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Abstract

General arousal has been operationally defined as enhanced motor activity and enhanced intensity 

of response to sensory stimuli. Even though the effects of gonadal hormones on mating behavior 

have been much studied, their potential effect on generalized arousal, as defined above, has never 

been evaluated. In the present study we employed a thoroughly validated assay of general arousal 

to determine the effects of estradiol (E) and testosterone (T) in gonadectomized female and male 

mice, respectively. The steroids were administered in three different ways: A fast-acting, water 

soluble preparation given intraperitoneally, an oil solution given subcutaneously, and an oil 

solution in a subcutaneous Silastic capsule. Motor activity and responses to sensory stimuli were 

recorded for 24 h, 91 h, and seven days following hormone administration, respectively. All 

measures of arousal varied according to the day/night cycle. The water soluble steroid preparation 

had no reliable effect. When the same doses of estradiol and testosterone were administered 

subcutaneously in an oil vehicle no effect of either treatment on arousal was observed. The 

subcutaneously implanted capsule containing estradiol or testosterone had a delayed effect on 

motor activity in females (four to seven days) but no effect in males. The long time required by the 

gonadal hormones for affecting arousal would be consistent with, but does not prove, a genomic 

action. The limited effects of E and T in our arousal assay suggest to us that the strongest actions 

of these hormones on arousal occur in the context of sequences of responses to sexually relevant 

stimuli.
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1. Introduction

One of the most elusive issues in neuroscience is how an organism’s reactivity to 

environmental events, arousal, is controlled. Part of the lack of progress in this area is most 

likely due to a lack of clarity in the definition of arousal. Sometimes the term is used to refer 

to the internal factors that energize and potentiate behaviors or that accounts for the 

readiness to initiate behavior [1]. This use is most unfortunate because it confounds arousal 

with motivation, a term with an entirely different meaning in the behavioral literature (see 

[2] for a discussion). Instead, arousal may be “operationally defined” as follows: An 

organism in high arousal will (1) be more responsive to sensory stimuli in all sensory 

modalities, (2) emit more voluntary motor activity and (3) be more reactive emotionally than 

an organism in low arousal [3–5]. According to this definition, general arousal can be 

quantified by measuring the level of motor activity and/or the magnitude of response to any 

environmental stimulus or to an emotionally relevant stimulus. This, in turn, means that the 

abstract notion of arousal can be subjected to experimental study.

Several ascending transmitter systems, as the noradrenergic, dopaminergic, histaminergic, 

cholinergic and serotonergic systems, are known to modulate arousal [3]. Likewise, gonadal 

steroids may affect arousal, the most notorious effect probably being the large increase in 

running wheel activity around ovulation in rodents [6], known to be caused by estrogens 

(e.g. [7, 8]). In addition to their effects on motor activity, estrogens have been reported to 

modulate fear and anxiety. In the elevated plus maze, dark/light choice test or the open field, 

estrogen reduced locomotion on the open arms, the number of transitions and activity in the 

center, respectively [7, 8]. These responses were interpreted as a result of enhanced anxiety. 

Interestingly, estrogen treatment increased running wheel and home cage activity in these 

studies. It was suggested that estrogen-induced general arousal manifests itself as increased 

activity in safe environments. To the contrary, when estrogen-induced arousal is added to 

the already heightened arousal caused by the threatening procedures (plus maze, strong 

light, unknown open field) the ensuing overarousal inhibits behavior according to the 

Yerkes-Dodson principle [9]. Similar opposing actions of estrogen in safe and threatening 

contexts have been reported in studies in rats [10–12].

The varied behavior responses to estrogens may be interpreted as suggesting that (i) 

estrogens modify arousal in non-reproductive activities; (ii) the effects of estrogens depend 

on the procedure employed. In a familiar environment, such as a running wheel in the home 

cage, estrogen-enhanced arousal manifests itself in increased locomotion. On the other hand, 

when animals are exposed to novel or otherwise threatening contexts, estrogen-enhanced 

arousal leads to behavioral manifestations interpreted as fear or anxiety [13]. The preceding 

proposals would be considerably strengthened if it could be shown that estrogens indeed 

modified general arousal in a procedure specifically designed for the evaluation of arousal 

levels.

Androgens are also known to modify locomotor activity. Castration leads to reduced home 

cage activity in mice, and testosterone replacement prevents this reduction [14]. In intact 

male mice, treatment with large doses of testosterone does not increase or decrease open 

field activity [15] and there is no correlation between running wheel activity and serum 
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testosterone concentration [16]. In intact rats, however, supplemental testosterone has been 

reported to enhance activity in the running wheel [17]. Whether these contradictory 

observations are due to a species difference with regard to testosterone action or to different 

experimental procedures is unknown at present. It may also be mentioned that the actions of 

testosterone on running wheel activity in male rats seem to depend on aromatization, since 

dihydrotestosterone lacks effect and estradiol is even more effective than testosterone [18]. 

Provided that locomotor activity is one of the expressions of arousal, these observations 

could suggest that gonadal hormones affect the arousal level in male rodents. It is possible 

that estrogen rather than androgen receptors are involved. Again, these proposals need to be 

substantiated by experimental data showing that gonadal steroids affect general arousal in 

males.

Many gonadal steroid actions are mediated by slow, transcriptional processes (e.g. [19]). 

The time lag between hormone administration and effect varies from hours to several days 

[20, 21]. Among the slow actions are modifications of the morphology of dendrites and 

patterns of synaptic connectivity as well as the neuronal soma size and even the overall 

regional volume [22, 23]. In addition to a genomic action some steroid effects depend on a 

fast-acting membrane receptor. This receptor may alter neuronal membrane excitability 

within seconds [24–26], modify intracellular Ca2+ availability and activate G-protein-

dependent processes, among other things [27, 28]. The membrane receptor also regulates 

gene expression, which can lead to long term effects [21]. Consequently, estrogens as well 

as androgens may have actions starting within seconds of receptor activation as well as slow 

onset effects requiring days before becoming evident. However the time needed for gonadal 

hormone-induced modifications of the behavioral manifestations of general arousal has not 

been studied.

For the first time, we have measured potential effects of sex hormones on generalized 

arousal using a novel assay. In the present study, ovariectomized female and castrated male 

mice were treated with estradiol and testosterone, respectively. The hormones were 

administered in a fast acting preparation as well as in the classical oil vehicle and Silastic 

capsule. The subjects’ arousal level following hormone treatment was determined in a 

previously validated assay of general arousal [29–31]. It is based on continuous recording of 

several behavioral parameters, including locomotion and rearing as well as the reaction to 

sensory stimuli, i.e. emotional reactivity. Data from this experiment would allow us to 

determine the potential effects of gonadal hormones, administered in different ways, on 

general arousal in males and females. We also analyzed sex differences and differences 

between phases of the dark/light cycle.

2. Methods and materials

2.1 Subjects

Eight female and eight male C57BL/6 mice were purchased from Taconic farms, Inc. They 

were five weeks old at arrival. Animals were maintained on a 12:12LD cycle with light off 

at 0600h with food and water available ad libitum. Female ovariectomy and male castration 

were conducted under isoflurane anesthesia shortly after arrival. The animals were left to 

recover for one week following gonadectomy.
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All animal procedures were approved by The Rockefeller University’s Animal Care and Use 

Committee in accordance with the Animal Welfare Act and the Department of Health and 

Human Services Guide for the Care and Use of Laboratory Animals.

2.2 Apparatus

Mice were housed individually inside a VersaMax monitor (Accuscan Instruments) 

consisting of an acrylic cage (18 cm × 29 cm × 13 cm) equipped with horizontal infrared 

beams and sensors spaced 2.54 cm (1 inch) apart in the horizontal plane. Each VersaMax 

monitor was placed inside a larger wooden chamber with its dedicated light and ventilation 

systems used to minimize the potential for transmission of sounds and other signals between 

animals. The experimental setup is illustrated in Figure 1A.

Activity was sampled every second. Three different modes of activity were recorded: (1) 

horizontal activity, fidgeting movements collected by the home cage Accuscan system and 

representing the number of infrared beams broken in the horizontal plane; (2) total distance, 

ambulation, collected by the home cage Accuscan system and representing non-repeating 

infrared beam breaks in the horizontal plane; and (3) vertical activity, rearing movement 

collected by the home cage Accuscan system and representing beam breaks in the vertical 

plane. The data were recorded onto a personal computer (Dell) by using VersaMax analyzer 

software version 3.41.

Tactile stimulation in the form of a 10 psi air puff could be provided through four metal 

tubes connected to a compressed air tank. The tubes ended in the cage roof corners. 

Olfactory stimulation (10 psi air through 100% benzaldehyde) was administered through 

two deeply inserted plastic tubes ending at floor level in the middle of the cage (Figure 1A). 

Both types of stimulus (tactile and olfactory) lasted for 10 seconds. They could be scheduled 

at varying intervals by using a computer program (LabLinc V, Coulbourn Instruments, 

Allentown, PA). A similar procedure has been used earlier [31–33].

2.3 Hormones

For Experiment 1, estradiol (E2) and testosterone (T) were dissolved in 25 % 2-

hydroxypropyl-β-cyclodextrin in saline to a concentration of 0.1 mg/ml and 1 mg/ml, 

respectively (all compounds were from Sigma). Subjects were injected intraperitoneally 

(i.p.) with 100 μl of hormone solution or vehicle at 0900 on the test day. In Experiment 2, 

E2 and T were dissolved in sesame oil to a concentration of 0.2 mg/ml for E2 and 2 mg/ml 

for T. Subjects were injected 50 μl hormone solution or vehicle subcutaneously (s.c.) at 0900 

on test day. For Experiment 3, E2 and T were dissolved in sesame oil to a concentration of 

36 μg/ml for E2 and 360 μg/ml for T. Implantable capsules (I.D. x O.D. x length = 1.98 × 

3.18 × 20 mm) made from silicone tubing (Silastic, Dow Corning) were filled with hormone 

solution and then sealed by medical grade silicone (Type A, Dow Corning) in both ends. 

They were implanted subcutaneously under isoflurane anesthesia.

In all experiments, the hormones and vehicle were administered according to a 

counterbalanced design, with half the subjects given vehicle and the other half hormone. The 

vehicle was the 25 % 2-Hydroxypropyl-β-cyclodextrin solution without any added hormone 

in Experiment 1, sesame oil in Experiment 2 and a Silastic capsule filled with sesame oil in 

Chu et al. Page 4

Physiol Behav. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Experiment 3. The interval between treatments was 48 h in Experiment 1, one week in 

Experiment 2 and one month in Experiment 3.

2.4 Design and procedure

There were eight females and eight males in these experiments. Four animals of each sex 

were given vehicle first, while the four others were given hormone first. A seven days 

baseline observation was started one week after gonadectomy. Immediately thereafter, 

Experiment 1 was initiated. First, spontaneous activity was recorded for 24 hours after 

hormone injection. Then, the experiment was repeated but now a tactile stimulus in the form 

of an air puff was introduced. The first air puff was presented 20 minutes after treatment and 

then repeated every 20 minutes for the first three hours, every 40 minutes from four to nine 

hours posttreatment, and every 60 minutes from the 10th hour to the end of the test (Figure 

1B). Activity was recorded during the 10 sec of stimulus presentation and for 100 sec after 

stimulus offset. In a second repetition of the experiment, an olfactory stimulus was used 

instead of the air puff.

Experiment 2 started when the subjects used in Experiment 1 were 14 weeks old. After a 

seven days baseline, data were collected for 91 hours, beginning immediately after the 

hormone injection. The interval between the replications of this experiment was three days. 

Otherwise the procedure was the same as in Experiment 1.

Experiment 3 was initiated when the subjects were 21 weeks old. Again, a seven days 

baseline period preceded the experiment. Data were collected for one week following 

capsule implantation. Thereafter, the capsules were removed. The interval between 

replications of this experiment was three weeks. In the first and second replications, the 

sensory stimuli were presented once an hour from 49 hours after capsule implantation until 

96 hours after (Figure 1C).

2.5 Data preparation and statistics

Activity data from the three baselines were compared with one-factor ANOVA for repeated 

measures. The sum of the entire seven days period was used for this analysis. A more 

detailed analysis of the data from the baseline preceding Experiment 1 was also made. 

Three-factor (Sex, Day, Light/Dark) ANOVAs were used.

In Experiment 1, activity data during the 24 h observation period was divided in 12 intervals 

of two h each. The first interval began immediately after treatment. In sensory tests of 

Experiment 1, activity data during the 10 sec of exposure to the stimulus, from the 10 sec 

period following stimulus offset and from the 100 sec poststimulus period were analyzed. 

The mean of all 10 sec or 100 sec periods occurring in each two h interval was calculated, 

and those means were used for analysis. There were a total of 11 intervals. Due to a 

technical failure, no stimulus was applied during the last hour of the 24 h observation. 

Consequently, the last interval was not used. The three activity parameters (total distance, 

horizontal activity and vertical activity) were analyzed with a three-factor ANOVA with two 

within-subjects factors (Treatment and Interval) and one between-subjects factor (Sex).
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In Experiment 2, the SC hormone injection was given during the dark phase on Day 1. The 

91 h postinjection observation was divided in eight periods. Four of these periods 

(postinjection hour 0–8, hour 20–31, hour 44–55 and hour 68–79) corresponded to the dark 

phase on Day one – four respectively. The other four periods (postinjection hour 8–19, hour 

32–43, hour 56–67 and hour 80–91) corresponded to the light phase on Day one – four. In 

sensory tests of Experiment 2, activity data recorded during the 10 sec stimulus and during 

the 10 sec and 100 sec periods following the stimulus were analyzed as in Experiment 1. 

Mixed ANOVA with three within-groups factors (Treatment, Phase and Day) and one 

between-groups factor (Sex) was used for analysis [34].

In Experiment 3, the seven days observation was divided in dark or light periods in the same 

way as in Experiment 2. Data were also evaluated as in that experiment, except that results 

from the first day were not included because of the disturbance caused by the anesthesia and 

surgery associated with capsule implantation.

3. Results

3.1 Baseline tests

Analysis of the data from the seven days baseline period preceding Experiment 1 showed 

that the subjects were more active during the dark than during the light phase (ps < 0.02). 

Females were more active than males in total distance and vertical activity (ps < 0.04) and 

they showed a faster decline over days than males in these two parameters (Day by Sex, ps < 

0.001). Data are shown in Figure 2.

Comparison of the three baseline recordings prior to three experiments revealed that neither 

the total distance (F2,30 = 1.085, p = 0.351) nor the horizontal activity (F2,30 = 1.128, p = 

0.337) differed between baselines. However there was a significant difference with regard to 

vertical activity (F2,30 = 3.477, p = 0.044), but Tukey’s HSD test failed to confirm that 

difference (data not shown). These data show that the potential hormone effects were 

evaluated from essentially the same baseline activity in all three experiments reported here.

3.2 Experiment 1 - effect of gonadal hormones over 24 h

3.2.1 Motor activities—None of the two-factor interactions between Treatment, Sex and 

Interval reached significance (ps > 0.44). The results show that neither estradiol nor 

testosterone affects locomotor activity within 24 h of administration, suggesting that general 

arousal was unaltered by the hormones. Data are illustrated in Figure 3A.

3.2.2 Response to a tactile stimulus—Activity during the 10 sec of exposure to the 

stimulus was first analyzed. The interaction Treatment by Interval was significant for total 

distance (F10,140 = 2.55, p = 0.007; see Figure 3B) but not for horizontal and vertical activity 

(ps > 0.18). The interactions between Treatment and Sex as well as between Interval and 

Sex were also non-significant (ps > 0.08). It is most likely that the isolated effect on total 

distance does not represent a real hormone effect. The activity during the 10 sec period 

following stimulus offset was also analyzed. The interactions of Treatment by Interval and 

Treatment by Sex as well as Interval by Sex were not significant in any activity measure (ps 

> 0.16).
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The absence of a treatment effect on the response to the tactile stimulus could be due to the 

short poststimulus interval used for analysis. Therefore, we also analyzed the data for the 

100 sec periods following stimulation. No statistically significant effect was obtained (ps > 

0.26).

3.2.3 Response to an olfactory stimulus—There was no effect of treatment on 

activity measures during the 10 sec of stimulus exposure (ps > 0.11). The data from the 10 

sec poststimulus period from the 11 intervals (Figure 3C) showed that the interaction 

between Treatment and Interval was significant for total distance (F10,140 = 2.61, p = 0.006). 

The subjects presented a higher total activity in the last two intervals when hormone-treated 

than when given vehicle. However, the interaction between Treatment and Interval was non-

significant for horizontal and vertical activity (ps > 0.16). There was no other significant 

interaction in any parameter (ps > 0.17). When analyzing the 100 sec following stimulus 

offset, no effect was found (ps > 0.44).

3.3 Experiment 2 - effect of gonadal hormones over 91 h

3.3.1 Motor activity—The interaction between Treatment and Sex as well as the 

interactions of Treatment by Day and Treatment by Phase were non-significant (ps > 0.08). 

To the contrary, the interaction Sex by Day was significant both with regard to total distance 

(F3,42 = 6.10, p = 0.002) and vertical activity (F3,42 = 8.90, p < 0.001). According to 

Tukey’s HSD test, there was an increase in activity in the females but not in the in males. 

Data are illustrated in Figure 4.

The increase in activity over days observed in the females could be caused by random 

factors, such as the unusually low activity shown by the estrogen-treated females during 

period 1. The important observation here is that treatment with gonadal hormones failed to 

modify any of the indices of arousal employed here.

3.3.2 Response to a tactile stimulus—As illustrated in Figure 5, the subjects’ response 

to the air puff was not affected by hormone treatment. All interactions between two factors 

were non-significant (ps > 0.26). In addition, the results of the analysis of the activity during 

the 10 sec following the end of the tactile stimulus failed to reveal any Treatment effect on 

any parameter (ps > 0.18). None of the two-factor interactions reached significance (ps > 

0.12).

3.3.3 Response to an olfactory stimulus—The activity during exposure to the 

olfactory stimulus was not affected by Treatment, and all interactions were non-significant 

(ps > 0.10). The analysis of the 10 sec following odor presentation indicated that Treatment 

did not have any effect on any parameter. None of the other two-factor interactions was 

significant (ps > 0.08).

3.4 Experiment 3 - effects of gonadal hormones over seven days

3.4.1 Motor activity—Although none of the two-factor interactions related to Treatment 

had any significant effect (ps > 0.057), there was a 3-factor interaction between Treatment, 

Sex and Day in all activity measures (total distance, F5,70 = 4.09, p = 0.003; horizontal 
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activity, F5,70 = 4.91, p = 0.001; vertical activity, F5,70 = 3.66, p = 0.005). There was also a 

3-factor interaction between Treatment, Day and Phase (total distance, F5,70 = 3.52, p = 

0.007; horizontal activity, F5,70 = 4.19, p = 0.002; vertical activity, F5,70 = 2.77, p = 0.02). 

These interactions indicate that the gonadal hormones altered motor activity of males and 

females differently and that the hormone effect emerged some days after the capsule 

implantation. As we can see in Figure 6A, B and C, in the dark phase all three activities of 

estrogen-treated females increased from approximately three to four days after the 

implantation. Androgen treated males, on the other hand, did not show any hormone-

induced modulation of their motor activities. The data relevant for the interaction Treatment 

by Day by Sex are illustrated as normalized values in Figure 6D.

3.4.2 Response to a tactile and an olfactory stimulus—In order to reduce the 

subjects’ potential habituation to the repeated presentation of the stimuli, the data collection 

started two days after capsule implantation and lasted for another two days. No significant 

treatment effect or any meaningful interaction was obtained (data not shown).

4. Discussion

A novel assay of generalized arousal was used to look for potential steroid sex hormone 

effects. The results contained a mixture of predicted and unpredicted findings.

4.1 Baseline measurements

The data obtained before the beginning of the experimental treatments (baseline) and in the 

subjects given vehicle confirm that the behaviors recorded here show variations coinciding 

with known variations in level of general arousal. Not only was general motor activity 

higher during the night (e.g. [4, 31, 35–38]), but also the response to the tactile and olfactory 

stimuli was larger. It seems, then, that the procedure employed in these experiments is 

sensitive enough to detect the circadian variation in arousal level. Moreover, the behavioral 

changes coincide exactly with what would be expected according to the operational 

definition of general arousal (see Introduction) upon which the present experiments are 

based. Thus, the procedure seems most appropriate for detecting possible changes in general 

arousal caused by the administration of gonadal hormones.

Females were found to be more active at baseline and more reactive after vehicle than 

males. In rats, overall daily activity is 20 % – 50 % higher in females than in males [39]. A 

comparison of activity data from males and females in several mouse strains confirmed that 

females were more active in most, but not all, strains [40, 41]. However, open field activity 

was not different in male and female gonadectomized C57/BL6 mice [42]. This and other 

observations (e.g. [43]) suggest that estrogen effects on activity are mainly activational. 

Present data suggest otherwise, at least with regard to home cage activity and responses to 

sudden stimuli. The sex difference in the distribution of running wheel activity during the 

circadian cycle observed in intact C57BL/6 mice also persists in gonadectomized animals 

[44]. Even though males and females display the same total amount of activity, the females 

have longer duration of activity when housed in constant darkness. A more clear-cut sex 

difference in running wheel activity was found in intact mice of the ERaL3−/+ strain [45]. 

Both these studies suggest that organizational effects of gonadal steroids early in life as well 
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as activational effects in the adult animal may influence the level of general arousal, at least 

when expressed as running wheel activity.

It may also be noted that the fact that we reproduced the well-established effects of sex and 

time of day on general arousal shows that the modest sample size employed here is 

sufficient for detecting even rather small effects. In contrast to the robust effect of time of 

day, the sex difference is quite small, yet it was replicated here.

4.2 Effect of gonadal hormones over 24 h

Data from Experiment 1 show that there was no rapid hormone effect on spontaneous 

activity. Likewise, the response to the tactile stimulus was unaltered by the hormones. To 

the contrary, there was a small effect on the response to the olfactory stimulus. The 

significant Treatment by Interval interaction for total distance during the 10 sec following 

stimulus offset was caused by an enhanced response in the hormone-treated groups during 

the last two intervals, incidentally coinciding with the beginning of the dark period. Since 

there was no interaction between Sex and Treatment, it must be concluded that the effect 

was similar in females and males. However, the hormone effect was rather small, and 

neither horizontal nor vertical activity was significantly affected. Likewise, the complete 

absence of effect on responses to the tactile stimulus suggests that the hormones only 

marginally affected arousal processes. Since the only effect observed became evident about 

20 h after hormone treatment it seems unlikely that any of the fast actions of estrogens or 

androgens are related to arousal processes.

The half-life of estradiol has been reported to be 20 min after intravenous administration and 

77 min after intraperitoneal injection [46]. The fact that the effects observed here occurred 

about 20 h after hormone administration, when serum concentrations should be negligible, 

shows that the gonadal steroids initiate actions that continue even in the absence of further 

hormone exposure and that they become evident after a substantial delay. Interestingly, this 

is also the case for another of the slow actions of estrogens, the stimulation of lordosis [47, 

48]. Thus, the arousal enhancing effects of gonadal steroids do not seem to be entirely 

different from their actions on sexual behavior. In fact, the temporal coincidence between 

general arousal, expressed as locomotor activity, and sexual responsiveness, expressed as 

receptivity/proceptivity, in intact, cycling females shows that the time course of these 

estrogen-dependent behavioral events is similar. This is also the case for the effects of 

estradiol on wheel running (e.g. [12]).

4.3 Effect of gonadal hormones over 91 h

Subcutaneous administration of the hormones in an oil vehicle completely failed to affect 

any response during the observation period of 91 h. This might appear contradictory to the 

results obtained when the hormones were administered in a fast acting form. The 

contradiction, however, disappears when considering that the administration procedure was 

entirely different in these experiments (fast-releasing preparation in water vs. slow-releasing 

oil solution) while both the estradiol and testosterone doses were the same. It is most likely 

that maximum serum concentration was far higher in Experiment 1 than in Experiment 2. It 

is even possible that the rate of release from the oil vehicle was not much larger than the rate 
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of catabolism, which might mean that hormone availability was below effective levels. 

Furthermore, even when administered subcutaneously in an oil vehicle, the half-life of 

estradiol is only about two h [49], suggesting that the mice were exposed to a low level 

estrogen for a rather short time. Thus, the lack of effect is not surprising. However, since no 

measurements of serum hormone concentrations were made, this explanation is purely 

speculative.

4.4 Effect of gonadal hormones over seven days

The time course of the response obtained in Experiment 3 was different from the modest 

effects on response to the tactile and olfactory stimuli observed in Experiment 1. The 

estrogen effect became apparent three to four days after capsule implantation in Experiment 

3 compared to less than 24 h needed after IP administration in Experiment 1. A similar 

difference between routes of administration has been found with regard to the induction of 

receptivity. An intravenous injection of estradiol produces a response within 16 hours [47] 

as already mentioned whereas capsule implantation needs several days [50]. Likewise, 

estradiol-filled subcutaneous capsules start to increase running wheel activity after four to 

six days [8]. This confirms the notion that a short lived exposure to high concentrations of 

estradiol rapidly initiates intracellular processes whereas a sustained exposure to low 

concentrations needs far more time to activate these same processes. It also strongly 

suggests that rapid membrane actions of estradiol or testosterone are not important for 

arousal responses. Alternatively, such actions might interact with necessary genomic 

processes (e.g. [51]).

The fact that the estradiol response needed three to four days to develop indicates a genomic 

action, requiring synthesis of new mRNA and subsequently of new proteins. This mode of 

action was established long ago for the activation of lordosis [52–55] suggesting that 

gonadal hormones have similar mechanisms of action for stimulating lordosis and for 

enhancing general arousal.

4.5 Technical limitations of this work

The same subjects were used in all three experiments. This means that they were about 14 

weeks older in Experiment 3 than in Experiment 1. It must be admitted that 14 weeks 

comprises more than 10 percent of the typical life span of mice in our laboratory, and that in 

the attempt to get as much data as possible from each subject there may have been 

unintended changes in their underlying physiology. Likewise, it must be admitted that they 

were given gonadal hormones on several occasions, and the doses were such that serum 

concentrations could be expected to be just above physiological levels. Nevertheless, our 

data, meant to be thought-provoking and to lead to further work, are valid as far as they go, 

for the following five reasons: (a.) Despite the age difference, all experiments were 

performed in young adults - - all mice were post-pubertal and within the age range when 

females are cycling normally. Further, there is no indication that the effects of gonadal 

hormones on mating behaviors change significantly during this time period. The effects of 

estrogens on learning and memory and on progesterone receptor induction also remain 

constant from young adulthood to at least middle age [56–58]. (b.) Also, the baseline 

activity did not change from the first to the last experiment. (c.) Between each hormone 
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treatment, there was a wash out period eliminating or at least strongly reducing cumulative 

effects. (d.) Furthermore, a potential cumulative effect is of little concern, since the purpose 

of these experiments was to determine whether gonadal hormones can modify general 

arousal and not to determine whether they do so in physiological doses. (e.) This strategic 

requirement also explains the deliberate choice of the doses employed.

4.6 Perspectives

We were surprised at how limited the effects of gonadal hormones on measures of the 

abstract concept ‘generalized arousal’ were. It could, perhaps, be argued that a larger sample 

size would have allowed us to detect more effects. However, this is quite unlikely. First, the 

kind of within-subjects design used here is exquisitely sensitive to treatment effects. Second, 

there is no reason to believe that a larger sample size would have led to larger hormone 

effects. Thus, the modest effects observed here are probably not due to poor design or small 

sample. Nevertheless, these limited effects contrast with the large effect seen in estradiol-

treated females observed in the running wheel. On the other hand they are not entirely 

different from the much smaller effects of testosterone reported in males (see Introduction 

for references). It is possible that running-wheel activity is functionally different from home 

cage activity. In a well-known, small environment such as the home cage increased activity 

is most unlikely to bring the mouse in contact with biologically relevant stimuli. To the 

contrary, increased running in a wheel might be equivalent to the increased forward 

locomotion typical of females in estrus. This kind of locomotion would enhance the 

female’s probability of encountering a mate, and would thus be a most adaptive response. 

Even though quantitative determinations of forward locomotion during the estrus cycle have 

not been performed in wild rodent females, it has been reported that estrous females appear 

to be more active than non-estrous females [59–61]. In a seminatural environment, females 

leave the burrow a lot more when sexually receptive than when not [62], and most sexual 

activities occur outside the burrow system [63]. Forward locomotion is an essential part of 

the female’s behavior as soon as she leaves the burrow, but not when remaining in it. 

Considering that the home cage could be equivalent to the burrow in a natural environment, 

small effects of gonadal hormones would actually be expected.

There were also limited effects of the gonadal hormones on the response to the tactile and 

olfactory stimulus. Assuming that these hormones indeed enhance general arousal, a larger 

effect could reasonably be expected. For example, a male’s response to female odors varies 

dramatically according to his gonadal status, being limited in a castrated male and 

substantial in a gonadally intact male (e.g. [64, 65]). Female responses to male odors are 

similarly dependent on ovarian steroids [66, 67]. The small effect on the reaction to sexually 

irrelevant tactile and olfactory stimuli observed in the present study might suggest that the 

gonadal steroids enhance responsivity to sexually relevant stimuli only, or that responsivity 

is enhanced only in a sexual context. Perhaps the elements of the natural sequence of 

reproductive behaviors are exquisitely sensitive to the arousal-enhancing actions of gonadal 

hormones whereas behavioral responses outside of that sequence are far less so. A context-

dependent, arousal-enhancing effect of gonadal steroids needs to be further explored.
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Finally, the results of the present experiments lead us to speculate that the greatest effects of 

sex hormones on behavioral measures of arousal may be limited to those environmental 

circumstances in which animals are following temporally ordered chains of behaviors - 

communicative and proceptive - that, under conditions outside the laboratory would lead to 

copulatory behaviors.
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Highlights

• Generalized arousal manifests itself in motor activity and reactivity to stimuli

• Sex hormone effects were tested in a novel generalized arousal assay

• Gonadal steroids had modest and restricted effects in the generalized arousal 

assay

• No rapid effect of gonadal steroids was found in the generalized arousal assay

• Hormone effects on arousal may be most evident in a reproductive context
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Figure 1. 
(A) Schematic diagram of experimental setup; (B) Timeline for the administration of the 

sensory stimuli in Experiment 1 and 2; (C) Timeline for the administration of the sensory 

stimuli in Experiment 3.
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Figure 2. 
Motor activity in baseline tests. (A) Total distance; (B) Horizontal activity and (C) Vertical 

activity. There were eight males and eight females in the experiment. Data are represented 

as mean ± SEM.
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Figure 3. 
Motor activity following i.p. steroid administration. (A) total distance, (B) total distance 

during the tactile stimulus and (C) total distance during the 10 s following the end of the 

olfactory stimulus. There were eight males and eight females in the experiment. Since there 

was no sex difference, results from males and females were collapsed. Data represent mean 

± SEM counts/period. For further details, see text.
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Figure 4. 
Motor activity after s.c. administration. (A) Total distance; (B) Horizontal activity and (C) 

Vertical activity. There were eight males and eight females in the experiment. Data are 

presented as mean ± SEM.
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Figure 5. 
Response to the tactile stimulus after s.c. administration. (A) Total distance during the tactile 

stimulus; (B) Horizontal activity during the tactile stimulus; (C) Vertical activity during the 

tactile stimulus; (D) Total distance during the 10 sec following the end of the tactile 

stimulus; (E) Horizontal activity during the 10 sec following the end of the tactile stimulus 

and (F) Vertical activity during the 10 sec following the end of the tactile stimulus. There 

were eight males and eight females in the experiment. Data are represent as mean ± SEM.
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Figure 6. 
Motor activity after hormone capsule implantation. (A) Total distance; (B) Horizontal 

activity; (C) Vertical activity and (D) Normalized values of total activity during the dark 

phase after hormone capsule implantation. Since total distance moved, vertical activity and 

horizontal activity showed a similar pattern we here illustrated total activity, the z scores 

from the three parameters were added, and the resulting sum is shown in the figure. There 

were eight males and eight females in the experiment. Data are presented as mean ± SEM.
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