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Abstract

Rationale Sexual side effects of chronic treatment with selective serotonin reuptake inhibitors (SSRIs) in humans include
anorgasmia and loss of sexual desire and/or arousal which interferes with treatment compliance. There are few options at present
to reduce these effects. Because orgasm and desire are mediated in part by activation of sympathetic arousal, we asked whether
the sympathomimetic effects of acute caffeine treatment could reverse these effects.

Objective The present study examined whether acute treatment with caffeine (CAF; 10 or 20 mg/kg, ip) versus vehicle could
ameliorate the disruption of appetitive and consummatory measures of copulatory behavior produced by chronic fluoxetine
(10 mg/kg, sc) in adult, sexually active female or male rats.

Methods Sexually experienced female or male rats received daily injections of FLU over a 24-day period and were tested for
sexual behaviors five times at 4-day intervals during this period in bilevel pacing chambers. Females had been ovariectomized
and given hormone replacement with estradiol benzoate and progesterone prior to each test. Males were left gonadally intact.
Four days after the final FLU test, rats were randomly assigned to one of the three doses of CAF and received ip injections of CAF
or the saline vehicle 60 min before testing.

Results Chronic FLU reduced solicitations and lordosis over time in females and reduced the number of ejaculations in males.
Both doses of CAF restored solicitations and lordosis in females and ejaculations in males. On their own, both doses of CAF
increased females’ pacing behavior and the number of mounts and intromissions in the males.

Conclusions Stimulation of sympathetic outflow by CAF may constitute a readily accessible on-demand treatment for the sexual
side-effects of SSRIs.

Keywords SSRI - Sexual side effects - Orgasm - Desire - Treatment

Introduction

Treatments for major depressive disorder (MDD) have a long
history of problematic sexual side-effects, including delayed
orgasm and reductions in both sexual desire and arousal
(Baldwin et al. 2015; Clayton et al. 2014; Grimsley and
Jann, 1992; Hirschfeld, 1999; Lorenz et al., 2016;
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Rothmore, 2020; Segraves, 1995; Zajecka et al., 1991).
These side effects occur in both men and women and hamper
treatment compliance. This is especially true of selective se-
rotonin reuptake inhibitors (SSRIs), which augment neuro-
transmission in both ascending and descending serotonin
pathways from the Raphé by blocking reuptake proteins on
presynaptic terminals (Kroeze et al., 2012; Murphy et al.,
1998; Stahl, 1998). Increased activation of ascending seroto-
nin pathways that innervate hypothalamic, limbic, and espe-
cially cortical structures is part of the general mechanism for
behavioral inhibition and executive function (Bari and
Robbins, 2013; Logue and Gould, 2014), and can inhibit sex-
ual arousal and desire in the presence of competent sexual
cues (Pfaus, 2009). At the same time, increased activation of
descending serotonin pathways from the brainstem to spinal
cord inhibits genital erection, ejaculation, and orgasm
(McKenna, 1998; Normandin and Murphy, 2008;
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Normandin and Murphy, 2011a,b; Pfaus, 2009), providing
feedback that reinforces the central inhibitory state (Pfaus
etal., 2012). In fact, the ability of certain SSRIs like fluoxetine
(FLU) to engage these mechanisms has led to their use as
short-term treatments for premature ejaculation (Jenkins
et al., 2019; Waldinger, 2006, 2018).

Relatively successful off-label treatments that reverse the sex-
ual side-effects of SSRIs have been reported, including long-term
coadministration of the broad-spectrum monoamine reuptake
blocker bupropion (Clayton et al., 2004; Demyttenaere and
Jaspers, 2008; Modell et al., 1997) or the mixed serotonin reup-
take inhibitor/5-HT2 antagonist trazodone (Stryjer et al., 2009).
Another approach has been to switch therapies to other SSRIs or
mixed SSRIs that also act as selective noradrenergic reuptake
inhibitors (e.g., escitalopram or vortioxetine; Ashton et al.,
2005; Jacobsen et al., 2015; Thase et al., 2017), or the novel
antidepressant mirtazapine, which acts as an antagonist at norad-
renergic o2 autoreceptors and 5-HT2 and 5-HT3 receptors
(Gelenberg et al., 2000; Ozmenler et al., 2008). A recent recom-
mendation by Montejo et al. (2019) suggested targeting different
sexual dysfunctions selectively: “... for low sexual desire,
switching to a non-serotoninergic drug, lowering the dose, or
associating bupropion or aripiprazole; for unwanted orgasm
delayal or anorgasmia, dose reduction,”weekend holiday®, or
switching to a non-serotoninergic drug or fluvoxamine; for erec-
tile dysfunction, switching to a non-serotoninergic drug or the
addition of an antidote such as phosphodiesterase 5 inhibitors
(PDE-5Is); and for lubrication difficulties, switching to a non-
serotoninergic drug, dose reduction, or using vaginal lubricants.”
(P. 1640). Although these co-treatment or substitution ap-
proaches are generally effective in some individuals, they require
chronic usage and present with their own side-effects that may
also hamper treatment compliance.

Another way to circumvent sexual side effects of antide-
pressants has been to introduce an acute drug treatment or
other counteractive measure on demand. As with men using
PDE-5Is, an acute combination of sublingual testosterone and
either the PDE-5I sildenafil or the 5-HT1A agonist buspirone
was found to reverse the effects of SSRIs on orgasm, sexual
desire, and sexual satisfaction (van Rooij et al., 2015).
Ephedrine was also reported to increase qualitative measures
of sexual desire and orgasm intensity and pleasure in women
with SSRI-induced sexual dysfunction during a randomized,
placebo-controlled crossover study (Meston, 2004). What
these acute and chronic treatments have in common is the
activation of autonomic arousal. Consistent with this, a regi-
men of regular cardiovascular exercise immediately before
sexual activity significantly improved sexual desire and global
sexual functioning in women that experienced sexual side
effects of various antidepressants (Lorenz and Meston,
2014). Lorenz and Meston also found that having sex regular-
ly improved orgasm ratings, suggesting that tolerance may
accrue to the delayed orgasm effects.
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In male rats, acute FLU dose-dependently delays ejacula-
tion and increases the total number of mounts before ejacula-
tion and lengthens the post-ejaculatory refractory period
(Vega Matuszeyk et al., 1998b; Yells et al., 1994).
Furthermore, male rats that were chronically administered
FLU at 10 or 20 mg/kg showed fewer ejaculations and a de-
crease in measures of sexual motivation relative to baseline
(Cantor et al. 1998; Yells et al., 1994). In female rats, FLU
decreased the motivation to interact with a sexual partner
(quantified by the number of nose-pokes performed to gain
access to a male counterpart; Uphouse et al., 2015). Also,
FLU-treated females showed a decrease in the magnitude of
the lordosis reflex and the number of hops and darts (Vega
Matuszeyk, Larsson, and Eriksson, 1998a). Because the effect
of SSRIs in rats successfully mimics two of the most promi-
nent symptoms of sexual dysfunction observed among
humans (anorgasmia and decreased sexual desire), rats have
been used as preclinical models to delineate both the basic
neuropharmacology of SSRI effects on sexual behavior, and
as proof of concept in testing potential treatments (Dulawa
et al. 2004). Lesions of the nucleus paragigantocellularis in
males (which contains serotonin neurons that project from the
brainstem to spinal cord) reversed the effects of FLU on ejac-
ulation (Yang et al., 2013; Yells et al., 1994).

As in humans, activation of the sympathetic nervous sys-
tem has been shown to reverse FLU-associated sexual inhibi-
tion in rats, for instance via oxytocin administration. Acute
treatment with oxytocin (200 ng/kg) to male rats that had been
administered FLU (10 mg/kg) daily for several weeks
completely reversed the decreases in ejaculation and appeti-
tive level changes (a measure of sexual motivation) in a
bilevel chamber (Cantor et al. 1999). A similar amelioration
of treatment-resistant anorgasmia in a human male has been
reported with intranasal oxytocin (IsHak et al., 2008).
Oxytocin plays an important role in ejaculation and orgasm
(Courtois et al., 2013), and facilitates ejaculation at both cen-
tral hypothalamic (Clément et al., 2008) and peripheral genital
(Gupta et al., 2008) sites. Oxytocin also increases systolic
blood pressure (Carmichael et al., 1994), an action that is
consistent with the facilitation of sympathetic arousal and its
important role in ejaculation and orgasm.

It would appear that a common action of all treatments that
reverse SSRI-induced sexual dysfunction is the activation of
sympathetic and central arousal. Therefore, the present study
asked whether an acute dose of caffeine (CAF) could reverse
the effects of chronic FLU on the sexual behavior of female
and male rats. Caffeine (1,3,7-trimethylxanthine) is arguably
the most widely used central nervous system (CNS) stimulant
in the world (Nehlig et al., 1992). It exerts its actions through
the antagonism of adenosine receptors, the inhibition of phos-
phodiesterase, the release of calcium from intracellular stores,
and antagonism of benzodiazepine receptors (see Fisone et al.,
2004 for review). Adenosine acting at both A1 and A2a
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receptors inhibits sympathetic outflow; thus, blockade of
adenosine receptors by CAF leads to increases in heart rate
and both central and peripheral noradrenaline and dopamine
transmission. On its own, low doses of CAF (10-30 mg/kg)
facilitate copulatory behavior in sexually naive (Soulairac and
Coppin-Monthillaud, 1951) and sexually experienced (Pfaus
et al., 2010; Zimbardo and Barry 3rd, 1958) male rats. This
facilitation consists of increases in the proportion of males that
copulate, increases in appetitive sexual responses, decreases in
the mount, intromission, and ejaculation latencies, and in-
creases in the mount rate prior to ejaculation. Caffeine admin-
istered sub-chronically at doses of 50 mg kg/day for 15 days
increased both anogenital investigations and mounting perfor-
mance in male rats but left erectile and ejaculatory responses
unaffected (Taha et al., 1995). Zimbardo and Barry 3rd (1958)
demonstrated that 20 mg/kg of caffeine administered intraper-
itoneally (ip) significantly “decrease[d] latencies to mount,
copulate, and ejaculate and increase[d] the frequency
and rate of copulation” in sexually experienced males.
In ovariectomized, hormone-primed female rats, acute
administration of CAF (7.5, 10, or 15 mg/kg) reduced
the latency to return to a male in a unilevel pacing
chamber following ejaculation, and increased the num-
ber of visits that females made to males in a partner
preference paradigm, both indicators of increased female
sexual motivation (Guarraci and Benson, 2005; Guarraci
and Bolton, 2014).

In the present study, sexually experienced female or male
rats were administered FLU (10 mg/kg, sc) daily for 31 days,
with sexual behavior tested at 4-day intervals as in Cantor
etal. (1999). Rats were then assigned randomly to one of three
groups that received acute CAF (10 or 20 mg/kg, ip) or vehicle
30 min prior to the final test.

Materials and methods

Animals, surgery, and hormone treatments Male (V = 30) and
female (N =30) Long-Evans rats were obtained from Charles
River Inc. (Kingston, NY). Males were housed in groups of 2
to 4 whereas females were housed in groups of 2 in a colony
room on a reverse 12 h:12 h light/dark cycle (lights go off at
8 h) at 21 °C with unlimited tap water and Purina® rat chow
available in each cage.

To prevent pregnancy and allow common hormone levels,
bilateral ovariectomies were performed on the females via
lumbar incision approximately 2 weeks before the beginning
of the experiment. General anesthesia was induced with keta-
mine (50 mg/ml, CDMV, ID UN7919, Wyeth)/xylazine
(4 mg/ml, Rompun, DIN 02169592, Bayer) mixed in a 4:3
ratio, respectively, and administered ip at a dose of 1 ml/kg.
After surgery, females were administered 0.1 ml of Penicillin
G/Procaine Injectable Suspension as an antibiotic.

Sexual receptivity was induced in each female by sc injec-
tions of 10 pug estradiol benzoate (EB, 17[3-diol 3-benzoate,
ID E0970-000, Steraloids) 48 h prior each training session,
and 500 pg of progesterone (P, 4-Pregnen-3, 20-dione, ID
Q2600-000, Steraloids) 4 h prior to each training and test
session. Steroids were dissolved in reagent grade sesame oil
and injected in a volume of 0.1 ml.

Drugs Fluoxetine hydrochloride was purchased from Sigma
(St. Louis, Mo.). The dose of 10 mg/kg/ml was selected given
its effectiveness in previous studies (e.g., Cantor, Binik, &
Pfaus, 1999; Damjanoska et al., 2003; Dulawa et al., 2004;
Vega Matuszeyk, et al., 1998a; Yells et al., 1993). Fluoxetine
solutions were made fresh daily by dissolving in distilled wa-
ter and 0.9 M Tris Buffered Saline (v:v 50:50) with sonication
for at least 10 min to assure it was completely dissolved. FLU
was injected SC once daily prior to the rat’s sleep cycle (be-
tween 19 h and 20 h) to avoid FLU-induced taste aversions
(Prendergast, Hendricks, Yells, & Balogh, 1996).
Accordingly, each animal’s weight was monitored on a daily
basis prior to injection.

Caffeine was purchased from Sigma (St. Louis, Mo).
Doses of 10 or 20 mg/kg/ml were made in distilled water
and prepared fresh immediately before injection. Injections
of CAF were made 30 min before testing. Caffeine’s modula-
tion of sexual behavior can be described as an inverted “U”-
shaped curve (Pfaus et al., 2010). The optimal for sexual be-
havior among males is 20 mg/kg, and 10 mg/kg for females
(Guarraci & Benson, 2005; Pfaus et al., 2010; Zimbardo &
Hebert, 1958). At these doses, caffeine has been found to
promote sexual behavior by decreasing the latency to engage
in sexual behavior (Guarraci & Benson, 2005; Pfaus et al.,
2010; Zimbardo & Hebert, 1958). Particularly for females, it
has been observed that the lower dose has no locomotor ef-
fects (Guarraci & Benson, 2005).

Procedure For both females and males, the procedure had 3
phases: (1) training; (2) FLU dosing; and (3) the final test with
CAF. Male rats were given training sessions of sexual behavior at
4-day intervals prior to fluoxetine dosing until all males achieved 3
ejaculations per session. This occurred by the sixth training test, so
female rats were given the same number of sessions prior to drug
testing. All training sessions and tests took place at 4-day intervals
in bilevel chambers (Pfaus, Mendelson, and Phillips, 1990; Pfaus,
Smith and Coopersmith, 1999). During each test, a single male
was placed into the bilevel chamber for 5 min prior to the intro-
duction of a sexually receptive female for a 30-min test. The last 3
training tests were recorded, and the last test taken as baseline prior
to FLU dosing in the second phase. On the evening of the final
training test, female or male subjects were given their first dose of
FLU. Daily dosing continued for 24 days prior to the final CAF
test. Five tests were conducted at 4-day intervals during this period.
The effects of CAF were tested 4 days after the fifth FLU alone
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test. Female and male rats were assigned randomly to one of 3
groups and received either 0 (vehicle), 10, or 20 mg/kg of CAF
30 min prior to the final test.

Behavioral measures In addition to bodyweight, the following
measures of sexual response were recorded for females and
males during each test:

Females. The number of full solicitations (headwise orienta-
tion to the male and a runaway to another level), partial so-
licitations (hops and darts on the same level as the male),
pacing (level changes/mount, LC/M), and measures of lordo-
sis quotients (LQs) and reflex magnitudes (LMs, scored as 1—
3 for low, medium, and high, as in Hardy and DeBold, 1971),
rejection responses, and the number of ejaculations received
during the 30-min test were taken as in Pfaus, Smith, and
Coopersmith (1999).

Males. The number of appetitive level changes made during
the 5-min period prior to the introduction of the female;
mount, intromission, and ejaculation latencies, the duration
of the first post-gjaculatory interval (time from the first ejac-
ulation to the next intromission), and the total number of
mounts, intromissions, and ejaculations made during the 30-
min test were taken, as in Pfaus, Mendelson, and Phillips
(1990). All sexual behavior trials were recorded on video
during the test and scored subsequently using the
Behavioral Observation Program (Cabilio, 1996).

Statistical analyses Bodyweight was analyzed using a 3 x 7
between-within, mixed design analysis of variance
(ANOVA) with the 3 CAF Treatment Groups (0, 10, and
20 mg/kg) as the between-group condition, and the baseline
(B), five FLU tests, and the final FLU-CAF test as the within
condition. For each sexual behavioral measure, mixed-design,
between-within 3 x 3 analyses of variance (ANOVAs) were
conducted with the CAF Treatment Group as the between
variable and Test (B, last FLU test, and FLU-CAF test) as
the within variable. Post hoc Tukey HSD tests were conducted
for all significant main effects and interactions, p < 0.05.
Estimates of effect size were made using partial eta squared
(1]12, ). Although significance was set two-tailed at p < 0.05, it is
justified to report effects with p values between 0.05 and 0.10
if the nf, effect size estimates are moderate (0.09 to 0.25) or

strong (0.25+) (Kline, 2004; Lakens, 2013).

Results
Bodyweight Figure 1 shows the weights of females and males

taken on the last day of baseline (B), the 5 FLU-alone tests,
and the final FLU-CAF test.
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Fig. 1 Bodyweights of females and males in the three CAF dose groups
taken on the last day of baseline (B), the 5 FLU-alone tests, and the final
FLU-CAF test

Females. A 3 x7 between-within, mixed-design
ANOVA did not detect any significant overall differ-
ences between the groups summed over test periods,
F(2.27)=0.79, NS. However, there was a significant
within effect over time, F(6.162)=19.41,, 77 =0.41,
p<0.0001. Post hoc analyses revealed that female
weights at baseline were significantly higher overall
(by approximately 10 g) relative to the weights dur-
ing subsequent tests. Although the daily injections
overall appeared to reduce female weights slightly
but significantly relative to the baseline test, weights
were also reduced in the control group suggesting
that FLU treatment alone could not account for the
slight but consistent weight loss. None of the other
test days differed significantly from one another.
Accordingly, no significant interaction of groups by
test days was found, F(12.162)=0.43, NS.

Males. Likewise, for males, there was no significant over-
all difference between the groups summed over test peri-
od, F(2.27)=1.72, NS. However, there was a significant
within effect over time, F(6.162)=19.78,, 772 = 0.42,
p<0.0001. Post hoc analyses revealed that overall
weights at baseline and the first FLU alone test were
significantly lower than the weights on subsequent tests.
There was no significant interaction with test days.
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F(12.162)=1.42, NS. Thus, the daily injections did not Pacing behavior. A significant within-subjects main ef-
lead to a loss of bodyweight for the males. fect of test was found for pacing (LC/M), F(2.52)=5.19,
77!2, =0.17, p<0.009. Post hoc analyses revealed that the
number of LC/M had dropped significantly from B to the
last FLU test but increased significantly during the FLU-

Female sexual behaviors Figure 2 shows the mean number of CAF test. A trend toward significance was detected for

full solicitations, pacing behaviors, lordosis reflex magni- the interaction of Dose Treatment Group and Test,

tudes, and the number of high (3) lordosis reflex scores taken F(4.52)=2.11, # =0.14, p<0.09. Post hoc analyses
. A1, 0, .14, .09.

from the last day of baseline (B), the last FLU-alone test

(FLU). and the final FLU-CAF test revealed that the number of LC/M had increased signifi-
, and the fina - est.

cantly during the FLU-CAF test in both the 10- and 20-
mg/kg dose groups relative to the last FLU test. No sig-
nificant differences were detected across the tests for the
control group.

Lordosis. Although lordosis quotients were not altered

Appetitive sexual behaviors. A significant within-subjects
main effect of test was found for full solicitations,
F(2.52)=9.70, 77 =0.27, p <0.0003. Post hoc analyses

revealed that the overall number of full solicitations was significantly by any treatment, lordosis reflex magnitudes
higher at baseline than after FLU treatment or during the (LMs) were. For overall LMs, there was a significant
FLU-CAF test. A trend toward significance was detected within-subjects effect for test, F(2.52)=3.63, > =0.12

, F(2. 63,1, =0.12,

for the interaction of CAF Treatment Group and Test,

p <0.04. Post hoc analyses revealed that the LMs during
F(4.52)=2.35, 1 =0.16, p<0.06. Post hoc analyses

the last FLU test were significantly lower than during B

revealed that the number of full solicitations went down or the FLU-CAF test. A trend toward significance was

significantly in the control group from B to the fifth FLU also found for the interaction of CAF Treatment Group

test and decreased further during the FLU-CAF test. and Test, F(4.52)=2.47, 12 =0.16, p<0.06. Post hoc
, F(4. AT, m, .16, .06.

Females that received the 20-mg/kg dose had a signifi-

- analyses revealed that the control group’s LM was signif-
cantly lower number of solicitations after FLU treatment,

but thi ber ; d sienificantly durine th icantly lower than the 10- and 20-mg/kg CAF group’s
ut this number increased significantly during the FLU- LMs during the FLU-CAF test. Individual LMs also

CAF (t:e;t There were n(l)l mgmfg:antfelffects O(fi ELU or changed. The ANOVA detected a significant within-
FLU-CAF treatment on the number of hops and darts. subjects effect for test for both LM3 and LMI,
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Fig. 2 Mean number of full solicitations, pacing behaviors, lordosis taken from the last day of baseline (B), the last FLU-alone test (FLU) and
reflex magnitudes and the number of high (3) lordosis reflex scores of the final FLU-CAF test. *p < 0.05 from baseline unless otherwise noted.
female rats in the three CAF dose groups (0 (control), 10, or 20 mg/kg) See Results for details
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F(2.52)=8.41, nﬁ =0.25, p<0.0007, and F(2.52) =

5.22, 7712, =0.17, p<0.009, respectively. Post hoc analy-
ses revealed that the mean number of LM3s was signifi-
cantly lower during the final FLU test compared to B.
Although the number went up during the FLU-CAF test,
it was still significantly lower than B. In contrast, post hoc
analyses revealed the opposite pattern for LM1s, with a
significant increase from baseline during the final FLU
test, and a significant decrease back to B levels during the
FLU-CAF test.

Ejaculations received. The ANOVA analysis showed a
significant within-subjects effect of test for the number of
ejaculations received, F(2.52)=7.75, 7712, =0.23,
p<0.002. Post hoc analyses revealed a pattern similar
to the LM3s in which the mean number was significantly
lower during the final FLU test compared to B. However,
the number received did not go up further during the final
FLU-CAF test.

There were no significant effects on other measures of fe-

male sexual behavior.

Male sexual behaviors Figure 3 shows the mean number of
appetitive level changes, number of intromissions, number of
ejaculations, and the mean ejaculation latencies taken from the
last day of baseline (B), the last FLU-alone test (FLU), and the
final FLU-CAF test.

Mean number

Mean number
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Appetitive level changes. A significant within-subjects
main effect of test was found, F(2.54)=3.23, nf, =0.11,
p<0.05. Post hoc analyses revealed that, overall, the
number of level changes was higher during the FLU-
CAF test relative to B or the last FLU test. The
ANOVA also found a significant interaction of CAF
Treatment Group and Test, F(4.54) =3.83, nf, =0.23,
2 <0.009. Post hoc analyses revealed that the increase
during the FLU-CAF test was significantly higher in the
10-mg/kg dose group relative to the other groups, and the
control group was significantly lower than both the 10-
and 20-mg.kg groups. No significant effect was found for
the latency to level change in any of the groups or tests.

Mounts and intromissions. The ANOVA detected a sig-
nificant between-subjects effect for the number of
mounts, F(2.27)=3.59, 77,2, =0.21, p<0.05. Post hoc
analyses revealed that there were more mounts overall
in the 10-mg/kg group compared to the other groups.
The ANOVA also detected a trend toward a significant
within-subjects effect, F(2.54)=2.81, 77127 =0.10,
p<0.07. Post hoc analyses revealed a higher number of
mounts during the FLU-CAF test relative to the other
tests. No significant effect was found for the mount laten-
cy in any of the groups or tests. A similar pattern was
observed for intromissions. The ANOVA detected a sig-
nificant between-subjects effect for the number of intro-
missions, F(2.27)=3.73, nﬁ =0.22, p<0.04. Post hoc

analyses revealed a higher overall number of
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Fig. 3 Mean number of appetitive level changes, number of
intromissions, number of ejaculations, and the mean ejaculation
latencies of male rats in the three CAF dose groups (0 (control), 10, or
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20 mg/kg) taken from the last day of baseline (B), the last FLU-alone test
(FLU) and the final FLU-CAF test. *p < 0.05 from baseline unless other-
wise noted. See the “Results” section for details
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intromissions in the 10-mg/kg group relative to the other
groups. The ANOVA also detected a trend toward a sig-
nificant within-subjects effect, F(2.54) = 3.14, 1712J =0.10,
p <0.06. Post hoc analyses revealed that there were more
intromissions during the FLU-CAF test than during the
last FLU alone test. Finally, the ANOVA detected a sig-
nificant within-subjects main effect for the intromission
latency, F(2.54)=4.71, 77[2, =0.15, p<0.02. Post hoc
analyses revealed that the intromission latency was sig-
nificantly higher during the last FLU test than during
either baseline or the FLU-CAFS tests.

Ejaculations. The ANOVA detected a significant within-
subjects main effect for the number of ejaculations,
F(2.54)=6.69, 775 =0.20, p<0.003. Post hoc analyses
revealed that the number of ejaculations was significantly
lower during the last FLU test compared to baseline and
the FLU-CAF test. Accordingly, the ejaculation latency
was also affected by FLU treatment. The ANOVA de-
tected a significant within-subjects main effect, F(2.54) =
5.86, 772 =0.18, p<0.005. Post hoc analyses revealed
that the latencies were significantly higher during the last
FLU test compared to the B or the FLU-CAF test. The
ANOVA also detected a trend toward a significant inter-
action, F(4.54)=2.37, 77127 =0.15, p <0.06. Post hoc anal-
yses revealed that the overall within-subjects effect was
due largely to differences in latencies within the 10-
mg/kg dose group.

There were no significant effects on other measures of male
sexual behavior.

Discussion

The present study examined whether an acute dose of CAF
could reverse the disruptive effects of chronic FLU on mea-
sures of appetitive and consummatory sexual behavior in fe-
male and male rats. As in previous studies, daily FLU treat-
ment (10 mg/kg) for 24 days reduced lordosis reflex magni-
tudes (Miryala et al., 2013; Uphouse et al., 2015; Vega
Matuszeyk et al., 1998a) and measures of solicitation and
pacing in female rats. In male rats, this treatment reduced the
number of ejaculations (Cantor et al., 1999; Vega Matuszcyk,
Larsson, and Erickson, 1998b; Yells et al., 1994). Acute treat-
ment with CAF 30 min before testing reversed these effects in
females and males, with the most effective doses being
20 mg/kg in females and 10 mg/kg in males. The effects of
FLU and CAF were not secondary to changes in bodyweight.

Some previously reported effects were not replicated in the
present study. For example, Cantor et al. (1999) found a

significant decrease in appetitive level changes after chronic
treatment with FLU whereas this was not observed in the
present study, despite the ability of both doses of CAF to
increase this measure. However, we note that the criterion
reduction of ejaculations to approximately 1 or less was
reached after 5 FLU tests (20 days) in the present study,
whereas it was not reached until 11 tests (44 days) in the
Cantor et al. study. The males in the present study had 6
training trials of sexual behavior before FLU dosing whereas
the males in the Cantor et al. study had 10 training trials,
potentially strengthening the ejaculatory responses and mak-
ing them more resistant to disruption by FLU. Appetitive re-
sponses in males may thus require longer exposure to FLU to
become disrupted, especially if appetitive responses are relat-
ed to the degree of sexual reward (Pfaus et al., 2012).

The idea for testing acute CAF came from studies in which
activation of sympathetic and/or central arousal with ephed-
rine, oxytocin, or cardiovascular exercise was able to reverse
different sexual side effects of SSRI treatment (e.g., Cantor
et al., 1999; IsHak et al., 2008; Lorenz and Meston, 2014;
Meston, 2004). Indeed, acute CAF facilitates the initiation of
copulatory behavior in sexually naive male rats (Soulairac and
Coppin-Monthillaud, 1951) and increases appetitive sexual
behaviors, intromissions, and ejaculations in sexually experi-
enced male rats (Pfaus et al., 2010; Zimbardo and Barry 3rd,
1958). Similarly, intake of 2-3 daily cups of coffee (170-
375 mg/day) significantly reduces the likelihood of erectile
dysfunction in men (Lopez et al., 2015). Acute CAF reduces
the latency of OVX, EB + P-primed females to return to a
male in a unilevel pacing chamber following ejaculation and
increases the number of visits that females made to males in a
partner preference paradigm (Guarraci and Benson, 2005;
Guarraci and Bolton, 2014). Therefore, it is likely that the
effects observed in the present study are downstream of the
increase in serotonin transmission induced by SSRIs.

FLU increases serotonin transmission in the lateral aspect
of the anterior hypothalamus (LHAA; Hull & Dominguez,
2015). Infusions of SSRIs to the LHAA increase the mount
and intromission latencies and delay ejaculation in male rats
(Hull and Dominguez, 2015; Pfaus, 2009). Furthermore, the
release of serotonin in the LHAA before ejaculation is associ-
ated with a decreased release of dopamine in the striatum
immediately after ejaculation (Carmichael et al., 1994,
Pfaus, 2009). Thus, the increase of serotonin produced by
SSRIs could delay copulatory behaviors by inhibiting dopa-
mine transmission in the mesolimbic and/or nigrostriatal do-
pamine pathways.

Both CAF and its primary metabolite, paraxanthine, bind
competitively as antagonists to A1 and A2a adenosine recep-
tors and counteract the endogenous effects of adenosine.
Binding of adenosine to Al receptors induces CNS depres-
sion, inhibition of dopamine and noradrenaline release, in-
creases cardiac vagal tone, and reduces sympathetic efferent
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nerve activities in both rats and humans (Biaggioni, 1992;
O’Neill et al., 2007; Wood et al., 1989). Accordingly, antag-
onism by CAF would be expected to prevent or reverse these
effects. Of particular interest for the present study is the effect
of CAF on central dopamine transmission. Acute antagonism
of A2a receptors in the ventral striatum (including the NAc)
and putamen upregulates D2/D3 receptor populations
(Volkow et al., 2015), thereby enhancing arousal, alertness,
and sexual motivation in the presence of competent sexual
stimuli that increase dopamine transmission (Hull and
Dominguez, 2015; Pfaus, 2009; Pfaus et al., 2015). A related
region critical for sexual desire is the medial preoptic arca
(mPOA). The state of proestrus in rats, in which estradiol,
testosterone, and progesterone set up an array of protein syn-
thetic changes that underlie solicitation, pacing, and lordosis
in females also correlates with a downregulation of the A2a
receptor gene in this region (Vastagh and Liposits, 2017) and
an increase in dopamine transmission (Pfaus, 2009; Pfaus
et al., 1995). Estradiol actions in the mPOA also enhance the
response to psychomotor stimulants like cocaine in the NAc
(Tobiansky et al., 2016) via projections to the ventral tegmen-
tal area that disinhibit dopamine cell firing.

Another potential mechanism of action for both FLU and
CAF is on benzodiazepine binding sites on the GABA A
receptor (Tunnicliff et al., 1999; Jain, Hirani and Chopde,
2005). On one hand, FLU interaction with GABA A receptors
increases the synthesis of allopregnanolone, a neurosteroid
with anxiolytic properties (Norman, 2015). However, acute
administration of FLU results in anxiogenic-like behavior in
certain animal models (Norman, 2015), although the data are
not consistent regarding chronic FLU administration, with
reports of both anxiogenic- and anxiolytic-like effects
(Norman, 2015). On the other hand, CAF is a known anxio-
lytic that interacts with benzodiazepine receptors during acute
administration (Ribeiro & Sebastido, 2010). However, it is
commonly agreed that the anxiogenic effects during chronic
administration are A2-mediated (Ribeiro & Sebastido, 2010).
Because CAF was administered acutely in the present exper-
iment, it is possible that some of its effects on sexual behavior
could be mediated by interaction with GABA A receptors in
certain regions of the brain.

The present study did not assess the locomotor effects of
caffeine specifically. We note, however, that locomotion is
embedded in the level-to-level movements that comprise cer-
tain appetite behaviors observed in bilevel chambers, such as
solicitation and pacing in females and appetitive level changes
in males. Although caffeine returned solicitations to baseline,
it increased pacing in females and appetitive level changes in
males above baseline, which could indicate an increase in
locomotion. We also observed an increase in the number of
mounts without intromission in males with the highest dose
(data not shown). An increase in mounts without intromission
could indicate an increase in locomotor activity at the expense
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of erection, reminiscent of the effects of amphetamine (Pfaus
et al., 2010). In females, however, there was no interaction
between group and pacing (level changes per mount), similar
to the effects reported by Guarraci and Benson (2005). Thus,
the lower dose of caffeine appeared to increase sexual behav-
ior specifically. We note that previous studies have reported
sex differences in response to the stimulant effects of caffeine
(e.g., Turgeon et al., 2016). In that study, caffeine decreased
amphetamine-induced rearing in adolescent male rats but had
no effect in adolescent female rats. Our findings also show a
more pronounced effect of the lower dose in males compared
to females, consistent with previous findings.

Finally, we also note that the rats used here were caffeine
naive. This would not be expected of human patients taking
SSRIs, who very likely have been exposed to caffeine for
years. It would be important, therefore, to assess a range of
doses of caffeine in any human clinical trial, especially given
preclinical data on sex differences and potential tolerance ef-
fects. Caffeine derived from coffee, tea, kola, guarana, and
mate has a long history as a CNS stimulant and aphrodisiac
in diverse human cultures (Ben Nahum, 1933/2010; Miller,
1993; Rétsch and Miiller-Ebeling, 2013; Ross, 2005). Its phar-
macological actions in preclinical rat models seem well-suited
to override the major inhibitory effects of SSRIs on orgasm
and sexual arousal and/or desire in both sexes. This is because
a decrease in lordosis reflex magnitudes (especially full reflex
arcs characteristic of LM3s) and solicitations are predictive of
sexual nonreward in female rats tested in bilevel chambers
(Coria-Avila et al., 2008), whereas decreased ejaculations
and appetitive level changes are predictive of the same in male
rats (Cantor et al., 1999; Ismail et al., 2009). Thus, acute CAF
could be considered an on-demand treatment should appropri-
ate randomized clinical trials in patients taking SSRIs or those
with endogenous sexual arousal, desire, or orgasm difficulties,
showing its efficacy.
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