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Abstract
Ovariectomized rats with bilateral cannulae near the ventromedial nucleus of the hypothalamus were
hormonally primed with 10μg estradiol benzoate and 500μg progesterone. Sexually receptive females
were infused bilaterally with 200 ng of the 5-HT1A receptor agonist, 8-hydroxy-2-(di-n-propylamino)
tetralin (8-OH-DPAT), or with a combination of 200 ng 8-OH-DPAT and 2000 ng of the 5-HT2
receptor agonist, (±)-2,5-dimethoxy-4-iodophenyl-2-aminopropane HCl (DOI). 8-OH-DPAT
inhibited lordosis behavior and DOI reduced this inhibition. However, if females were preinfused
with the PKC inhibitor, bisindolymaleimide I hydrochloride (BIM), DOI’s effect was eliminated.
BIM’s attenuation of the effects of DOI was time-dependent. When BIM was infused 90 min, but
not 30 min, before the 5-HT receptor agonists, BIM eliminated DOI’s protection against the lordosis-
inhibiting effects of 8-OH-DPAT. A concentration of BIM as low as 10−5 nmol in a 0.5μl infusion
volume was effective and there was little evidence of dose responsivity between 10−5 and 10−1 nmol
of BIM. In contrast, prior infusion with vehicle or with 10−7 nmol BIM had no impact on the female’s
response to the 5-HT receptor agonists. These findings allow the suggestion that DOI’s ability to
increase PKC may be responsible for attenuation of the effects of 8-OH-DPAT on lordosis behavior.
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1.0 Introduction
Within the ventromedial nucleus of the hypothalamus (VMN), serotonin (5-HT) modulates
female rat sexual behavior by acting on multiple 5-HT receptors [39]. Lordosis behavior, a
supraspinal estrogen-dependent reflex of sexually receptive females [29], is inhibited by 5-
HT1A receptor agonists and facilitated by 5-HT2 receptor agonists and their coactivation
attenuates the lordosis-inhibitory effects of 5-HT1A receptor agonists [39]. We have proposed
that this 5-HT1A/5-HT2 receptor interaction enables the female to fine-tune her behavior so
that it is most adaptive to environmental conditions [42]. However, the mechanisms for this
interaction are not known.
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5-HT1A receptors are coupled to Gi/o/z proteins and mediate multiple intracellular responses
including inhibition of adenylate cyclase, opening of a K+ channel, and inhibition of Ca2+

channels [32]. Effects of 5-HT1A receptors on ion channels probably contribute to the decrease
in neuronal firing, characteristic of activation of 5-HT1A receptors [1,19,28]. An increase in
firing of VMN neurons occurs when lordosis behavior is increased, while reduced firing of
VMN neurons occurs under conditions where the behavior is decreased [11,30]. Kow and Pfaff
[18] reported that estrogen enhanced the overall excitability of VMN neurons and speculated
that this excitability contributed to the hormone’s facilitation of lordosis behavior. Therefore,
5-HT1A receptor agonists may reduce lordosis behavior via reduced firing of VMN neurons.

However, modulation of cAMP within lordosis-relevant brain areas also alters lordosis
behavior. Agents which inhibit adenylate cyclase in the VMN reduce lordosis behavior while
agents that increase adenylate cyclase in the VMN facilitate lordosis behavior [17]. Moreover,
compounds (including estrogen) that increase cAMP not only facilitate lordosis behavior but
can attenuate the lordosis-inhibiting effects of 5-HT1A receptor agonists [13,41].

5-HT2 receptors are Gq/11 coupled to phospholipase C and their activation increases
diacylglycerol (DAG) and inositol triphosphate (IP3) and leads to activation of protein kinase
C (PKC) and elevation of intracellular Ca2+ [23]. Since agents which increase DAG and IP3
facilitate lordosis behavior [17], PKC may be involved in the facilitatory effects of 5-HT2
receptor agonists on lordosis behavior. Relevant to the ability of 5-HT2 receptor agonists to
attenuate effects of 5-HT1A receptor agonists on lordosis behavior [27,40,46] is evidence that
PKC can rapidly desensitize 5-HT1A receptors in a cell culture system [31]. The 5-HT1A
receptor contains multiple putative phosphorylation sites for both PKC and cAMP dependent
protein kinase (PKA) [33] and both kinases can lead to desensitization of 5-HT1A receptors
[12,34]. In addition, Giα proteins may be subject to phosphorylation, leading to attenuation of
5-HT1A receptor signaling [15,20]. Thus multiple opportunities exist for cross talk between 5-
HT1A and 5-HT2 receptors and there is substantial evidence for their functional interaction
[7,21,26].

For example, both flattened body posture and hypothermia, two behaviors elicited by 5-
HT1A receptor agonists, are reduced when 5-HT2 receptor agonists are administered together
with 5-HT2 receptor agonists [2,5]. Consistent with our findings that VMN infusion with DOI
prevented the lordosis-inhibiting effect of 8-OH-DPAT [40], addition of the 5-HT2 receptor
agonist, DOI, to tissue slices of the VMN attenuated the inhibitory effects of 5-HT1A receptor
agonists on neuronal firing [19]. Moreover, 5-HT2 receptor antagonists have been reported to
increase 5-HT1A receptor mediated behaviors [3]. For example, ketanserin increased the
inhibitory effect of iontophoretically applied 5-HT on neurons in rat prefrontal cortex [22] and
potentiated the effect of 5-HT1A receptors on vasoactive intestinal peptide (VIP)-stimulated
cAMP production [43].

The mechanisms responsible for 5-HT2 receptor mediated attenuation of the effects of 5-
HT1A receptors are likely to be multifaceted, but an important role for phospholipid signaling,
including PKC, has emerged [8,31,33]. Products of phosopholipid hydrolysis, such as PKC,
by phosphorylation of 5-HT1A receptors, may reduce the effectiveness of 5-HT1A receptors
[31]. Alternatively, activation of 5-HT2 receptors may increase cAMP and thereby attenuate
the inhibition of cAMP following 5-HT1A receptor activation. In A1A1 cells, 5-HT2 receptors
amplify the response to cAMP stimulators such as forskolin, but such amplification is decreased
in the presence of the PKC inhibitor, staurosporine [6].

In the following experiments, the potential involvement of PKC in 5-HT2 receptor-mediated
attenuation of the effects of a 5-HT1A receptor agonist were examined in sexually receptive
female rats. Rats were infused with bisindolymaleamide I HCl (BIM; GF109203X), a potent
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and selective PKC inhibitor [25,36], prior to treatment with the 5-HT receptor agonists. It was
hypothesized that pretreatment with the PKC inhibitor would reduce 5-HT2 receptor
attenuation of the effects of a 5-HT1A receptor agonist.

2. Materials and Methods
2.1 General Methods

2.1.1 Animals and housing conditions—Female, Fischer rats (CDF-344) were
purchased from Sasco Laboratories (Wilmington, MA) or were bred in the TWU animal facility
from stock obtained from Sasco Laboratories. Rats were housed three or four per cage in
polycarbonate shoebox cages in a housing area maintained at 22 ºC and 55% humidity with a
12:12-h dark-light cycle (lights on at 12.00 a.m.). Food and water were available ad lib.

2.1.2 Surgical procedures—When at least 60 days of age and 140–170 g body weight, rats
were anesthetized with AErrane® (Isoflurane, Pitman-Moore, Mundelein, IL) and were
implanted with 22-gauge stainless steel guide cannulae (Plastics One, Roanoke, VA) directed
toward the ventromedial nucleus of the hypothalamus (VMN) (atlas coordinates from König
and Klippel [16], anterior + 4.38, DV −7.8, ML ± 0.4) as previously described [40]. Bilateral
ovariectomy was performed immediately after implant surgery [37] and the rats were allowed
to recover for at least 2 weeks. Dental acrylic was purchased from Reliance Dental Mfg Co
(Worth, IL) and suture materials were obtained from Henry Schein (Melville, NY). All
procedures were carried out according to Public Health Service Policy Guide for the Care and
Use of Laboratory Animals and were approved by the IACUC at Texas Woman’s University.

2.1.3 Hormonal priming—Hormonal priming began 2–3 weeks after ovariectomy and all
hormone injections were administered between 9 and 10 a.m. Rats were injected with 10μg
estradiol benzoate (EB; Sigma Chemical Co., St. Louis, MO) followed 48 h later with 500μg
progesterone (P, Sigma Chemical Co.). Hormones were dissolved in sesame seed oil (Fischer
Scientific, Houston, TX) and injections were given subcutaneously (SC) in a volume of 0.1 ml
per rat.

2.1.4 Drug infusions—The 5-HT1A receptor agonist, 8-hydroxy-2-(di-n-propylamino)
tetralin (8-OH-DPAT) and the 5-HT2A/2C receptor agonist, (±)-2,5-dimethoxy-4-
iodophenyl-2-aminopropane HCl (DOI) were obtained from Sigma Chemical Co. (St. Louis,
MO) and were dissolved in 0.9% saline. Bisindolymaleimide I HCl (BIM; GF 109203X; Sigma
Chemical Co.) was dissolved in distilled/deionized water. Receptive females had their dummy
cannulae replaced with 28 gauge stainless steel internal cannulae, attached by tubing (i.d.=
0.58 mm; o.d. = 0.96 mm) to a BAS (CMA/100) microinjector. All infusions were delivered
at a rate of 0.24–0.26μl/min to a final infusion volume of 0.5μl per bilateral site.

2.1.5 Behavioral testing—In all experiments, behavioral testing took place during the dark
phase of the light-dark cycle. Red lighting was used to facilitate visibility. Four to six h after
P, females were screened for sexual receptivity by placing the female in the home cage of a
sexually experienced male and observing the behavior for 10 mounts. After this pretest, the
female was infused with the appropriate 5-HT receptor agonist(s). A single female was used
only once for a single experimental condition. When effects of BIM were examined, rats were
preinfused with BIM or distilled/deionized water after the pretest but 30 or 90 min prior to
infusion with the 5-HT receptor agonist(s). Sexual behavior after infusion with 5-HT receptor
compounds was monitored for 30 consecutive min as previously described [37]. Sexual
receptivity was quantified as the lordosis to mount (L/M) ratio (e.g. number of lordosis
responses by the female divided by the number of mounts by the male). When a female’s L/
M ratio fell below 0.7 for two consecutive intervals after drug infusion, the female’s behavior
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was considered to have been inhibited by the drug. Lordosis quality was recorded on a scale
of 1 to 4 as previously described [44]. The absence of a lordosis response was given a score of
0.0. Minimal arching of the back was given a score of 1.0. An intermediate reflex was scored
as 2.0; a normal reflex was scored as 3.0, and an exaggerated reflex was scored as 4.0.

2.1.6 Histological procedures—After behavioral testing, rats were anesthetized with
AErrane® and perfused with phosphate-buffered saline followed by 10% buffered formalin.
Brain tissue was placed in 10% buffered formalin for at least 24 h before sectioning. Coronal
sections (100μm) were stained with cresyl violet and examined for cannulae placement
according to the atlas of König and Klippel [16]. Rats with cannulae placements outside the
vicinity of the VMN or its most anterior extension were excluded from the data analysis. All
rats with cannulae in the third ventricle were excluded.

2.1.7 Statistical methods—Data were grouped into the pretest interval and five consecutive
5 min intervals after treatment. The data were analyzed by repeated measures ANOVA as
described in the specific procedures. Only animals with cannulae locations near the VMN were
included in the ANOVA. Time dependent differences, within treatment, were compared to the
pretest interval with Dunnett’s test; differences between groups within a time interval were
compared by Tukey’s test. The statistical reference was Zar [48] and an α level of 0.05 was
required to reject the null hypothesis.

2.2 Specific Methods
2.2.1 Effects of DOI on 8-OH-DPAT-mediated inhibition of lordosis behavior—
After the pretest for sexual behavior, ovariectomized hormonally primed, sexually receptive
females were infused bilaterally with 200 ng 8-OH-DPAT (N = 13) or 200 ng 8-OH-DPAT
plus 2000 ng DOI (N = 10). Data were grouped into the pretest interval and six consecutive 5
min intervals after treatment and were analyzed by repeated measures ANOVA with time after
infusion as the repeated measure and type of infusion as the independent factor.

2.2.2 Effects of preinfusion with BIM 30 or 90 min before infusion with 5-HT
receptor agonists—After the pretest, receptive rats were infused with 10−1 nmol BIM or
deionized water. Thirty or ninety min later, rats were infused bilaterally with either 200 ng 8-
OH-DPAT or 200 ng 8-OH-DPAT plus 2000 ng DOI. N’s for the 30 min preinfusion conditions
were as follows: rats preinfused with distilled/deionized water and infused with 8-OH-DPAT
or 8-OH-DPAT plus DOI were 6 and 4, respectively; rats preinfused with BIM and infused
with 8-OH-DPAT or 8-OH-DPAT plus DOI were 6 and 7, respectively. N’s for the 90 min
conditions were: for rats preinfused with distilled/deionized water and infused with 8-OH-
DPAT or 8-OH-DPAT plus DOI, 4 and 9, respectively; for rats preinfused with BIM and
infused with 8-OH-DPAT or 8-OH-DPAT plus DOI, 5 and 13, respectively.

Sexual behavior was monitored for 30 consecutive min after infusion with the 5-HT receptor
active drugs. Data were grouped into the pretest interval and six consecutive 5 min intervals
after treatment and were analyzed by repeated measures ANOVA with time after 5-HT receptor
agonists as the repeated measure and type of agonist and preinfusion condition as the
independent factors.

2.2.3 Dose dependent effects of BIM—After the pretest, receptive rats were infused
bilaterally with varying concentrations of BIM (1 × 10−1 to 10−7 nmol) or deionized water.
Ninety min later, rats were infused bilaterally with 200 ng 8-OH-DPAT plus 2000 ng DOI.
Sexual behavior was monitored for 30 consecutive min after infusion with the 5-HT receptor
active drugs. The number of subjects per treatment were as follows: distilled/deionized water,
N = 4; 10−7 nmol BIM, N = 6; 10−5 nmol BIM, N = 3; 10−3 nmol BIM, N = 3; 2.5 × 10−2 nmol
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BIM, N = 3; 5 × 10−2 nmol BIM, N = 7; and 10−1 nmol BIM, N = 7. Data were grouped into
the pretest interval and six consecutive 5 min intervals after treatment and were analyzed by
repeated measures ANOVA with time after 5-HT receptor agonists as the repeated measure
and preinfusion condition as the independent factor.

3.0 Results
3.1 Effects of DOI on 8-OH-DPAT-mediated inhibition of lordosis behavior

Every rat had cannulae located in the vicinity of the VMN. As previously reported [27], infusion
of the 5-HT1A receptor agonist, 8-OH-DPAT, into the vicinity of the VMN inhibited lordosis
behavior and this inhibition was attenuated by coinfusion with the 5-HT2 receptor agonist, DOI
(Figure 1). There was a significant effect of drug (F1,21 = 5.27, P ≤ 0.05), time after infusion
(F6,126 = 9.95, P ≤ 0.0001), and the time by drug interaction (F6,126 = 2.62, P ≤ 0.05). Relative
to the pretest, both groups of rats showed a decline in the L/M ratio after infusion. However,
L/M ratios of rats coinfused with 8-OH-DPAT and DOI were significantly higher than those
of rats infused only with 8-OH-DPAT at all time intervals except the first 5 min interval after
infusion (Tukey’s, all q126,2 ≥ 2.77, P ≤ 0.05). Eleven out of 13 rats infused with 8-OH-DPAT
showed a decline in lordosis behavior, while only 6/10 of the rats coinfused with 8-OH-DPAT
plus DOI showed such a decline. Moreover, for 2 rats infused with 8-OH-DPAT plus DOI, the
decline did not occur until 20 min after infusion while, for the majority of 8-OH-DPAT rats,
inhibition occurred within 10–15 min of the infusion.

Four of the rats treated with 8-OH-DPAT had L/M ratios of zero after infusion so that their
lordosis quality could not be assessed. For the remaining rats, there was a small decline in
overall lordosis quality during testing (F6,102 = 4.61, P ≤ 0.05), but neither the main effect of
drug nor the time by drug interaction were significant (P > 0.05; data not shown). Number of
mounts received by the females did not differ between the two infusion conditions (P > 0.05).
For rats infused with 8-OH-DPAT or 8-OH-DPAT and DOI, the mean ± S.E. number of mounts
per 5 min interval, respectively, were 8.36 ± 0.45 and 7.85 ± 0.48.

3.2 Effects of preinfusion with BIM 30 or 90 min before infusion with 5-HT receptor agonists
3.2.1 Bim 90 min preinfusion—The effects of the PKC inhibitor, BIM, on DOI’s ability
to attenuate the effects of 8-OH-DPAT are shown in Figures 2 and 3. Representative cannulae
locations are shown in Figure 4. 8-OH-DPAT significantly inhibited lordosis behavior and
DOI attenuated this decline. However, pretreatment with BIM 90 min (Figure 2), but not 30
min (Figure 3), before infusion with 8-OH-DPAT and DOI abolished the effects of DOI. After
the 90 min preinfusion, there was a significant main effect of type of pretreatment (water versus
BIM) (F1,27 = 18.65, P ≤ 0.0002), type of second infusion (8-OH-DPAT versus 8-OH-DPAT
plus DOI) (F1,27 = 6.27, P≤ .02), and their interaction (F1,27 = 4.25, P ≤ 0.05). Overall, L/M
ratios declined with time (F6,162 = 1881, P ≤ 0.0001) and interacted significantly with type of
pretreatment (F6,162 = 3.53, P ≤ 0.003) as well as with the second infusion (F6,162 = 3.37, P ≤
0.004). The three-way interaction was not significant.

Whether preinfused with water or BIM 90 min earlier, every rat infused with 8-OH-DPAT
showed a reduction in the L/M ratio for at least 2 consecutive 5 min intervals. Similarly 12 of
13 of the rats preinfused with BIM and then infused with 8-OH-DPAT plus DOI exhibited
such a decline in lordosis behavior. In contrast, none of the rats that were preinfused with water
and then infused with 8-OH-DPAT and DOI showed a reduction in the lordosis response
(Figure 2).

Rats preinfused with distilled/deionized water and 8-OH-DPAT plus DOI had significantly
higher L/M ratios than their 8-OH-DPAT counterparts at 15 min and this lasted throughout the
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testing period (Tukey’s q162,4 ≥ 3.63, P ≤ 0.05). In contrast, in rats preinfused 90 min earlier
with BIM, at no time interval did L/M ratios of rats infused with 8-OH-DPAT and 8-OH-DPAT
plus DOI differ (Tukey’s q162,4 < 3.63, P > 0.05). In rats preinfused with BIM, 8-OH-DPAT
and 8-OH-DPAT plus DOI treated rats had significantly lower L/M ratios than the pretest at
every test interval (Dunnett’s q162,7 ≥ 2.57, P ≤ 0.05).

Eleven rats (6 preinfused with BIM and 5 preinfused with water) had cannulae either in the
third ventricle or located in the anterior hypothalamus and were excluded from the analysis.
For rats preinfused with water and then infused with 8-OH-DPAT, all showed a decrease in
lordosis behavior while none of the rats infused with both agonists showed such a decline. For
rats preinfused with BIM, all 6 rats showed a decline in lordosis behavior.

3.2.2 BIM 30 min preinfusion—In contrast to the effects of BIM 90 min before treatment,
when the BIM infusion preceded the second infusion by 30 min (Figure 3), there was not a
significant effect of the pretreatment (P > 0.05). Independent of the type of pretreatment, 8-
OH-DPAT significantly reduced L/M ratios leading to a significant main effect for the second
infusion (F1,19 = 16.00, P ≤ 0.0008). There was also a significant effect of time after the second
infusion (F6,114 = 10.12, P ≤ 0.0001) and a significant interaction between time and the type
of second infusion (F6,114 = 3.22, P ≤ 0.006). None of the interactions with pretreatment were
significant (all P > 0.05).

Whether pretreatment 30 min earlier was with water or with BIM, every rat infused with 8-
OH-DPAT showed a decline in the L/M ratio during the testing period. After both preinfusion
conditions, rats infused with 8-OH-DPAT differed significantly from their pretest by 10 min
and at every interval thereafter. In contrast, only 2 rats (1 preinfused with water and 1 preinfused
with BIM) infused with 8-OH-DPAT and DOI showed such a decline. Rats preinfused with
distilled/deionized water and 8-OH-DPAT plus DOI had significantly higher L/M ratios than
their 8-OH-DPAT counterparts at 10, 15, 20, and 25 min time intervals after infusion. DOI
was also effective in decreasing effects of 8-OH-DPAT in rats preinfused 30 min earlier with
BIM at the 10, 20, and 25 min time intervals (Tukey’s q114,4 = 3.68, P ≤ 0.05).

Unlike L/M ratios, treatments had only minor effects on lordosis quality (data not shown) and
none of the treatment conditions significantly influenced the male’s tendency to mount the
female. Average mounts per interval ranged from a low of 6.22 ± 0.39 for rats infused with
water 90 min before 8-OH-DPAT and DOI to a high of 9.65 ± 0.74 for rats preinfused with
BIM 30 min before 8-OH-DPAT.

Five rats had one or both cannulae located outside the VMN and were excluded from the
analysis. Three rats had been preinfused with water. One of these rats, later infused with 8-
OH-DPAT, had one cannulae in the third ventricle and showed a decline in lordosis behavior.
Two rats had one cannula in the third ventricle and one dorsal to the VMN and had been infused
with both 8-OH-DPAT and DOI. Neither rat showed a decline in L/M ratios. Two of the 5 rats
had been infused with BIM (one later infused with 8-OH-DPAT and one with both agonists)
and had one cannula in the third ventricle. The rat infused with 8-OH-DPAT showed a decrease
in lordosis behavior while the rat infused with both agonists showed no such decline.

3.3 Dose-dependent effects of BIM
When varying concentrations of BIM were evaluated for their ability to attenuate the effects
of DOI (Figure 5), there was an overall effect of concentration (F6,26 = 8.31, P ≤ 0.0001) and
a significant concentration by time interval interaction (F36,156 = 1.67, P ≤ 0.02). Every
concentration of BIM greater than or equal to 1 × 10−5 nmol reduced the ability of DOI to
attenuate the effects of 8-OH-DPAT while a concentration of 10−7 nmol BIM was ineffective.
Consequently, there was limited evidence for dose-responsivity over the concentration range
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of 10−5 to 10−1 nmol BIM. In rats preinfused with 10−5 nmol BIM and then infused with 8-
OH-DPAT plus DOI, L/M ratios were significantly different from the pretest at 15, 20, and 25
min time after infusion. Rats preinfused with 10−3 nmol BIM were significantly different from
the pretest at 10 min and at every interval thereafter. Rats preinfused with 2.5 × 10−2, 5 ×
10−2, and 10−1 nmol BIM were significantly different from the pretest at every interval after
infusion (Dunnett’s all q156,7 ≥ 2.57, P ≤ 0.05). Rats preinfused with either water or 10−7 nmol
BIM were significantly different from those treated with all other doses throughout the testing
period (Tukey’s q156,7 ≥ 4.17, P ≤ 0.05).

L/M ratios of 6 rats (3 water 8-OH-DPAT and 3 BIM 8-OH-DPAT) fell to zero during the test
so that their lordosis quality could not be assessed. For the remaining rats, there was not a
significant effect of pretreatment on lordosis quality (P > .05, data not shown). Nor did the
number of mounts received by the female differ significantly. The mean ± S.E. mounts per
interval ranged from a low of 4.63 ± .58 to a high of 7.79 ± .40.

Seven rats had cannulae outside the VMN and were excluded from the analysis. Three had
been preinfused with water (2 had cannulae dorsal to the VMN; one had cannulae posterior to
the VMN) and showed no decline in lordosis behavior. One rat preinfused with 10−7 nmol BIM
and two rats preinfused with 10−3 nmol BIM had cannulae dorsal to the VMN. None showed
a decline in lordosis behavior. One rat, preinfused with 10−1 nmol BIM had cannulae located
posterior to the VMN and did show a decrease in lordosis behavior.

4. Discussion
Although in several behavioral studies, 5-HT1A/5-HT2 receptor interaction has been observed,
this is the first behavioral study in which a potential mechanism for such interaction has been
examined. In the present studies, a PKC inhibitor blocked an effect of a 5-HT2 receptor
agonist’s attenuation of the effects of a 5-HT1A receptor agonist in the hypothalamus of female
rats. These findings are consistent with studies in cell culture where PKC was shown to
attenuate effects of 5-HT1A receptors [31].

Consistent with prior studies, DOI prevented the lordosis-inhibiting effects of 8-OH-DPAT
infusion into the VMN [27], but the effect of DOI was blocked by prior infusion with the PKC
inhibitor, BIM. These findings reinforce prior observations for an antagonistic interaction
between 5-HT2 and 5-HT1A receptors [7]. 5-HT2 receptors are Gq/11 coupled receptors that,
among other effector mechanisms, activate phospholipase C leading to IP3 and DAG [23].
Increased IP3 leads to an increase in intracellular calcium while DAG activates PKC. In a
variety of cell culture systems, PKC has been shown to lead to desensitization of 5-HT1A
receptors [32,33] and it has been hypothesized that a PKC-mediated mechanism might account
for DOI’s ability to attenuate the effects of a 5-HT1A receptor agonist on lordosis behavior
[39]. The current findings are consistent with this hypothesis.

At the highest concentration investigated (10−1 nmol/0.5μl infusion), the PKC inhibitor, BIM,
completely abolished DOI’s attenuation of the effects of 8-OH-DPAT. BIM inhibits most
isoforms of PKC with an IC50 in the nmol range but α and β isoforms show the greatest
sensitivity [25,36]. In the current study, concentrations above 10−5 nmol/0.5μl infusion
successfully attenuated the effects of DOI while lower concentrations did not. Thus, the
effective concentration of BIM was between 10−7 and 10−5 nmol (delivered in 0.5μl). Although
it is difficult to translate the amount of drug delivered intracranially to concentrations of drugs
delivered in vitro, the range of concentrations effective in the current experiment are well within
the range of concentrations where selective inhibition of PKC might be expected to occur
[25,36]. However, since only a single PKC inhibitor concentration was examined, the
possibility of alternative explanations cannot be excluded.
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Effective concentrations of BIM in the current experiment were comparable to or below
concentrations reported to be effective in other in vivo neural models [4,24,38,47]. In the current
experiment, BIM was effective when administered 90 min, but not 30 min, before the 5-HT
receptor agonists. Although comparable time comparisons have not been examined in prior
studies, in most in vivo work, at least 30 min have been allowed to elapse before the effects of
the PKC inhibitor have been assessed [4,24,38,47]. Thus the current time-dependency is
consistent with prior findings and is likely to reflect the time required for the inhibitor to
effectively block DOI’s ability to increase PKC. Therefore, these findings lend support to the
hypothesis that DOI’s attenuation of the effects of the 5-HT1A receptor involves activation of
PKC. However, these conclusions assume specificity of PKC inhibition by BIM.

For example, at 500 fold higher concentrations than effective against PKC, BIM can inhibit
PKA [36]. Moreover, activation of 5-HT2 receptors can increase cAMP formation via either a
PKC pathway or a calcium/calmodulin pathway [6]. Therefore, further studies are required to
determine the contribution of other signaling mechanisms to DOI’s attenuation of the effects
of 8-OH-DPAT. Gonzales-Flores et al. [10] recently reported that kinase A or kinase C blockers
reduced the facilitatory effects of progesterone or its metabolite, 5α-pregnanedione,
respectively, on lordosis facilitation. Therefore, both PKA and PKC could potentially
participate in the interaction between 5-HT1A and 5-HT2 receptors on lordosis behavior.

Alternatively, given the potential involvement of PKC in progesterone’s facilitation of lordosis
[10], it is possible that BIM interfered with progesterone’s facilitative action and, thereby,
increased the female’s vulnerability to inhibition by 8-OH-DPAT. Since the dose of 8-OH-
DPAT used in the current study was intended to inhibit lordosis behavior of a majority of the
receptive females, we cannot rule out such a possibility. However, since BIM was not infused
until 4–6 h after progesterone priming and after females were sexually receptive, this
explanation is unlikely. Nevertheless, lower doses of 8-OH-DPAT would have to be examined
to rule out this possibility.

Although the current findings are consistent with the suggestion that DOI enhances PKC and
thereby reduces the effectiveness of 5-HT1A receptors, it is also possible that 5-HT1A and 5-
HT2 receptor agonists influence lordosis behavior by completely independent mechanisms and
that their apparent interaction reflects an additive effect of their separate actions. For example,
8-OH-DPAT reduces and DOI increases neuronal firing [1,18,35]; or DOI may influence the
functioning of other neuronal systems which then impinge on the function of 5-HT1A receptors.
Alternatively, DOI, by activating PKC, may alter the functioning of the serotonin transporter
[14] and thereby influence extracellular concentrations of serotonin.

Finally, DOI is an effective agonist for all members of the 5-HT2 receptor family [23]. Within
the VMN, we have suggested that DOI’s facilitation of lordosis behavior involves 5-HT2C
rather than 5-HT2A receptors [45], although other investigators have emphasized the 5-HT2A
rather than the 5-HT2C [9]. While it may be reasonable to assume involvement of 5-HT2C
receptors in the current study, the receptor subtype responsible for DOI’s attenuation of the
effects of 5-HT1A receptors has not yet been established.

In summary, coinfusion of DOI with 8-OH-DPAT attenuated the lordosis-inhibiting effects of
8-OH-DPAT on female rat lordosis behavior. Preinfusion of a PKC inhibitor 90, but not 30
min, before infusion with the 5-HT receptor agonists, eliminated the effect of DOI but had no
influence on the response to 8-OH-DPAT. Therefore, these findings emphasize a potentially
important role for PKC in the 5-HT2/5-HT1A receptor interaction of female rat lordosis
behavior.
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Figure 1. Effect of DOI on the lordosis-inhibiting effects of 8-OH-DPAT
Ovariectomized rats, with bilateral cannulae near the VMN, were hormonally primed with
10μg EB and 500μg P. Four to six h after the P injection, rats were tested for sexual receptivity
(PRE). After the pretest for sexual behavior, females were infused with 200 ng 8-OH-DPAT
or were coinfused with 200 ng 8-OH-DPAT and 2000 ng DOI. The numbers of subjects for 8-
OH-DPAT and 8-OH-DPAT plus DOI rats were 13 and 10, respectively. Data are the mean ±
S.E. L/M ratios before infusion (PRE) and for six consecutive 5 min intervals after infusion.
* indicates a significant difference from the pretest within each 5 min test interval. # indicates
a significant difference between rats infused with 8-OH-DPAT and rats coinfused with 8-OH-
DPAT and DOI within each 5 min time interval.
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Figure 2. Effect of preinfusion with 10−1 nmol BIM 90 min before 8-OH-DPAT infusion or 8-OH-
DPAT and DOI coinfusion
Ovariectomized rats, with bilateral cannulae, were hormonally primed with 10μg EB and
500μg P. Four to six h after the P injection, rats were tested for sexual receptivity during a
pretest (PRE). After the pretest for sexual behavior, rats were infused with either distilled/
deionized water or BIM. Ninety min later they were then infused with either 200 ng 8-OH-
DPAT or 200 ng 8-OH-DPAT plus 2000 ng DOI. Ns for rats preinfused with distilled/deionized
water and infused with 8-OH-DPAT or 8-OH-DPAT plus DOI were 4 and 9, respectively. Ns
for rats preinfused with BIM and infused with 8-OH-DPAT or 8-OH-DPAT plus DOI were 5
and 13, respectively. Data are the mean ± S.E. L/M ratios before infusion (PRE) and for six
consecutive 5 min intervals after infusion. # indicates a significant difference between rats
infused with 8-OH-DPAT or 8-OH-DPAT plus DOI within preinfusion condition. * indicates
the first time interval within treatment conditions at which there was a significant difference
from the pretest.
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Figure 3. Effect of preinfusion with 10−1 nmol BIM 30 min before 8-OH-DPAT infusion or 8-OH-
DPAT and DOI coinfusion
Ovariectomized rats, with bilateral cannulae, were hormonally primed with 10μg EB and
500μg P. Four to six h after the P injection, rats were tested for sexual receptivity (PRE). After
the pretest for sexual behavior, rats were infused with either distilled/deionized water or BIM.
Thirty min later they were infused with either 200 ng 8-OH-DPAT or 200 ng 8-OH-DPAT
plus 2000 ng DOI. The numbers of subjects for rats preinfused with distilled/deionized water
and infused with 8-OH-DPAT or 8-OH-DPAT plus DOI were 6 and 4, respectively. The
numbers of subjects for rats preinfused with BIM and infused with 8-OH-DPAT or 8-OH-
DPAT plus DOI were 6 and 7, respectively. Data are the mean ± S.E. L/M ratios before infusion
(PRE) and for six consecutive 5 min intervals after infusion. # indicates a significant difference
between rats infused with 8-OH-DPAT or 8-OH-DPAT plus DOI within preinfusion condition.
* indicates the first time interval within treatment conditions at which there was a significant
difference from the pretest.
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Figure 4. Location of cannulae from rats preinfused with 10−1 nmol BIM 90 min before 8-OH-
DPAT or 8-OH-DPAT plus DOI
The figure represents coronal sections taken from König and Klippel [16]at the level of the
VMN from A 4110μ to A 4890μ. Dots on the left side of the sections indicate locations of
bilateral cannulae from rat infused with 200 ng 8-OH-DPAT. Dots on the right represent
locations of bilateral cannulae from rats infused with 200 ng 8-OH-DPAT and 2000 ng DOI.
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Figure 5. Effect of varying concentrations of the PKC inhibitor, BIM, on DOI mediated attenuation
of 8-OH-DPAT’s effect on lordosis behavior
Ovariectomized rats were hormonally primed with 10μg EB followed 48 h later with P. Four-
six h later, rats were pretested for sexual behavior (PRE). They were then infused with one of
several concentrations of BIM or the water vehicle. Ninety min later, rats were infused with
200 ng 8-OH-DPAT plus 2000 ng DOI. Data are the mean ± S.E. L/M ratios for the pretest
(PRE) and 6 consecutive 5 min intervals after the second infusion. Ns per treatment were as
follows: distilled/deionized water, N = 4; 10−7 nmol BIM, N = 6; 10−5 nmol BIM, N = 3;
10−3 nmol BIM, N = 3; 2.5 × 10−2 nmol BIM, N = 3; 5 × 10−2 nmol BIM, N = 7; and 10−1

nmol BIM, N = 7. For ease of viewing, S.E. error bars have been omitted. The largest S.E. was
0.33 in the 1 × 10−3 nmol BIM group at 10 min and the overall MS was 0.048. * indicates the
first interval at which a group differed significantly from the pretest, within treatment condition.
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