
Gonadal hormone modulation of Δ9-tetrahydrocannabinol-
induced antinociception and metabolism in female versus male 
rats

R.M. Crafta, A.E. Haasa, J.L. Wileyb, Z. Yuc, and B.H. Clowersc

aDepartment of Psychology, Washington State University, Pullman, WA

bRTI International, Durham, NC

cDepartment of Chemistry, Washington State University, Pullman, WA

Abstract

The gonadal hormones testosterone (T) in adult males and estradiol (E2) in adult females have 

been reported to modulate behavioral effects of Δ9-tetrahydrocannabinol (THC). This study 

determined whether activational effects of T and E2 are sex-specific, and whether hormones 

modulate production of the active metabolite 11-hydroxy-THC (11-OH-THC) and the inactive 

metabolite 11-nor-9-carboxy-THC (THC-COOH). Adult male and female rats were 

gonadectomized (GDX) and treated with nothing (0), T (10-mm Silastic capsule/100 g body 

weight), or E2 (1-mm Silastic capsule/rat). Three weeks later, saline or the cytochrome P450 

inhibitor proadifen (25 mg/kg; to block THC metabolism and boost THC's effects) was injected 

i.p.; one h later, vehicle or THC (3 mg/kg females, 5 mg/kg males) was injected i.p., and rats were 

tested for antinociceptive and motoric effects 15-240 min post-injection. T did not consistently 

alter THC-induced antinociception in males, but decreased it in females (tail withdrawal test). 

Conversely, T decreased THC-induced catalepsy in males, but had no effect in females. E2 did not 

alter THC-induced antinociception in females, but enhanced it in males. The discrepant effects of 

T and E2 on males’ and females’ behavioral responses to THC suggests that sexual differentiation 

of THC sensitivity is not simply due to activational effects of hormones, but also occurs via 

organizational hormone or sex chromosome effects. Analysis of serum showed that proadifen 

increased THC levels, E2 increased 11-OH-THC in GDX males, and T decreased 11-OH-THC 

(and to a lesser extent, THC) in GDX females. Thus, hormone modulation of THC's behavioral 

effects is caused in part by hormone modulation of THC oxidation to its active metabolite. 

However, the fact that hormone modulation of metabolism did not alter THC sensitivity similarly 

on all behavioral measures within each sex suggests that other mechanisms also play a role in 

gonadal hormone modulation of THC sensitivity in adult rats.
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1. Introduction

Several studies have reported that Δ9-tetrahydrocannabinol (THC) and several other 

cannabinoid agonists produce greater antinociceptive effects in female compared to male 

rats (Tseng & Craft, 2001; Romero et al., 2002; Craft et al., 2012). Sex differences in 

response to cannabinoids may be due to activational effects of gonadal steroid hormones; 

that is, the different hormone milieu in adult females vs. males may alter their responses to 

cannabinoids. For example, THC-induced antinociception was greater in female rats tested 

during late proestrus compared to females tested during estrus and compared to males 

(Wakley et al., 2011). In rats that were gonadectomized (GDX) as adults, estradiol (E2) 

treatment had variable effects, either increasing females’ sensitivity to the antinociceptive 

effects of a single dose of THC (Craft & Leitl, 2008; Wakley et al., 2014), or not 

significantly affecting antinociceptive potency of THC, whereas progesterone decreased 

THC's antinociceptive potency (Wakley et al., 2015). Testosterone (T) did not significantly 

alter GDX males’ antinociceptive sensitivity to THC, but did reduce THC-induced 

locomotor suppression or catalepsy (Craft & Leitl, 2008; Wakley et al., 2015).

One possible mechanism of gonadal hormone modulation of (and sex differences in) THC 

sensitivity involves hormone modulation of THC metabolism. Female rats given THC are 

known to produce more of its major active metabolite, 11-OH-THC, than males do 

(Narimatsu et al., 1991; Wiley & Burston, 2014), which may contribute to greater and more 

prolonged THC effects in females compared to males; 11-OH-THC is as potent and 

efficacious as THC, if not more, in both rats (Ford et al., 1977; Tseng & Craft, 2001) and 

humans (Lemberger et al., 1972). We previously reported that reducing THC metabolism by 

pre-treating rats with the cytochrome P450 (CYP) inhibitor proadifen decreased THC-

induced antinociception in gonadally intact females but not males, suggesting that greater 

11-OH-THC production in females contributes to sex differences in THC-induced 

antinociception (Tseng et al., 2004). However, both E2 and T can influence hepatic 

production of the CYP enzymes responsible for metabolism of drugs such as THC. For 

example, E2 restored CYP2C7 activity in GDX female rats to the level found in gonadally 

intact females, and increased the level of CYP2C7 activity in male rats, whereas T appeared 

to be necessary for the normal expression of CYP2C11 in males (Bandiera & Dworschak, 

1992).

The present study had two aims. First, we determined whether T and E2 modulated 

sensitivity to the acute antinociceptive and motoric effects of THC in the same way in adult 
males and females. If each hormone modulates THC sensitivity similarly in adults of both 

sexes, this would suggest that the underlying mechanism is the same in both sexes, and that 

early sexual differentiation (via organizational effects of gonadal hormones or sex 

chromosome effects) is not necessary for sex-specific responses to THC in adulthood. In 

contrast, if T and E2 do not modulate THC sensitivity similarly in adult males and females, 
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this would suggest that rats are already sexually differentiated by adulthood in a way that 

makes them unresponsive or less responsive to the “opposite-sex” hormone, and thus sexual 

differentiation of THC sensitivity in adult rats must also be due to organizational hormone 

effects or sex chromosome effects (Becker et al., 2005). A previous study showing that adult 

gonadectomy did not alter sex differences in THC's antinociceptive potency (Wakley et al., 

2015) suggests that mechanisms other than activational hormone effects contribute to sexual 

differentiation of THC sensitivity in rats.

The second aim of the study was to determine whether hormonal modulation of THC's 

behavioral effects can be attributed to hormonal modulation of THC metabolism. Half of the 

rats in each hormone group were pre-treated with the CYP inhibitor proadifen to 

significantly decrease THC metabolism (Estevez et al., 1974). By increasing THC levels 

over the 4-hr testing period, we predicted that proadifen would enhance and prolong THC-

induced antinociception; however, the proadifen effect would be modulated by gonadal 

hormones given that they also regulate CYP enzymes responsible for drug metabolism 

(Bandiera & Dworschak, 1992). Antinociceptive and motoric effects of THC were compared 

between GDX+0, GDX+T and GDX+E2 rats of each sex pretreated with saline or proadifen, 

and serum samples were taken immediately after behavioral testing for later quantification 

of THC, the major active metabolite 11-OH-THC, and the major inactive metabolite THC-

COOH.

2. Material and Methods

2.1 Subjects

Male and female Sprague-Dawley rats, 60-102 days old, were used (bred in-house from 

Harlan stock, Livermore, CA). Rats were housed in same-sex pairs under a 12:12 hr 

light:dark cycle. Access to rat chow and water was ad libitum except during surgery and 

testing. Rats were assigned randomly to treatment groups, with the caveat that we avoided 

assigning same-sex siblings to any treatment group that had 8 or fewer total rats, to ensure 

genetic variability in each treatment group. All procedures were conducted in accordance 

with the NIH Guide for Care and Use of Laboratory Animals.

2.2 Apparatus

For the warm water tail withdrawal test, a 2.5-L water bath (Precision Scientifics, Chicago, 

IL) with the temperature set at 50.0±0.5°C was used. For the paw pressure test, an Analgesy-

meter (Ugo-Basile, Varese, Italy) was used. Pressure on the hindpaw, which started at 30 g, 

increased at a constant rate of 48 g/sec to a maximum of 960 g (20-sec cutoff). Horizontal 

locomotor activity was measured using a 20 cm × 40 cm × 23 cm Plexiglas cage placed 

within a photobeam apparatus (Opto-varimex, Columbus Instruments, Columbus, OH): 15 

photobeams crossed the width of the cage, 2.5 cm apart and 8 cm above the cage floor. 

Catalepsy was assessed using a bar test, a 1.5-cm diameter horizontal bar was attached to a 

ring stand, with the bar set at 12 cm (females) or 15 cm (males) above the surface of the 

table.
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2.3 Surgery

Rats were injected with 3.0 mg/kg chlordiazepoxide and 0.5 mg/kg morphine s.c. 

Approximately 5 min later, rats were anesthetized with co-administered ketamine (90-100 

mg/kg) and xylazine (10 mg/kg) i.p. Ovariectomy in females and orchidectomy in males 

were conducted as described previously (Stoffel et al., 2003). Immediately after 

gonadectomy, constant-release Silastic® capsules (0.062 in. i.d./0.125 in. o.d.) were 

implanted s.c. between the shoulder blades as follows: one 1-mm or 10-mm blank capsule, 

one 1-mm E2-filled capsule, or one 10-mm T-filled capsule/100 g body weight. We have 

shown previously that in terms of reproductive behavior and physiology, this T treatment 

regimen yields GDX males that are similar to gonadally intact males, and the 1-mm E2 

treatment yields GDX females that are similar to gonadally intact females in proestrus to 

estrus (Stoffel et al., 2003). Upon waking from anesthesia, rats were injected with 2.0 mg/kg 

morphine s.c. as a post-surgical analgesic. After surgery, rats were housed in pairs according 

to their sex and hormone group, for 21 days before behavioral testing.

2.4 Behavioral Procedure

Rats were pre-tested three times on the tail withdrawal and paw pressure tests the day before 

drug testing to establish a baseline and to habituate rats to handling. On the drug test day, 

rats were injected with saline or 25 mg/kg proadifen (SKF525A) i.p.; one h later, 1:1:18 

(ethanol:cremaphor:saline) vehicle, or 3 mg/kg (females) or 5 mg/kg (males) THC was 

injected i.p., and rats were tested for antinociception on the tail withdrawal and paw pressure 

tests at 15, 30, 60, 90, 120 and 240 min post-injection. Females were given a lower THC 

dose than males to ensure that any hormone-induced enhancement of THC's effect could be 

assessed; previous studies indicated that THC is more potent in female than male rats (Tseng 

& Craft, 2001; Craft et al., 2012), and we wanted. For the tail withdrawal test, the rat was 

wrapped in a soft cloth with the tail hanging freely; the distal 5 cm of the tail was immersed 

in the water bath, and latency to withdraw the tail from the water was recorded to the nearest 

0.01 sec with a hand-held stopwatch. If no attempt was made to withdraw the tail within 20 

sec, the test was terminated to avoid tissue damage. For the paw pressure test, latency to 

withdraw or attempt to withdraw the paw from the probe was recorded to the nearest 0.1 sec. 

If no attempt was made to escape when 20 sec (960 g) was reached, the test was terminated 

to avoid tissue damage. Following the paw pressure test at 30, 60 and 120 and 240 min post-

injection, rats were placed into locomotor chambers and the number of photobeam breaks in 

5 min was recorded. Following the locomotor test at 30 and 60 min post-injection only (the 

period of peak THC effect), a catalepsy test was conducted. The rat's forepaws were placed 

on a raised bar and latency to remove both forepaws or climb onto the bar was recorded to 

the nearest 0.1 sec with a handheld stopwatch. Rats were taken off the bar after 15 sec if no 

response was made. Catalepsy testing was limited to two trials during the time of peak THC 

effect because we have previously found that rats cannot be tested repeatedly on the 

catalepsy bar, as latencies to respond decrease significantly with repeated testing (Tseng and 

Craft, 2001).

Following the series of behavioral tests at 240 min post-injection, rats were euthanized and 

from some rats, trunk blood was collected and centrifuged for 20 min at 2000 rpm; serum 

was collected and stored at −80°C for later determination of THC and metabolite levels. 
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Additionally, capsules were removed to confirm type and integrity. Some serum samples 

were lost before analysis, so additional rats were later added to each GDX male and female 

group; these were not tested in the behavioral procedure but trunk blood was taken at the 

same time post-THC injection. All protocols were approved by the Washington State 

University Institutional Animal Care and Use Committee (protocol #4403), and adhered to 

National Research Council Guidelines (2011).

2.5 Serum cannabinoid analysis

Quantitation of THC and related metabolites in rat blood was accomplished using a liquid 

chromatography system (Waters Acquity I-Class UPLC, Milford, MA, USA) coupled with a 

quadrupole time of flight mass spectrometer (QTOF, Waters Xevo G2, Manchester, UK). 

Each sample was prepared for analysis first by centrifuging at 8000 rpm for 10 min to 

remove any remaining cells. From the resulting supernatant, 185 uL was spiked with 15 uL 

of solution containing 200 ppb each of the deuterated standards (THC-d3, OH-THC-d3, and 

COOH-THC-d3, Cerilliant, Round Rock, TX). Combined with the high resolution and 

accurate mass of the QTOF platform, these internal standards allow for direct quantitation of 

each target analyte while minimizing contributions from non-ideal metabolite extraction and 

instrumental variability. Following the internal standard addition, 400 uL of cold acetonitrile 

(ACN) was added dropwise to promote protein precipitation while vortexing. Immediately 

the samples were centrifuged at 4000 g for 10 min at 25°C. 0.6 mL of 1% ammonium 

hydroxide was added to the sample prior to solid phase extraction (SPE). A mixed mode 

SPE cartridge (OAXIS Max 1 cc, Waters, Ireland) was used as the primary means of 

cannabinoid extraction. Each SPE cartridge was conditioned with 1 mL of methanol 

followed by 1 mL of 1% ammonium hydroxide. Once conditioned, the newly centrifuged 

sample was loaded onto the SPE cartridge and pulled through the system using a light 

vacuum (~1-2 psi). Then 0.5 mL of 35% ACN was added and allowed to dry under vacuum 

for 10 min. Samples were eluted using 1.5 mL of a hexane/ethyl acetate/acetic acid (49:49:2, 

v/v/v) mixture. The eluent now containing the target analytes was then evaporated under 

nitrogen at room temperature. Samples were finally reconstituted in 100 uL of a 

methanol:water solution (80:20, v/v), vortexed, and transferred to an autosampler vial. 

Analyte separation was achieved using a 50-mm C18 BEH UPLC column (Waters, Milford, 

MA, USA) held at 40°C. High purity water (Fisher Scientific Co., Fair Lawn, NJ) with 0.1% 

formic acid (A) and pure acetonitrile (Fisher Scientific Co., Fair Lawn, NJ) with 0.1% 

formic acid (B) were used as the mobile phases. Initially mobile phase B was increased to 

60% from 5% in 0.2 min, followed by an increase to 90% at 3.5 min and held at this level 

for an additional 0.5 min. At 4 min, mobile B was decreased to its initial condition of 5% 

within 0.1 min and was held static for 0.9 min to enable column re-equilibration. A total of 

10 uL of each prepared sample was injected onto the column with an operational flow rate of 

0.3 mL/min.

2.6 Drugs and Hormones

THC was obtained from the National Institute on Drug Abuse Drug Supply Program 

(Bethesda, MD), and was prepared in a 1:1:18 ethanol:cremaphor:saline solution. 

Chlordiazepoxide, morphine sulfate, and proadifen were purchased from Sigma-Aldrich (St. 

Louis, MO), dissolved in physiological saline and administered in volumes of 1.0 ml/kg. 
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Ketamine and xylazine injectable solutions were purchased from Patterson Veterinary 

Supply (Devens, MA). Crystalline E2 and T were purchased from Steraloids (Newport, RI); 

hormone-filled Silastic capsules were constructed in-house (Stoffel et al., 2003).

2.7 Data Analysis

Baseline latencies on the tail withdrawal and paw pressure tests were calculated as the mean 

of three trials conducted for each rat. Because there were sex differences in baseline 

nociceptive sensitivity, drug data were converted to percent maximum possible effect 

(%MPE) before analysis of drug effects; additionally, male and female drug data were 

analyzed separately because females were given a lower dose of THC than males were. 

%MPE values for the tail withdrawal and paw pressure tests, and # photobeam breaks after 

drug were analyzed in each sex via 4-way ANOVA, with factors of hormone (3 levels: 0, T, 

E2), proadifen (2 levels), THC (2 levels), and time post-injection (4-5 levels, repeated). 

Catalepsy scores were averaged across the two tests, and these mean values were analyzed in 

each sex via 3-way ANOVA, with factors of hormone (3 levels), proadifen (2 levels) and 

THC (2 levels). When rats moved their paws along the bar during a catalepsy test, the test 

was considered invalid and that score was not included in analyses; in several cases in which 

both scores were dropped (4 of 113 males, 3 of 112 females), the group mean was used as 

that rat's score. Serum cannabinoid levels (ng/ml or mg/ml) in THC-treated rats were 

analyzed in each sex via 2-way ANOVA, with factors of hormone (3 levels) and proadifen (2 

levels). Post-hoc comparisons were conducted using Tukey's test, or Dunnett's to compare T- 

and E2-treated groups to the GDX+0 group. Significance level was p≤0.05 for all statistical 

tests.

3. Results

3.1 Baselines

Baseline nociceptive latencies were assessed the day before drug testing. Females had 

shorter nociceptive latencies to respond than males: baseline tail withdrawal latencies 

averaged 3.19 ± 0.09 sec in females vs. 3.57 ± 0.09 in males (F(1,200)=9.33, p=0.003), and 

baseline paw pressure latencies averaged 4.48 ± 0.11 in females vs. 4.80 ± 0.12 sec in males 

(F(1,200)=3.74, p=0.06). There were no hormone group differences in nociceptive baselines, 

and no differences among rats assigned to different drug treatment groups.

3.2 Gonadal Hormone Modulation of THC-induced Antinociception

To produce similar levels of antinociception, males were injected with 5 mg/kg THC and 

females were injected with 3 mg/kg. Figure 1 shows tail withdrawal antinociception in male 

and female rats in each hormone group that were pretreated with saline (top panels) or 

proadifen (bottom panels). In GDX males (left panels), E2 increased THC-induced 

antinociception in both saline- and proadifen-treated groups, with a particularly marked 

effect at 240 min post-THC injection in proadifen-treated rats; in contrast, T decreased 

THC-induced tail withdrawal antinociception only at 15 min post-THC injection, in the 

saline-treated group (Hormone × THC × Proadifen × Time: F(8,400)=3.58, p=0.001; in 

saline-treated males, Hormone × THC × Time: F(8,196)=2.41, p=0.017); in proadifen-

treated males, Hormone × THC × Time: F(8,204)=2.57, p=0.01).
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In GDX females (Fig. 1 right panels), T decreased THC-induced tail withdrawal 

antinociception in both saline- and proadifen-treated groups, but this effect was only 

statistically significant in the saline-treated group (in saline-treated females, Hormone × 

THC × Time: F(8,204)=1.98, p=0.05; in proadifen-treated females, Hormone × THC: 

F(2,49)=2.09, p=0.13).

Figure 2 shows paw pressure antinociception in male and female rats in each hormone group 

that were pretreated with saline (top panels) or proadifen (bottom panels). Similar to the 

results on the tail withdrawal test, in GDX males (left panels), E2 increased THC's effect on 

the paw pressure test (Hormone: F(2,100)=6.38, p=0.002). Further analysis revealed that this 

effect was statistically significant only in the proadifen-treated group (in saline-treated 

males, Hormone × THC × Time: F(8,196)=1.48, p=0.17; in proadifen-treated males, 

Hormone: F(2,51)=4.92, p=0.01; 0 vs. E2, p=0.04). In GDX females (Fig. 2 right panels), 

neither E2 nor T significantly altered THC-induced antinociception on the paw pressure test, 

in either saline- or proadifen-treated rats.

3.3 Gonadal Hormone Modulation of THC's Motoric Effects

Figure 3 shows locomotor activity in male and female rats in each hormone group that were 

pretreated with saline (top panels) or proadifen (bottom panels). In GDX males (left panels), 

THC-induced locomotor suppression appeared to be modulated differently by hormones in 

saline- vs. proadifen-treated groups (Hormone × THC × Proadifen × Time: F(6,300)=2.98, 

p=0.008); however, further analyses within the saline-treated groups revealed a non-

significant hormone effect (Hormone × THC × Time: F(6,147)=1.90, p=0.08), with T 

slightly attenuating THC-induced hypolocomotion. In GDX females (Fig. 3 right panels), 

significant hormone attenuation of THC-induced hypolocomotion was also observed in the 

overall analysis (Hormone × THC × Time: F(6,300)=2.17, p=0.05). Subsequent analyses 

revealed a significant hormone effect only in proadifen-treated females (Hormone: 

F(2,49)=5.01, p=0.01); however, T tended to increase locomotor activity in both vehicle- and 

THC-treated rats, and the post-hoc test was not significant (0 vs. T, p=0.06).

Figure 4 shows catalepsy scores in male and female rats in each hormone group that were 

pretreated with saline (−) or proadifen (+). In GDX males (top panel), T significantly 

decreased THC-induced catalepsy in saline- but not proadifen-treated rats (Hormone × THC 

× Proadifen: F(2,100)=6.82, p=0.002). In GDX females (bottom panel), E2 attenuated 

catalepsy in proadifen- but not saline-treated rats (Hormone × Proadifen: F(2,100)=3.18, 

p=0.05).

3.4 Serum levels of THC and metabolites

Blood samples were taken after the last behavioral test, at approximately 255 min post-THC 

injection. Blood samples that were taken from vehicle-treated males and females revealed no 

detectable THC or metabolites (data not shown). Figure 5 shows serum levels of THC and 

its major metabolites 11-OH-THC and THC-COOH in males treated with 5 mg/kg THC (left 

panels) and in females treated with 3 mg/kg THC (right panels). In GDX males, neither E2 

nor T significantly altered THC concentrations, although the CYP inhibitor proadifen greatly 

increased THC levels as expected (Fig. 5, top left panel; Proadifen: F(1,39)=16.56, 
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p<0.001). E2 significantly increased serum levels of the active metabolite 11-OH-THC in 

both saline- and proadifen-treated GDX males, and proadifen also increased 11-OH-THC 

(Fig. 5, middle left panel; Hormone: F(2,39)=29.00, p<0.001; Proadifen: F(1,39)=4.73, 

p=0.04). E2 also increased serum levels of the inactive metabolite THC-COOH in both 

saline- and proadifen-treated GDX males, and proadifen significantly decreased THC-

COOH levels in GDX+0 and GDX+E2 males, but not in GDX+T males (Fig. 5, bottom left 

panel; Hormone × Proadifen: F(2,39)=3.83, p=0.03).

Similar to GDX males, in GDX females neither E2 nor T significantly altered serum THC 

concentrations (Fig. 5, top right panel). However, whereas E2 significantly increased THC 

metabolite levels in males, E2 did not do so in females (Fig. 5, middle and bottom right 

panels). As expected, proadifen increased THC levels in all groups of females (Fig. 5, top 

right panel; Proadifen: F(1,35)=19.92, p<0.001), although this effect was somewhat smaller 

in GDX+T females than in the other groups (Hormone × Proadifen: F(2,35)=2.63, p=0.09). 

Regarding 11-OH-THC, again unlike males, proadifen only significantly increased 11-OH-

THC in GDX+0 females (Fig. 5, middle right panel; Hormone × Proadifen: F(2,35)=3.45, 

p=0.04). Proadifen also decreased THC-COOH in GDX females (Fig. 5, bottom right panel; 

Proadifen: F(1,35)=15.64, p<0.001), but unlike in males, this effect was not hormone-

dependent.

4. Discussion

The major questions we sought to answer in this study are: (1) Do the gonadal hormones T 

and E2 alter THC's behavioral effects in the same way in adult male and female rats? (2) Do 

T and E2 alter THC metabolism in the same way in adult male and female rats? (3) Can T 

and E2 effects on behavioral responses to THC be attributed to T and E2 effects on THC 

metabolism?

In regard to the first question, T and E2 did not modulate THC's behavioral effects similarly 

in adult males and females. For example, T did not consistently alter THC-induced 

antinociception in males, but decreased it in females (tail withdrawal test). Conversely, T 

decreased THC-induced catalepsy in males (saline-pretreated group), but not in females. E2 

did not alter THC-induced antinociception in females, but significantly enhanced it in males 

(tail withdrawal and paw pressure tests). The finding that T and E2 modulate behavioral 

responses to THC in adult rats agrees with previous studies suggesting that gonadal hormone 

milieu in adults contributes to sexual differentiation of cannabinoid sensitivity in rats (Craft 

& Leitl, 2008; Wakley et al., 2011; 2014). The finding that T and E2 did not modulate 

behavioral sensitivity to THC the same way in both males and females indicates that sexual 

differentiation of THC sensitivity is not simply due to activational effects of gonadal 

hormones, but also occurs earlier in development, through organizational hormone or sex 

chromosome effects (Becker et al., 2005). A previous study reporting that adult 

gonadectomy did not alter sex differences in antinociceptive sensitivity to THC (Wakley et 

al., 2015) supports this hypothesis.

We are not aware of any previous studies examining T modulation of cannabinoid effects in 

females and E2 modulation of cannabinoid effects in males. However, T effects that we 
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observed in males and E2 effects in females agree with some of the few previous studies that 

have examined gonadal hormone influence on behavioral effects of THC. For example, 

similar to the present study, two previous studies found that in male rats gonadectomized as 

adults, T decreased THC-induced motoric effects but did not significantly alter THC's 

antinociceptive effects (Craft & Leitl, 2008; Wakley et al., 2015). Also similar to the present 

study, two previous studies reported no significant E2 modulation of cannabinoid-induced 

motor suppression in GDX female rats or mice (Craft & Leitl, 2008; Kalbasi Anaraki et al., 

2008). However, in regard to E2 modulation of THC-induced antinociception, two previous 

studies reported that E2 increased THC's antinociceptive effect in female rats 

gonadectomized as adults (Craft & Leitl, 2008; Wakley et al., 2014), one reported that E2 

decreased the antinociceptive effect of WIN55,212-2 in GDX female mice (Kalbasi Anaraki 

et al., 2008), and yet another reported no E2 modulation of THC antinociceptive potency in 

GDX female rats (Wakley et al., 2015). Thus, the lack of E2 modulation of THC effects in 

GDX females observed in the present study agrees only with the results reported in Wakley 

et al. (2015). There are several methodological differences among these studies that may 

contribute to the discrepant results, including species/strain/vendor of rodent, chronicity of 

E2 administration, and various aspects of THC administration, although the impact of these 

factors remains to be tested.

In regard to the second question posed in this study, T and E2 also modulated THC 

metabolism differently in adult male and female GDX rats. At approximately 4 h after THC 

administration, T tended to decrease serum THC and 11-OH-THC in females but not males, 

and E2 significantly increased serum levels of active and inactive metabolites of THC in 

males but not females, compared to same-sex, GDX+0 controls. Again, while the present 

results demonstrate activational effects of T and E2 on THC metabolism, the discrepant 

effects of T and E2 between males and females suggest that sex differences in THC 

metabolism are not simply due to activational effects of hormones. That is, organizational 

effects of gonadal hormones or sex chromosomes must contribute to the sexually 

differentiated response to gonadal hormones observed in adult rats (Becker et al., 2005). A 

previous study reported that neonatal gonadectomy reversed the sex differences in CYP2C7 

and CYP2C11 expression normally found in adult rats (Bandiera & Dworschak, 1992), 

demonstrating that expression of at least two CYP enzymes is sexually differentiated early in 

life.

Some of the liver enzymes involved in THC metabolism have been identified. In humans, 

CYP2C9 appears to be the major isozyme involved in 11-hydroxylation of THC (Cho et al., 

1999; Watanabe et al., 2007); in rats, CYP2C11 (males only) and CYP2C6 (females and 

males, with greater production in females) appear to mediate 11-hydroxylation of THC 

(Narimatsu et al., 1990; 1992). Although other metabolites have been identified, 11-OH-

THC is the major active metabolite produced in both rats and humans, and 11-OH-THC is 

further oxidized (in two steps) to THC-COOH, the major inactive metabolite in rats and 

humans (Wall et al., 1983; Agurell et al., 1986; Yamamoto et al., 1995; Nadulski et al., 

2005). Sex differences in oxidative metabolism of THC have been observed in the rat: at 1 h 

post-THC injection, gonadally intact females produced primarily 11-OH-THC, whereas 

males produced 11-OH-THC plus several other (mostly inactive) metabolites (Narimatsu et 

al., 1991). We have suggested previously that this sex difference in THC metabolism 
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contributes to sex differences in antinociceptive effects of THC – specifically, greater THC 

effects in females than males – given that proadifen significantly attenuated THC-induced 

antinociception in gonadally intact female but not male rats (Tseng et al., 2004). Our 

interpretation of this finding was that, because females make more 11-OH-THC than males 

do, blocking oxidation with proadifen would be expected to have a greater impact on 

antinociception in females than in males. The present study demonstrates that proadifen's 

sexually differentiated effect on THC metabolism is gonadal hormone-dependent.

The sex differences in and gonadal hormone modulation of THC metabolism observed in the 

present study agree with findings of several previous studies. First, within several hours after 

THC administration, brain and/or blood levels of the major active metabolite 11-OH-THC 

have been reported to be greater in gonadally intact female compared to male rats (Tseng et 

al., 2004; Wiley & Burston, 2014) and in liver microsome preparations from female 

compared to male rats (Narimatsu et al., 1991). Although we did not statistically compare 

males and females in the present study because they were not treated with the same dose of 

THC, GDX+0 females (regardless of proadifen treatment) had higher 11-OH-THC levels 

than GDX+0 males, despite the fact that females were given 40% less THC than males (see 

Fig. 5, middle panels). Furthermore, the finding that E2, and to a lesser extent T, modulated 

THC metabolism corroborates previous studies demonstrating that these gonadal steroid 

hormones influence hepatic CYP2C enzyme expression in rats (Bandiera et al., 1986; 

Bandiera & Dworschak, 1992). In the present study, the fact that E2 significantly increased 

11-OH-THC levels in GDX males (and E2 increased males’ antinociceptive response to 

THC) while E2 did not produce these effects in GDX females was unexpected. This result 

suggests that E2 in adulthood is not required for maintaining the female behavioral and 

metabolic phenotypes (i.e., females are sexually differentiated before adulthood, in regard to 

THC sensitivity). In support of this argument, sex differences in response to cannabinoids 

have been demonstrated in adolescent rats for some behaviors (for review, see Craft et al., 

2013), including antinociception (Romero et al., 2002), and adolescent rats also show 

sexually differentiated 11-OH-THC production, similar to that observed in adults (Wiley & 

Burston, 2014).

In regard to the third question, T and E2 modulation of rats’ behavioral responses to THC 

could reasonably be argued to be due to T and E2 modulation of THC metabolism – in some 

cases. For example, E2 significantly increased 11-OH-THC production in males, which, 

given 11-OH-THC's equal or greater potency compared to THC (Ford et al., 1977; Sanders 

et al., 1979; Browne & Weissman, 1981; Tseng & Craft, 2001), should increase THC's 

behavioral effects. Greater THC-induced antinociception was indeed observed in GDX+E2 

males compared to GDX+0 males (see Figs. 1-2). E2 enhancement of THC-induced 

antinociception was particularly pronounced at 240 min post-injection in the proadifen-

treated male rats, which showed the highest serum THC and 11-OH-THC levels of any 

group (see Fig. 5). In contrast, E2 did not alter THC's motoric effects (see Figs. 3-4). On the 

locomotor test, activity was quite low in THC-treated GDX+0 males, so the failure to 

observe E2 enhancement of THC's sedative effects may have been confounded by a floor 

effect. Although it should have been possible to observe E2 enhancement of THC-induced 

catalepsy in males, this behavioral test was conducted at 30-60 min post-THC injection, and 

we did not measure serum cannabinoid levels at these earlier time points; thus, we cannot 
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draw firm conclusions regarding the relationship between E2 modulation of THC effect on 

that behavior and E2 modulation of THC metabolism. In summary, E2 enhancement of 

THC-induced antinociception in GDX males may be due to E2 enhancement of 11-

hydroxylation of THC (perhaps by altering the expression of CYP2C isozymes: Bandiera & 

Dworschak, 1992), but the present study does not provide evidence to support the argument 

that E2-induced increases in 11-OH-THC production also increase adult males’ sensitivity to 

the motoric effects of THC.

T modulation of THC's behavioral effects may also be attributable to T modulation of THC 

metabolism, in some cases. T reduced GDX females’ sensitivity to THC-induced 

antinociception on the tail withdrawal test, and T also tended to decrease serum THC and 

11-OH-THC in GDX females. However, T did not alter females’ responses to THC on the 

paw pressure test or on tests of motor function. The lack of concordance of T effects across 

all tests suggests that other pharmacokinetic factors besides THC metabolism (e.g., THC 

access to anatomical loci mediating particular behavioral effects), and/or pharmacodynamic 

factors (e.g., T modulation of CB1 receptor expression: Niu et al., 2012) also modulate THC 

effect.

5. Conclusion

The present study demonstrates that sexual differentiation of behavioral responses to THC 

are not simply due to activational effects of gonadal hormones. T and E2 can modulate adult 

rats’ sensitivity to some behavioral effects of THC and to THC metabolism, but T and E2 do 

not have the same effects in males and females, indicating that sexual differentiation begins 

to occur earlier in development. In regard to the clinical relevance of this study, it is not yet 

known whether gonadal hormones modulate cannabinoid effects or metabolism in humans. 

In regard to sex differences in cannabinoid analgesia, one study reported that oral nabilone 

was anti-hyperalgesic against experimental heat pain in women but not men (Redmond et 

al., 2008), whereas another study reported no sex differences in the analgesic effects of 

smoked dronabinol or marijuana against cold pressor pain, in daily marijuana users (Cooper 

et al., 2013). Sex differences have been reported for several other effects of cannabinoids in 

humans (for review, see Craft et al., 2013), and sex differences in THC pharmacokinetics 

have also been reported in humans (Nadulski et al., 2005). We are not aware of any studies 

examining, for example, the impact of hormone contraceptives on sensitivity to any 

cannabinoid drug. However, given that gonadal hormones are known to regulate the 

expression of some CYP enzymes (Gandhi et al., 2004; Zhang et al., 2007) as well as 

cannabinoid receptors (Notarnicola et al., 2008) in humans, it is likely that gonadal 

hormones can alter cannabinoid sensitivity in humans.
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Highlights

• Testosterone and estradiol did not similarly modulate THC-induced 

antinociception in adult male and female rats.

• Testosterone and estradiol did not similarly modulate THC metabolism 

in adult male and female rats.

• Within sex, hormone modulation of THC behavioral effect may be 

attributed to hormone modulation of THC metabolism.

• Sexual differentiation of THC sensitivity is not simply due to 

activational effects of hormones.
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Figure 1. 
Gonadal hormone modulation of THC-induced tail withdrawal antinociception in male and 

female rats. Rats were gonadectomized (GDX) and replaced with no hormone (0), 

testosterone (T), or estradiol (E2). Three weeks later saline or the cytochrome P450 inhibitor 

proadifen was injected, and 1 hr later vehicle or THC was administered i.p. (5 mg/kg in 

males, 3 mg/kg in females, to produce similar levels of antinociception). Each point is the 

mean ± 1 S.E.M. of 7-12 males or 8-12 females. *significant hormone effect: T- or E2-

treated group different from GDX+0 group at same time point, p≤0.05.
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Figure 2. 
Gonadal hormone modulation of THC-induced paw pressue antinociception in male and 

female rats. Details as described for Fig. 1. *GDX+E2 group significantly different from 

GDX+0 group, p≤0.05.
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Figure 3. 
Gonadal hormone modulation of THC-induced hypolocomotion in male and female rats. 

Details as described for Fig. 1.
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Figure 4. 
Gonadal hormone modulation of THC-induced catalepsy (measured at 30-60 min post-

vehicle/THC injection) in male and female rats. Males received 5 mg/kg THC and females 

received 3 mg/kg THC; catalepsy was assessed at 30-60 min post-injection. Each bar is the 

mean ± 1 S.E.M. of 7-12 rats. *significant hormone effect: T- or E2-treated group 

significantly different from GDX+0 group; +significant proadifen effect: proadifen-treated 

group significantly different from same-sex/hormone, saline-treated group, p≤0.05.
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Figure 5. 
Gonadal hormone modulation of serum levels of THC (top panels), its major active 

metabolite 11-OH-THC (middle panels) and its major inactive metabolite THC-COOH 

(bottom panels), in THC-treated GDX males (left) and GDX females (right). Males received 

5 mg/kg THC and females received 3 mg/kg THC; trunk blood was taken after completion 

of all behavioral testing, at approximately 255 min post vehicle/THC injection. Each bar is 

the mean ± 1 S.E.M. of 6-8 samples (rats). *significant hormone effect: T- or E2-treated 

Craft et al. Page 19

Pharmacol Biochem Behav. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



group significantly different from GDX+0 group; +significant proadifen effect: proadifen-

treated group significantly different from same-sex/hormone, saline-treated group, p≤0.05.
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