensitivity was 0.320 ng/mL. Values are reported as ng/ml of 

whole blood. Serial blood LH measures were analyzed for endogenous LH pulses. An LH value was 

determined to be a pulse if the value had a >20% increase from one of the two previous points and LH 155 
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subsequently decreased by >10% in the subsequent point. For identified LH pulses, the following 

parameters were calculated: 1) pulse frequency (# pulses/90 min); 2) interpulse interval, defined as the time 

between 2 pulses. In the restraint group, some mice did not have at least two LH pulses during the 90 min 

stress period. In cases of only a single pulse, the interpulse interval was defined as the time from the single 

observed pulse until the end of the stress period. In cases of no identifiable pulses, the interpulse interval 160 

was defined to be 90 min (i.e., the duration of the stress period); 3) pulse amplitude, defined to be the 

difference between a pulse peak value and a preceding nadir, the lowest value of the 2 preceding values 

from a peak. In the restraint group, animals that did not show any peaks during the post period (the stress 

period) were excluded from the pulse amplitude calculations; 4) pulse peak, defined as the zenith LH value 

of each identified pulse; 5) basal LH levels, defined as the average LH of all the nadirs. In addition to these 165 

pulse measures, we also calculated overall mean LH, the average of all the LH values for an animal during 

either the baseline (pre-stress) or stress periods. 

 

Experiment 2: Time course of acute restraint stress effects on circulating corticosterone in male mice 

To determine if CORT is secreted and elevated in a time course that matches the observed suppression in 170 

LH in Experiment 2, we assed CORT levels in male mice exposed to acute restraint stress. Adult GDX 

male mice were allowed to recover 1 week before daily handling to habituate animals to tail bleeding 

procedure to measure circulating CORT levels. After 2.5 weeks of daily handling, mice were separated into 

control (n=7) and restraint (n=7) groups. The tail tip of each mouse was cut and 7 ul of whole blood was 

collected at: -10, 0, 5, 15, 30, 45, 60, and 90 min, with time 0 representing the time of restraint stress 175 

initiation (isolated to new cages and placed in Broome rodent restraint devices). Control mice were not 

exposed to stress and were kept pair-housed in their home cages throughout the serial bleeding procedure. 

For measurement of serum CORT, 7 ul of whole blood was pipetted into a Drummond Microcap 

capillary tube (Drummond Scientific Company,  Broomall, PA). Each tube was sealed off using Critoseal 

capillary tube sealant (Leica, Buffalo Grove, IL) and allowed to clot at room temperature for 2 hr prior to 180 

centrifugation (3000 rpm x 15 min) to collect blood serum. Blood serum was stored at -20 C for 

measurement of CORT using DetectX Corticosterone EIA kit (Arbor Assays, Ann Arbor, MI). The assay 

sensitivity was 18.6 pg/mL. The inter- and intra-assay %CVs were 4.5% and 6.6%, respectively. 

 

Experiment #3: Restraint stress effects on reproductive neural populations in male mice 185 

To determine what upstream neuroendocrine mechanisms are altered by acute restraint stress in male mice, 

we examined gene expression of key stimulatory or inhibitory neuroendocrine regulators of GnRH neurons 

and proposed players in GnRH pulse generation. Adult GDX males were allowed to recover for 2 weeks 

following castration before the experiment. On the day of the experiment, males were separated into control 
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(0 min), 45 min, 90 min, and 180 min stress groups (n=10-11/group). As in earlier experiments, this 190 

experiment was conducted in the morning between 0900 and 1200 h to avoid circadian rises in baseline 

CORT levels that normally occur later in the day/evening. Male mice in the stress groups were isolated into 

new cages, and immediately placed into Broome rodent restraint devices for either 45 min, 90 min, or 180 

min. Following stress, mice were immediately anesthetized with isoflurane and blood collected via retro-

orbital sampling prior to rapid decapitation. Blood serum was isolated and stored at -20 C for later 195 

measurement of CORT levels to confirm that the restraint paradigm properly induced stress, as indicated 

by increased circulating CORT levels. Blood sera were assayed using DetectX Corticosterone EIA kit 

(Arbor Assays, Ann Arbor, MI), similar to Experiment #2. Brains were immediately frozen on dry ice 

before being stored at -80 C to use for in situ hybridization assays. 

 200 

Single and double-label In Situ Hybridization (ISH) 

Brains collected from stressed and control mice from Experiment #3 were used for ISH analyses. 

Frozen brains were sectioned into 5 sets of 20 uM sections on a cryostat and thaw mounted on Superfrost-

plus slides that were stored at -80 C until the assay. Single-label ISH for ARC Kiss1 or Tac2 (NKB) 

expression or for DMN Rfrp expression were each performed on 1 complete set of brain sections spanning 205 

the entire anterior-to-caudal hypothalamus (no subregions were quantified). Double-label ISH for 

cfos+Kiss1 and cfos+Rfrp were performed on an additional set of brain sections in order to assess neuronal 

activation. Both single- and double-label ISH assays were performed using well-published protocols and 

validated P33 or DIG-labeled riboprobes, as previously reported (Poling, et al. 2017; Semaan and Kauffman 

2015; Stephens, et al. 2016; Stephens, et al. 2017). After ISH slides were developed and coverslipped, a 210 

custom automated image processing and quantification software program (Dr. Don Clifton, University of 

Washington) was used to analyze ISH slides under computer-assisted microscopy, by an investigator 

blinded to treatment groups. For single-label experiemnts, the software counted the number of ISH silver 

grain clusters and the number of silver grains over each cell (giving a semiquantitative index of mRNA 

expression per cell). Cells are considered positive when the number of silver grains in a cluster exceeded 215 

the background by 3-fold. For double-label assays, all red fluorescent DIG-containing cells were identified 

under fluorescent microscopy and the software was used to quantify silver grains overlaying each DIG cell. 

The software also objectively sets threshold and calculates background and then uses this to calculate 

signal-to-background ratios of the silver grains for each cell. A cell was considered to be double-labeled if 

its signal-to-background  ratio was >4.  220 

 

Statistics 
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All data were analyzed in GraphPad Prism 6 (La Jolla, CA). In Experiment #1, data were analyzed as a 

two-way ANOVA (time x group) followed by post-hoc Bonferroni’s multiple comparisons test. In 

Experiment #2, data were analyzed as a two-way repeated measures ANOVA (time x group), followed by 225 

post-hoc Bonferroni’s multiple comparisons test. In Experiment #3, data were analyzed as a one-way 

ANOVA (group), followed by post-hoc Bonferroni’s multiple comparison test. All data are expressed as 

mean ± standard error. p<0.05 was considered to be statistically significant. 

 

 230 

Results 

Experiment 1 

Acute restraint stress potently decreases LH pulsatility in GDX male mice 

To determine if short-term restraint stress affects LH pulses at all in GDX males, blood LH was measured 

every 6 min for 90 min periods before and during stress exposure. Figure 1 shows representative LH values 235 

during the collection period for 3 no stress control males (Fig. 1A-C) and 3 stress males (Fig. 1D-F). In 

both groups, notable rapid pulsatile LH secretion was clearly detected during the baseline (no stress) period, 

with no significant differences in pulse frequency or any other LH measure between control and stress 

groups during this time (Fig 2), with pulses occurring, on average, once every ~18-20 min (as expected 

given the GDX status). In control males, there were no differences in any LH parameter between the 240 

baseline period and subsequent stress period (Figs. 1, 2). By contrast, male mice exposed to acute restraint 

stress during the second 90 min period displayed significant and rapid decreases in LH pulsatile secretion, 

with notable alterations in multiple pulse parameters (Fig 1, 2). The number of detectable pulses (pulse 

frequency) was significantly decreased by ~50% in stress mice during the 90 min stress period (F(1,23) = 

6.754, p<0.05; Fig 2A) while interpulse interval was correspondingly nearly doubled by stress (F(1,23) = 245 

1.115, p<0.05; Fig. 2B). Interestingly, although there were fewer pulses, there was an increase in pulse 

amplitude during restraint stress (F(1,22)=7.341, p<0.05; Fig 2C), though mean pulse peak levels (i.e., the 

zenith of a pulse) were significantly lower during restraint stress (F(1,22)=4.649, p<0.05; Fig 2D). Acute 

restraint stress also markedly decreased basal LH levels by ~50% (F(1,21)=28.39, p<0.05; Fig. 2E). 

 250 

Acute restraint stress rapidly decreases LH within minutes in male mice 

Mean LH levels were calculated for the baseline and stress periods for each group. Mean LH levels were 

similar between the two groups during the baseline period but were significantly reduced in the stress group 

during the 90 min stress period (F(1,23)=22.81, p<0.05; Fig 3A). To assess the specific time course by 

which restraint stress lowers LH in male mice, we also analyzed mean LH levels at the 2 baseline time 255 

points just before stress exposure and the 4 time points right after initiation of stress. Mean LH was 
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significantly lower in the stress group by 12 minutes following the start of restraint and similarly low at 18 

and 24 min after the start of stress (F(6,138)=9.310, p<0.05; Fig 3B), indicating a very rapid inhibitory 

effect of restraint on the GnRH/LH secretion machinery. 

 260 

Experiment 2 

Corticosterone levels rise within 15 minutes and peak by 30 minutes in acutely stressed male mice 

This experiment determined the time-course of CORT secretion in restrained male mice. Before any stress 

exposure (at time -10 min and 0 min), both control and restraint groups showed low, non-stress levels of 

CORT that were not different from each other, indicating that tail tip blood collection did not significantly 265 

stress the mice (Figure 4). At 5 min after restraint initiation, CORT was not yet significantly elevated. 

However, by 15 min, CORT was significantly elevated, with restraint mice showing ~3-fold higher levels 

of CORT versus control mice at this time (F(7,91)=18.82, p<0.05, Figure 4). CORT levels in restrained 

mice increased further at 30 min and stayed at this elevated level for the remainder of the stress exposure 

(90 min) (Figure 4). 270 

 

Experiment 3 

Acute restraint stress in male mice has no effect on Kiss1, Tac2, or Rfrp gene expression  

To determine what upstream neuroendocrine mechanisms are altered by acute restraint stress in male mice, 

we examined gene expression of key stimulatory or inhibitory neuroendocrine regulators of GnRH neurons 275 

or GnRH secretion. As expected, serum CORT levels were low in no stress control males, but markedly 

elevated >5-fold in males that were restraint stressed (Table 1). Brains from these males were first analyzed 

for Kiss1 and Tac2 mRNA levels in the ARC, as kisspeptin and NKB in this area are both implicated as 

critical stimulators in the GnRH pulse generation mechanism. There was no significant difference in ARC 

Kiss1 levels between no stress control male mice and any of the restraint stress groups (Fig. 5A-B). 280 

Similarly, there was no difference between control or stressed males in Tac2 levels in the ARC (Fig. 5C-

D). 

We next assessed Rfrp expression levels in the DMN, as RFRP-3 has been implicated as an inhibitor 

of reproductive hormone secretion and a possible mediator of stress signaling in mammals. Moreover, our 

previous study in GDX female mice observed a significant increase in Rfrp expression after 180 min of 285 

restraint. Here, we did not detect a significant change in Rfrp expression in GDX male mice after 90 min 

of stress (Fig 6). Although Rfrp levels after 180 min of restraint were ~ 20% higher than no stress controls, 

this did not reach statistical significance with the Bonferroni’s post-hoc test  (Fig 6A-B). 

 

Acute restraint stress in males decreases ARC Kiss1 neuron activation 290 
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Neuropeptide gene expression may take longer to show changes than neuronal activation and firing. While 

Kiss1, Tac2, and Rfrp mRNA levels in GDX male mice did not change significantly in the first 3 h with 

acute restraint stress, it is possible that activation and firing of these reproductive neurons is altered during 

this time. We hypothesized that stress would inhibit LH levels in part by lowering ARC Kiss1/Tac2 neuron 

firing, which would be reflected by reduced cfos mRNA induction in these neurons. We therefore used 295 

double-label ISH to measure Kiss1+cfos mRNA coexpression (a common measure of neuronal activation) 

in control and restraint stressed males. Surprisingly, restraint stress had no effect on neuronal activation of 

ARC Kiss1 neurons of male mice at either 45 or 90 min (Fig 7), even though LH is already reduced at these 

times (Figures 1, 3). However, by 180 min of restraint stress, there was a significant 33% decrease in the 

level of Kiss1 neuronal activation (F(3,28)=2.549, p<0.05; Fig 7). 300 

 

Acute restraint stress in males rapidly increases hypothalamic Rfrp neuron activation 

Separate from possible effects on kisspeptin neurons, we hypothesized that acute stress may also 

lower LH pulsatility in part by increasing inhibitory RFRP-3 secretion onto GnRH neurons. We therefore 

used double-label ISH to measure Rfrp+cfos mRNA coexpression to determine if restraint stress increased 305 

the activation of this inhibitory neuroendocrine cell population. Indeed, after 45 min restraint stress, the 

degree of cfos mRNA induction in Rfrp neurons was largely and significantly increased by ~60% (p<0.05; 

Fig 8). Interestingly, cfos mRNA levels in Rfrp neurons decreased back down to control levels after 90 min 

of restraint stress (Fig 8) and then further decreased to levels significantly lower than controls by 180 min 

of restraint (F(3,28)=35.34, p<0.05; Fig 8). 310 

 

 

Discussion 

The current study demonstrates that a one-time, acute psychosocial stress can rapidly and potently inhibit 

endogenous LH pulsatilile secretion in male mice. We detected clear, rapid, high amplitude LH pulses 315 

(approx. every 18-20 min in controls) in our male mice during non-stress conditions, with a high pulse 

frequency as expected due to their GDX status (i.e., lack of sex steroid negative feedback). Impressively, a 

one-time, acute restraint stress exposure quickly suppresses LH pulses to ~50% of their normal non-stress 

frequency. While restraint stress suppressed LH pulses in all mice sampled, there was variability in the 

patterns of LH suppression during stress. As shown in the representative graphs for the restraint stress group 320 

(Fig 1D-F), some males showed a complete repression of LH pulsatile secretion, with lower basal levels 

and no pulses detected during the stress period. Other stressed males showed a reduced number of pulses 

with a longer interpulse interval, usually accompanied by lower basal LH levels as well. When this 

occurred, the peak LH value of the pulse (i.e., the zenith) in stressed mice was lower than non-stressed 
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conditions, indicating that stressed males were not able to secrete as much total LH per individual pulse. 325 

While many psychosocial stress studies in rodents have previously been done in females, our present 

findings indicate that male rodents’ GnRH/LH secretion is also strongly affected, in a very rapid manner, 

by acute psychosocial stress exposure (Chen, et al. 1992; Li et al. 2006; Li et al. 2004; Viau and Meaney 

1991; Yang et al. 2017). 

To determine what reproductive neural pathways might be involved in the stress-induced 330 

suppression of LH pulsatility in males, we examined hypothalamic Kiss1/Tac2 and Rfrp neurons, which are 

stimulatory and inhibitory to GnRH secretion, respectively. Acute restraint had no notable effect on either 

Kiss1, Tac2, or Rfrp gene expression in male mice, up to 180 min of stress exposure. Thus, acute restraint 

stress does not alter kisspeptin, NKB, or RFRP-3 synthesis in male mice, at least within the first 3 hours of 

stress. It is likely that longer times > 3 hr are needed to observe decreases in expression for these 335 

neuropeptide genes. Indeed, previous studies in female rodents have shown that stress decreases ARC Kiss1 

expression when examined 6 hr following stress exposure (Iwasa et al. 2014; Kinsey-Jones et al. 2009), 

supporting the idea that kisspeptin synthesis is eventually lowered by stress exposure. As far as we are 

aware, Tac2 expression has not yet been reported in other rodent restraint studies. Another study in male 

rats found that acute restraint stress for 3 hr increased Rfrp expression, similar to a pattern observed in 340 

female mice 3 hr after restraint (Kirby et al. 2009; Yang et al. 2017). In the male mice in our present study, 

Rfrp expression levels were similarly trending higher at 3 h but this did not reach statistical significance; it 

is possible Rfrp in males would be statistically elevated if measured a little later (e.g., at 3.5 or 4 h). 

Although changes in neuropeptide gene expression may take longer to occur, additional measures 

of neuron functioning are likely to be altered more quickly. To determine if neural activation of ARC Kiss1 345 

or DMN Rfrp neurons in male mice was regulated by acute restraint stress, we examined coexpression of 

Kiss1+cfos mRNA and Rfrp+cfos mRNA at several time points. Temporally, the data collected on cfos 

mRNA expression at 45, 90, and 180 min of restraint stress represent changes in neural activation occurring 

prior to each of those specific times (based on cfos mRNA induction timing, discussed more below) (Haas, 

et al. 1991). Surprisingly, despite the ability of restraint stress to rapidly and robustly lower LH pulsatility 350 

during the entire 90 min stress period, ARC Kiss1 neuronal activation was not reduced at either 45 min or 

90 min of restraint exposure in male mice. However, by 180 min of restraint, there was a significant 

reduction in Kiss1 neuronal activation, indicating that longer durations of restraint stress eventually 

suppresses Kiss1 neural activation. In contrast, Rfrp neuron activation in males markedly increased by 

~60% when measured at 45 min of restraint stress. This increase was abrogated after 90 min of restraint 355 

stress and, interestingly, was further reduced to levels below that of no stress controls after 180 min of 

restraint stress. The mechanisms and implications for the reduced Rfrp neuron activation at 180 min are not 
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immediately clear. Collectively, these data suggest that, in GDX male mice, Kiss1 neural activation is 

impacted more slowly by acute restraint stress than Rfrp neural activation. 

Experiment #1 determined that mean LH in males was unchanged at 6 min and decreased by 12 360 

and 18 min. Given this rapid effect of restraint stress on LH pulses, any upstream regulators mediating these 

secretion changes would be expected to be altered by approximately 12-18 min. Rfrp neurons displayed 

elevated neuronal activation (cfos expression) at 45 min post-stress induction, suggesting they may be 

involved in the observed decreases in LH. Unlike cFos protein which takes ~60-80 minutes to be 

synthesized and fully detected (usually by IHC), cfos mRNA is induced quite rapidly, typically being first 365 

detected at low-to-medium levels at 15 min after the activation event, peaking at 30 min, remaining elevated 

at 45 min, and falling again to lower levels by 60 min or later (Gronowski and Rotwein 1995; Haas et al. 

1991; Hamamura, et al. 1992; Imaki, et al. 1992; Weaver and Reppert 1995). Thus, elevated cfos mRNA 

expression observed at a given time point usually indicates an activation of those neurons somewhere 

betwee 15 to 45 min beforehand (Haas et al. 1991). Therefore, our present finding of elevated Rfrp neuronal 370 

activation in stressed males at 45 min after restraint initiation indicates that those Rfrp neurons were 

activated at some point(s) between 0 and 30 min after the initial stress exposure. Exactly when Rfrp neurons 

first become activated cannot be determined from our present results and remains unknown; future time-

course studies examining several earlier time points after stress (e.g., 10 min, 20 min, 30 min) can address 

this issue. In contrast, the lack of changes in ARC Kiss1 neural activation at 45 and 90 min suggests that 375 

inhibition of KNDy neurons may not be responsible for the rapid decreases in LH during the first 45 min 

or so of restraint stress exposure, at least in males. However, eventual decreased Kiss1 neuronal activation, 

as observed later at 180 min, may underlie suppression of LH at later durations of restraint stress. 

Interestingly, 180 min is the same time-point when Rfrp neurons are no longer showing enhanced activation 

(but, rather, display reduced activation levels). This may indicate that longer/later stress exposures lower 380 

LH pulsatility by dampening Kiss1 neuron activation (i.e., decreasing a stimulatory signal) while very early 

stress exposures lower LH pulsatility by enhancing Rfrp neuronal activation (i.e., increasing an inhibitory 

signal). Whether or not a similar pattern of Rfrp or Kiss1 neuron activation also holds true for other types 

of stressors remains to be determined, but will be important for assessing the generalizability of these 

findings. 385 

We demonstrate that stress rapidly inhibits the male reproductive neuroendocrine axis, including 

in vivo LH pulses, but the factors causing this supporession remain unknown. Adrenal CORT may be one 

of the stress signaling factors that induces the observed reproductive suppression. Our time-course 

experiment determined that in vivo CORT levels in stressed males were not increased at 5 min but were 

increased by 15 min of restraint, matching nicely the elevated LH levels at 6 min but significantly 390 

suppressed LH by 12-18 min. Although correlative, these data suggest that CORT may be an important 
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candidate to induce this LH suppression by 12-18 min of stress initiation. In mice, the primary CORT 

receptor is glucocorticoid receptor (GR), which is expressed in multiple brain regions, including in 

kisspeptin (Takumi, et al. 2012) and RFRP-3 neurons (Kauffman, unpublished). Current studies in our lab 

will determine if CORT signaling causes the observed restraint stress-induced suppression of LH pulses 395 

and/or alterations of Kiss1 and Rfrp neurons, combining the use of transgenic mouse lines and mouse tail 

tip bleeding. Of note, CORT levels of control, non-stress mice are typically <125 ng/ml and in our serial 

bleeding experiment remained stable and at this low “baseline” level throughout, suggesting that the serial 

bleeding procedure is not sufficient on it’s own to induce high stress hormones or to inhibit the reproductive 

axis. 400 

In summary, we show for the first time that acute restraint stress rapidly and robustly inhibits 

endogenous LH pulsatility in male mice. Moreover, both Kiss1 and Rfrp neural activation were altered by 

restraint stress, being decreased and increased, respectively. However, due to the observed rapidity of LH 

pulse disruption, which happens within minutes of being restrained, diminished ARC Kiss1 neuron 

activation, which does not occur until later, does not seem to underlie the initial suppression of LH in 405 

restraint stressed males. By contrast, Rfrp neurons show a more rapid enhancement in neuron activation 

that more closely mirriored temporal changes in CORT and LH. Thus, Rfrp neurons may be an important 

candidate for mediating the observed stress effects during early exposure to an acute stressor. Future studies 

in our lab are assessing this possibility as well as the specific mechanism(s) by which restraint stress 

modifies Rfrp and Kiss1 neuron activation and LH pulsatility. 410 
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Figure Legends 

Figure 1. Restraint stress inhibits pulsatile LH in gonadectomized (GDX) male mice. (A-C) represent three 

individual control mice and (D-F) represent three individual stress mice. Each graph represents an 

individual male mouse with blood collected every 6 min for 180 min. The initial 90 min period (-90 to 0 

min) represent the pre-stress (baseline) period and the gray boxes (time 0 to 90 min) represent the post 425 

(stress) period. Pulse peaks are indicated by *. 

 

Figure 2. LH pulse parameters in GDX no stress (control) and stress male mice. The following LH 

parameters were analyzed: (A) pulse frequency, shown as pulses per 90 min, (B) interpulse interval, (C) 

pulse amplitude, (D) pulse peak levels, and (E) basal LH levels. White bars are the pre-period (baseline) of 430 

blood collection (-90 to 0 min) and the black bars are the post-period (stress) of blood collection (0 to 90 

min). *, p<0.05 versus baseline (pre-stress) value. 

 

Figure 3. (A) Mean LH measured pre-stress (baseline; white bars) and post-stress initiation (black bars) in 

no stress (control) and stressed male mice. (B) Detailed time-course of LH changes after stress exposure, 435 

measured at 6 min intervals to determine how soon LH decreased following initiation of restraint stress. 

Mean blood LH levels before (-12 to 0) and after (0 to 24) restraint stress. White bars are control mice and 

black bars are restraint stressed mice. *p<0.05. 

 

Figure 4.  CORT secretion time-course in non-stressed control (closed, black circles) and acutely restrained 440 

male mice (open, white circles). Time 0 min represents time of restraint stress initiation in the restraint 

mice. *p<0.05 control vs. restraint mice, within time point. 

 

Figure 5. Acute restraint stress has no effect on arcuate Kiss1 or Tac2 cell number in male mice. (A) 

Representative image of single-label ISH for arcuate Kiss1 in a no stress control mouse. (B) Mean (± SEM) 445 

Kiss1 cell number in no-stress control (white bar) and stressed groups (90 and 180 min; black bars). (C) 

Representative images of single-label ISH for Tac2 in a no stress control mouse. (D) Mean (± SEM) Tac2 

cell number in no stress control (white bar) and stressed groups (90 and 180 min; black bars). *p<0.05 

versus no stress controls. 3V, third ventricle; ARC, arcuate. Scale bar = 100µm. 

 450 

Figure 6. Restraint stress does not change Rfrp coexpression in male mice. (A) Representative image of 

single-label ISH for Rfrp in the DMN of a no stress control male. (B) Mean (± SEM) Rfrp cell number in 

no-stress control (white bar) and stressed groups (90 and 180 min; black bars). *p<0.05 versus no stress 

controls. 3V, third ventricle; DMN, dorsal medial nucleus. Scale bar = 100µm. 
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 455 

Figure 7. Arcuate Kiss1 neural activation in stress vs no stress control male mice. (A) Representative 

images of Kiss1 (red fluorescence) and cfos mRNA (silver grains) gene expression in a no stress control 

male. Yellow arrowheads represent coexpression of Kiss1+cfos; blue arrowheads denote Kiss1 neurons not 

coexpressing cfos mRNA. (B) Quantification of coexpression of Kiss1 and cfos mRNA in the arcuate of 

male mice. *p<0.05, compared to no stress controls. Scale bar = 25µm. 460 

 

Figure 8. DMN Rfrp neural activation in stress vs no stress control male mice. (A) Representative images 

of Rfrp (red fluorescence) and cfos mRNA (silver grains) gene expression in a no stress control male. 

Yellow arrowheads represent coexpression of Rfrp+cfos mRNA; blue arrowheads denote Rfrp neurons not 

coexpressing cfos mRNA. (B) Quantification of coexpression of Rfrp and cfos mRNA in the DMN of male 465 

mice. *p<0.05, compared to no stress controls. Scale bar = 50µm. 
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Table 1. Blood sera CORT levels in GDX male mice measured following restraint stress. 

 580 

Group Mean ± SEM (ng/ml) Range (ng/ml) 

No stress (control) 66.0 ± 15.3 10.5 - 129.8 

45 min restraint 614.8 ± 16.7* 509.5 - 699.8 

90 min restraint 492.0 ± 20.2* 383.5 - 565.1 

180 min restraint 545.0 ± 20.6* 492.3 - 676.1 

*p<0.05, compared to no stress (control) group. 




