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d

 

-Lysergic acid diethylamide (LSD), an agonist at the 5-HT

 

2A/2C

 

 and 5-HT

 

1A

 

 receptors, has previously been
demonstrated to enhance associative learning as measured by accelerated acquisition of the rabbit’s classically conditioned
nictitating membrane (NM) response. The present study examined further the role of these receptors in the action of LSD.
LSD (30 nmol/kg, IV) significantly enhanced conditioned response (CR) acquisition to both tone and light conditioned stim-
uli (CSs), while the 5-HT

 

1A

 

 receptor agonists 8-hydroxy-2-(dipropylamino)tetralin (8-OH-DPAT; 50 and 200 nmol/kg) and li-
suride (0.3–30 nmol/kg) had no effect. Ritanserin (6.7–6700 nmol/kg, SC), a selective 5-HT

 

2A/2C

 

 receptor antagonist, retarded
acquisition of CRs to both tone and light CSs in a dose-dependent manner. Ritanserin (6.7–670 nmol/kg, SC) also dose de-
pendently antagonized the enhancement of CR conditioning produced by LSD (30 nmol/kg, IV) to both tone and light CSs.
We conclude that the enhancement of CR acquisition by LSD was due to an action at the 5-HT

 

2A/2C

 

 receptor. These results
suggest that the 5-HT

 

2A/2C

 

 receptor plays an important role in learning. © 1998 Elsevier Science Inc.
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STUDIES employing classical conditioning of the rabbit’s NM
response have demonstrated that LSD and other hallucino-
genic drugs such as MDA (

 

d

 

,l-methylenedioxyamphetamine),
MDMA (

 

d

 

,l-methylenedioxymethamphetamine), and DOM
(

 

d

 

,l-2,5-dimethoxy-4-methylamphetamine) enhance associa-
tive learning at doses comparable to those producing reliable
psychedelic effects in humans (9,14,29,30,36). It is generally
agreed that these drugs are partial agonists at 5-HT

 

2

 

 receptors
(11,12,33,34), and that their central actions, as measured in
drug discrimination paradigms, are blocked by 5-HT

 

2

 

 antago-
nists (3,7,8). However, there is disagreement as to whether
hallucinogenic drugs produce their predominant action at the
5-HT

 

2A

 

 (31,38,39) or 5-HT

 

2C

 

 (6,33) receptor subtype.
These data suggest that LSD, the prototypic drug in this

series, may also be enhancing associative learning through an
action on 5-HT

 

2

 

 receptors. However, this assumption has not
been tested, nor have actions of LSD at other receptors been
ruled out. It is known that LSD has equivalent affinities for
the serotonin 5-HT

 

1A

 

, 5-HT

 

2A

 

 and 5-HT

 

2C

 

 receptors with K

 

i

 

values of 1.3, 2.5, and 4.3 nM, respectively (17,41). However,
it is not known whether a selective 5-HT

 

2A/2C

 

 receptor antago-

nist would block the effects of LSD on learning or whether
5-HT

 

1A

 

 receptor agonists would also enhance learning.
Five experiments were carried out to define further the re-

ceptors through which LSD enhances the acquisition of CRs.
The first experiment examined the effects of ritanserin on CR
acquisition to a tone CS. Ritanserin is a potent serotonin an-
tagonist with high affinity for both 5-HT

 

2A

 

 (

 

K

 

i

 

 

 

5

 

 0.24 nM) and
5-HT

 

2C

 

 (

 

K

 

i

 

 

 

5

 

 0.6 nM) receptors and with substantially lower
affinities for other serotonergic and nonserotonergic recep-
tors, for example, 

 

K

 

i

 

 

 

5

 

 470 nM for the 5-HT

 

1A

 

 receptor
(16,17). A second experiment determined whether ritanserin
would block the enhancement of CR acquisition produced by
LSD. A third experiment compared the effects of LSD and ri-
tanserin on the acquisition of CRs to both tone and light CSs.
The fourth experiment examined the effects of lisuride on CR
acquisition to tone and light CSs. Lisuride is a nonhallucino-
genic ergot that resembles LSD in having equivalent affinities
for the 5-HT

 

1A

 

 and 5-HT

 

2A

 

 receptors (

 

K

 

i

 

 values of 1.2 and 3.3
nM, respectively), but differs from LSD in having a somewhat
lower affinity (

 

K

 

i

 

 

 

5

 

 12 nM) for the 5-HT

 

2C

 

 receptor (17). Fi-
nally, a fifth experiment measured the effects of the highly
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selective 5-HT

 

1A

 

 receptor agonist, 8-OH-DPAT, on CR ac-
quisition (16).

 

METHOD

 

Animals

 

New Zealand White albino rabbits of both sexes, weighing
1.8 to 2.2 kg upon arrival, were housed individually with free
access to rabbit chow and water under a 12 L:12 D cycle in an
AAALAC-approved colony maintained at 22 

 

6

 

 1

 

8

 

C. Rabbits
were given 5 days of adaptation to the laboratory before initi-
ation of experiments. All animal experiments were carried
out in accordance with the National Institute of Health guide
for the care and use of Laboratory Animals.

 

Drugs

 

LSD (d-lysergic acid diethylamide tartrate), a gift of
NIDA, was dissolved in sterile, nonpyrogenic distilled water,
and lisuride hydrogen maleate (Schering AG) was dissolved
in sterile physiological saline. LSD, lisuride, and their vehicle
controls were injected into the marginal ear vein by means of
a syringe pump (Model 355, Sage Instruments) in a volume of
0.4 ml/kg and at a rate of 3 ml/min, 20–30 min prior to behav-
ioral testing. 8-OH-DPAT [8-hydroxy-2-(dipropylamino)te-
tralin hydrobromide] and ritanserin (Research Biochemicals
Int., Natick, MA) were injected subcutaneously, between the
scapulae. 8-OH-DPAT was dissolved in deionized nitroge-
nated water, and ritanserin was dissolved in a minimum quan-
tity of acetic acid and the pH adjusted to 5.0 with NaOH.
8-OH-DPAT and its vehicle were injected in a volume of 2
ml/kg, 30 min prior to testing, while ritanserin and its vehicle
were injected in a volume of 4 ml/kg, 1 h prior to testing.

 

Apparatus for Conditioning Studies

 

The apparatus, IBM PC-AT and ASYST software for
stimulus control and data acquisition, have been described in
detail elsewhere (30). Briefly, each animal was placed in a
Plexiglas restrainer and fitted with a headmount that sup-
ported a potentiometer that was coupled directly to a suture
placed in the right NM. Movements of the NM were trans-
duced to DC voltages and digitized every 5 ms with a resolu-
tion of 0.03 mm of NM movement per analog-to-digital count.
A response was defined as a 0.5 mm or greater extension of
the NM and its onset latency was calculated from the time at
which the response first deviated from baseline by at least
0.03 mm. The headmount also supported a 2-mm diameter
metal tube positioned 5–7 mm from the center of the right
cornea for delivery of a 100-ms airpuff unconditioned stimu-
lus (US) at a pressure of 200 g/cm

 

2

 

 as measured at the end of
the metal tube. A speaker mounted in front and above the
rabbit was used to deliver an 800-ms, 1-kHz, 75 or 85 dB tone
CS while an 800-ms interruption of the house light at 10 Hz
served as the light CS. For experiments with lisuride, the US
was a 100-ms, 3-mA, 60-Hz electric shock delivered paraorbit-
ally as described previously (14).

 

Conditioning of the Rabbit’s Nictitating Membrane Response

 

One day prior to conditioning sessions, rabbits received
one 60-min adaptation session, during which time no stimuli
were presented and no drug was injected. Two types of condi-
tioning procedures were employed involving the use of either
5 or 10 daily 60-min sessions. For the 5-day conditioning pro-
cedure, each daily session consisted of 60 pairings of the tone

CS and US. For the 10-day conditioning procedure, each daily
session consisted of 30 pairings of the tone CS and US and 30
pairings of the light CS and US as described previously (14).
For both procedures, offset of the 800-ms CSs occurred simul-
taneously with US onset and the intertrial interval was 60 s
(range 55–65 s). Responses were scored as CRs if they oc-
curred within 800 ms of CS onset and as unconditioned re-
sponses (URs) if they occurred after US onset.

Five experiments were carried out with separate sets of ex-
perimentally naïve rabbits. A first set of animals was injected
with ritanserin, 60 min prior to each of five conditioning ses-
sions, at doses of 0 (vehicle, 

 

n

 

 

 

5

 

 11), 6.7 (

 

n

 

 

 

5

 

 12), 20 (

 

n

 

 

 

5

 

 12),
67 (

 

n

 

 

 

5

 

 11), 670 (

 

n

 

 

 

5

 

 6), and 6700 nmol/kg (

 

n

 

 

 

5

 

 6), i.e., 0.003–
3.0 mg/kg. A second set of animals was injected with vehicle
or ritanserin and 1 h later with vehicle or LSD (30 nmol/kg; 14

 

m

 

g/kg as the salt) prior to each of five conditioning sessions.
This provided five groups of animals: saline 

 

1

 

 saline (

 

n

 

 

 

5

 

 9);
saline 

 

1

 

 LSD (

 

n

 

 

 

5

 

 11); ritanserin (6.7 nmol/kg) 

 

1

 

 LSD (

 

n

 

 

 

5

 

11); ritanserin (67 nmol/kg) 

 

1

 

 LSD (

 

n

 

 

 

5

 

 10); and ritanserin
(670 nmol/kg) 

 

1

 

 LSD (

 

n

 

 

 

5

 

 10). Conditioning sessions began
20–30 min after the second injection of vehicle or LSD (i.e.,
80–90 min after the first injection of vehicle or ritanserin). A
third set of rabbits was injected with vehicle or ritanserin
(1000 nmol/kg; 0.48 mg/kg) and 1 h later with vehicle or LSD
(30 nmol/kg), 20–30 min prior to each of 10 conditioning ses-
sions that employed both tone and light CSs. This provided
four groups of animals: vehicle 

 

1

 

 vehicle (

 

n

 

 

 

5

 

 12); vehicle 

 

1

 

LSD (

 

n

 

 

 

5

 

 12); ritanserin 

 

1

 

 vehicle (

 

n

 

 

 

5

 

 12); and ritanserin 

 

1

 

LSD (

 

n

 

 

 

5

 

 12). A fourth set of animals was injected with li-
suride, 20–30 min prior to each of 10 conditioning sessions, at
doses of 0 (vehicle, 

 

n

 

 

 

5

 

 12), 0.3 (

 

n

 

 

 

5

 

 11), 3.0 (

 

n

 

 

 

5

 

 12), and 30

FIG. 1. Effect of ritanserin on CR acquisition to a tone CS across
5 conditioning days. Each conditioning day involved 60 pairings of a
tone CS and US. Ritanserin or its vehicle were injected SC, 60 min
prior to each conditioning session. Each point represents the mean
percentage of CRs and vertical bars one SEM Numbers in
parentheses indicate the number of animals per group.
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this effect of LSD in a dose-dependent manner. For example,
on the last day of conditioning, animals receiving LSD alone
demonstrated a significantly higher percentage of CRs (86 

 

6

 

3) compared with vehicle controls (49 

 

6

 

 11). Animals receiv-
ing LSD and the lowest dose of ritanserin (6.7 nmol/kg) also
demonstrated a significantly higher percentage of CRs (80 

 

6

 

6) on the last conditioning session than controls. In contrast,
the percentage of CRs demonstrated by animals receiving
LSD and either the 67 or 670 nmol/kg dose of ritanserin (71 

 

6

 

9 and 65 

 

6

 

 10) was not significantly different from that of con-
trols. To compare the effects of ritanserin given alone (Fig. 1)
or prior to LSD (Fig. 2) as a dose–response function, we cal-
culated the mean percentage of CRs across the five condition-
ing sessions for each dose of ritanserin, LSD, or ritanserin 

 

1

 

LSD, and expressed these values as a percentage of the mean
value for their respective vehicle controls (Fig. 3). It can be
seen that ritanserin, at a dose of 67 nmol/kg, had no significant
effect on CR acquisition when given alone (closed circle, Fig.
3), but did partially block the effects of LSD (closed diamond,
Fig. 3).

We next examined the effects of ritanserin on CR acquisi-
tion to both tone and light CSs, to extend the generality of the

nmol/kg (

 

n

 

 

 

5

 

 12), i.e., 0.14–14 

 

m

 

g/kg as the salt. Finally, a fifth
set of animals was injected with 8-OH-DPAT 30 min prior to
each of five conditioning sessions, at doses of 0 (vehicle, 

 

n

 

 

 

5

 

12), 50 (

 

n

 

 

 

5

 

 8), and 200 nmol/kg (

 

n

 

 

 

5

 

 8), i.e., 16 and 66 

 

m

 

g/kg
as the salt.

 

Data Analysis

 

Data were analyzed by repeated measures ANOVA using
the SYSTAT statistical package (43). Follow-up tests for sig-
nificant effects were carried out by Dunnett’s 

 

t

 

-test for multi-
ple comparisons (44). Statistical significance was set at 

 

p

 

 

 

,

 

 0.05.

 

RESULTS

 

Ritanserin Retarded CR Acquisition and Antagonized the 
Enhancement of Acquisition Produced by LSD

 

Ritanserin produced a dose-dependent retardation of CR
acquisition to a tone CS across the five conditioning sessions
(Fig. 1). The analysis of variance yielded a significant effect of
drug dose, 

 

F

 

(5, 52) 

 

5

 

 5.0, 

 

p

 

 

 

,

 

 0.05, and a follow-up analysis
indicated that animals receiving the 670 and 6700 nmol/kg
doses of ritanserin exhibited significantly fewer CRs than con-
trols (

 

p

 

 

 

,

 

 0.05).
Figure 2 presents the effects of LSD given alone or in com-

bination with ritanserin on the acquisition of CRs. There was
a significant difference in the rate of CR acquisition to the
tone CS between the different injection groups across the five
days of acquisition, 

 

F

 

(16, 184) 

 

5

 

 1.88, 

 

p

 

 

 

,

 

 0.05. As seen in Fig.
2, LSD enhanced CR acquisition and ritanserin antagonized

FIG. 2. Antagonism by ritanserin of the effects of LSD on CR
acquisition to a tone CS across 5 conditioning days. Data are
presented as in Fig. 1. Ritanserin (6.7, 67, 670 nmol/kg) or its vehicle
were injected SC, 1 h prior to the IV injection of LSD (30 nmol/kg).
Conditioning sessions were carried out 20–30 min after injection of
LSD. Each point represents the mean percentage of CRs of 9–11
animals and vertical bars 1 SEM.

FIG. 3. Dose–response relationships for ritanserin, LSD, and
ritanserin 1 LSD. The dose–response curve for ritanserin given alone
(closed circles) is taken from the data of Fig. 1 and for ritanserin’s
antagonism of LSD effects (closed diamonds) from the data in Fig. 2.
All points represent average CR frequencies expressed as a
percentage of the corresponding vehicle control. The horizontal
dotted line represents the percentage increase in CR acquisition
demonstrated by animals receiving LSD alone.
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effects obtained. Using this procedure, LSD (30 nmol/kg) en-
hanced (p , 0.001) and ritanserin (1000 nmol/kg) retarded
(p , 0.01) CR acquisition to both tone and light CSs (Fig. 4).
The enhancement of CR acquisition to the tone and light CSs
produced by the 30 nmol/kg dose of LSD was antagonized
completely by the 1000 nmol/kg dose of ritanserin.

Lisuride and 8-OH-DPAT Had No Effect on CR Acquisition

As shown in Fig. 5, all groups of animals in the lisuride study
demonstrated a significant acquisition of CRs to the tone and
light CSs across conditioning days, F(9, 387) 5 146.2, p ,
0.001. There was no significant effect of lisuride on the acquisi-
tion of CRs to the tone and light CSs, F(3, 43) 5 1.82, p . 0.15,
and no significant interaction between drug dose and acquisi-
tion days, F(27, 387) 5 1.96, p . 0.10, or drug dose and CS
modality, F(3, 43) 5 0.76, p . 0.80. As shown in Fig. 6, there
was also no significant effect of 8-OH-DPAT on CR acquisi-

FIG. 4. Antagonism by ritanserin (1000 nmol/kg) of the effects of
LSD (30 nmol/kg) on CR acquisition to tone (top panel) and light
(bottom panel) CSs across 10 conditioning days. Each conditioning
day involved 30 pairings of a tone CS and US and 30 pairings of a
light CS and US. Data are presented as the average of 60 conditioning
trials for each modality (average of 2 conditioning days). Ritanserin
or its vehicle were injected SC, 60 min prior to the IV injection of
LSD or its vehicle. Conditioning trials were begun 20–30 min after
injection of LSD or its vehicle. Each point represents the mean
percentage of CRs of 12 animals and vertical bars 1 SEM. In some
cases the SEM is not seen because it fell within the size of the symbol.

FIG. 5. Effects of lisuride on CR acquisition to tone (top panel) and
light (bottom panel) CSs across 10 conditioning days. Data are
presented as in Fig. 4. Lisuride was injected IV, 20–30 min prior to
each conditioning session. Each point represents the mean of 11–12
animals, and vertical bars 1 SEM.
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tion to a tone CS, F(2, 25) 5 1.44, p . 0.26, nor was there any
significant drug 3 days interaction, F(8, 100) 5 0.84, p . 0.57.

DISCUSSION

LSD is a partial agonist, having equal affinities for the se-
rotonin 5-HT1A (Ki, 1.3 nM), 5-HT2A (Ki, 2.5 nM), 5-HT2C (Ki,
4.3 nM), and the dopamine D2 receptor (Ki, 6.4 nM) (17,41).
Several drugs were employed in the present study to identify
the receptors through which LSD produces its enhancement
of CR acquisition. The 5-HT1A receptor does not appear to be
involved in this action of LSD because 8-OH-DPAT had no
effect on CR acquisition at doses of 50 or 200 nmol/kg (i.e., 16
and 66 mg/kg, SC). 8-OH-DPAT is a 5-HT agonist with high
and selective affinity for the 5-HT1A receptor (Ki, 2.8 nM)
compared with the 5-HT2A (Ki, . 10,000) or 5-HT2C (Ki,
7,800) receptor subtypes (16,23). This conclusion was further
supported by the absence of any effect of lisuride (0.3 to 30
nmol/kg; 0.14–14 mg/kg, IV) on CR acquisition to either tone
or light CSs. Lisuride, a nonhallucinogenic ergot, resembles
LSD in having equivalent affinities for the serotonin 5-HT1A
(Ki, 1.2 nM) and 5-HT2A (Ki, 3.3 nM) and for the dopamine
DA2 (Ki, 0.94 nM) receptors, but differs from LSD in having a
lower affinity (Ki, 12 nM) for the 5-HT2C receptor (17). These
affinities not only confirm the results with 8-OH-DPAT in in-
dicating that activation of the 5-HT1A receptor does not en-
hance CR acquisition but also suggest the lack of involvement
of agonist actions at the dopamine D2 receptor. This might ap-
pear to suggest that the enhancement of CR acquisition pro-
duced by LSD was due to an action at the 5-HT2A receptor.
However, such a conclusion must be tempered by the fact that

lisuride has less than a fourfold greater affinity for the 5-HT2A
compared with the 5-HT2C receptor. It is also possible that the
enhancement of learning produced by LSD requires the acti-
vation of both the 5-HT2A and the 5-HT2C receptor subtypes.

The absence of significant effects of 8-OH-DPAT and li-
suride on CR acqusition were not due to the range of doses
used in this study. Lisuride produced decrements in operant
responding in the rat with an ED50 of 16 mg/kg, IP (21), while
8-OH-DPAT retarded acquisition at a dose of 62 mg/kg, IP in
the rat (20). Other studies in rats and mice are in general
agreement with the view that enhancement of CR acquisition
is produced by agonists at the 5-HT2A/2C but not at the 5-HT1A
receptor (13). For example, the 5-HT2 agonists 1-[m-trifluo-
romethylphenyl]piperazine and quipazine increased acquisi-
tion of the conditioned avoidance response (1) while 5-HT1A
agonists either had no effect, for example, tandospirone (26)
or retarded acquisition, for example, buspirone (1) and 8-OH-
DPAT (20).

The conclusion that activation of the 5-HT2A/2C receptor
enhances learning is consistent with what is known concerning
the distribution and function of these receptors in brain. The
binding of the 5-HT2A/2C agonist, [125I]-DOI, is similar to that
seen for [125I]-LSD (2), and the binding sites are located
within brain structures known to be importantly involved in
learning, for example, layers 1 and 4 of the neocortex in the
rat (2,24,25,40) as well as in the rabbit (32). More importantly,
serotonin has an excitatory effect on both 5-HT2A and 5-HT2C
receptors in rat cortex (18,35). The activation of 5-HT2 recep-
tors in cortex may alter activity in cholinergic neurons be-
cause these receptors have been located on cholinergic neu-
rons in layer 4 of rat cortex (27). In agreement with this view,
decreases in cholinergic and serotonergic activity have been
reported to produce a synergistic decrement in learning in ex-
perimental animals (28). While these data suggest that the en-
hancement of learning produced by the activation of some
5-HT2 receptors may be due to an increase in cholinergic ac-
tivity within cerebral cortex, it has also been reported that se-
rotonin inhibits potassium stimulated release of acetylcholine
through an action at the 5-HT3 receptor (19). Thus, the pre-
cise mechanisms involved in the interactions of serotonergic
and cholinergic activity in cognitive processes (4,22,37) re-
mains unclear.

Of great interest in this study was the finding that ri-
tanserin retarded the acquisition of classically conditioned
CRs to both tone and light CSs in a dose-dependent manner.
Ritanserin has also been reported to block classical condition-
ing in humans (15). The low doses of ritanserin required to
produce a significant retardation of CR acquisition (670 nmol/
kg) or to block the enhancement of CR acquisition produced
by LSD (67 nmol/kg) are consistent with the high affinity of
ritanserin for the 5-HT2A (Ki 5 0.24 nM) and 5-HT2C (Ki 5 0.6
nM) receptors (16,17). The precise behavioral mechanisms by
which ritanserin produced a retardation of CR acquisition is
not clear, and could be due to a combination of effects on
learning and/or performance variables.

The ability of ritanserin to retard CR acquisition is shared
by another selective 5-HT2A/2C receptor antagonist, pizotifen,
which was also reported to retard acquisition of the rabbit’s
NM response (10). However, d-2-bromolysergic acid diethyl-
amide (BOL), an ergot derivative of LSD, and a selective
5-HT2A/2C receptor antagonist, was reported to have no signif-
icant effect on the rate of CR acquisition to tone and light CSs
(14). These findings suggest the existence of two types of sero-
tonin antagonists: neutral antagonists such as BOL; and an-
tagonists such as ritanserin and pizotifen that have actions op-

FIG. 6. Effect of 8-OH-DPAT on CR acquisition to a tone CS
across 5 conditioning days. 8-OH-DPAT or its vehicle were injected
SC, 30 min prior to each conditioning session. Each daily session
consisted of 60 pairings of a tone CS and airpuff US. Each point
represents the mean percentage of CRs and vertical bars 1 SEM.
Numbers in parentheses indicate the number of animals per group.
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posite to that of 5-HT2A/2C agonists such as LSD, DOM, MDA,
and MDMA. Although, both ritanserin and pizotifen are con-
sidered to be reasonably selective 5-HT2A/2C antagonists, it is
possible that they retarded CR acquisition through an action at
some other receptors. In this case, the antagonism of LSD’s ef-
fects on learning by ritanserin might be due to a physiological
antagonism and not to a direct, pharmacological antagonism at
the 5-HT2A or 5-HT2C receptor. For example, although 5-HT1A
agonists did not produce an enhancement of CR acquisition, it
remains possible that antagonists at the 5-HT1A or at other re-
ceptors might have also modified the actions of LSD. However,
the data presented in Figs. 1, 2, and 3 argue against this inter-
pretation. Ritanserin, at the dose of 67 nmol/kg, had no signifi-
cant effect on CR acquisition when given alone (Figs. 1 and 3)
but blocked the enhancement of CR acquisition produced by
LSD (Figs. 2 and 3). The alternative interpretation is that ri-

tanserin and pizotifen may be acting as inverse agonists at the
5-HT2A/2C receptor and the antagonism of LSD by ritanserin
was due to a pharmacological antagonism. Studies in trans-
fected cell lines, in which LSD and 5-HT enhance PI hydrolysis,
have reported the existence of inverse agonist actions at the se-
rotonin 5-HT2C receptor (5,33,42). Although ritanserin has not
been examined, pizotifen has been characterized as an inverse
agonist and BOL as a neutral antagonist (42). An action of ri-
tanserin as an inverse agonist at the 5-HT2A/2C receptor in vivo,
would suggest that activity at this receptor is normally required
for the occurrence of optimal learning.
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