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1. Introduction

Hallucinogens differ in their chemical structures, receptor binding properties, and
psychogenic effects in humans (Nichols, 2004; Schindler et al., 2012; Shulgin and Shulgin,
1991; Shulgin and Shulgin, 1997). For instance, the pharmacologist, chemist, and
hallucinogen expert, Alexander Shulgin, reported that the phenethylamine hallucinogen,
(¥)-1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane (DOI), lacksthe “sparkle” ofthe
indoleamine, lysergic acid diethylamide (LSD), but “the eyes-closed imagery is excellent...
perfect for an artist (Shulgin and Shulgin, 1991).” Another indoleamine, 5-methoxy-/N,\-
dimethyltryptamine (5-MeO-DMT), offered Shulgin more auditory hallucination and
unfortunately, “slight nausea (Shulgin and Shulgin, 1997).” Despite these differences, it is
agreed that hallucinogens exert their particular effects at the serotoninya (5-HT,a) receptor
(Dean, 2003; Nichols, 2004). One major downstream effect of 5-HT, receptor activation is
phosphatidylinositol (PI) hydrolysis. Upon activation, this receptor associates with the Ga,q
type G-protein, which activates phospholipase C (PLC). PLC splits membrane
phosphatidylinsotiol-4,5-bisphosphate into inositol-1,4,5-trisphosphate (IP3) and
diacylglycerol (DAG). IP3 releases sequestered intracellular calcium, and DAG activates
protein kinase C. Inhibition of the PLC enzyme has been shown to significantly reduce
serotonergic stimulation of PI hydrolysis, both in cells transfected with 5-HT,a receptors
(Berg et al., 1998; Kurrasch-Orbaugh et al., 2003) and in antidepressant-stimulated
hippocampal and frontocortical tissue prisms (Tyeryar et al., 2008). Furthermore,
hallucinogens have been shown to induce PI hydrolysis through agonist activity at 5-HTop
receptors (Berg et al., 1998; Kurrasch-Orbaugh et al., 2003; Pierce and Peroutka, 1988).

Hallucinogens also elicit stereotyped head movements in animals through activation of 5-
HT,a receptors (Dave et al., 2002; Gonzalez-Maeso et al., 2007; Schindler et al., 2012;
Schreiber et al., 1995). Direct intracortical or intracerebroventricular drug infusion has also
been shown to elicit head movements in both rabbits and rats through 5-HTa receptor
activation (Dave et al., 2004; Dave et al., 2007; Willins and Meltzer, 1997). In fact, the
ability of various 5-HT,a receptor antagonists to block hallucinogen-elicited mouse head
twitches (Peroutka et al., 1981) and rat head shakes (Dursun and Handley, 1996; Schreiber
et al., 1995) is strongly correlated to their frontocortical 5-HT,a binding affinity. In
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addition, both 5-HT,A receptor binding affinity and drug-elicited head twitch behavior in
rodents are strongly correlated to the effective hallucinogenic dose of various drugs in
humans (Corne and Pickering, 1967; Glennon et al., 1984). These relationships validate the
use of animal head movements to model in the effects of hallucinogens in humans.

Despite its use as a model for the hallucinogenic effect and human psychosis, head
movement behavior is not thoroughly understood vis & vis Pl hydrolysis signaling. Rinaldi-
Carmona and colleagues (1993a, 1993b) were the first to demonstrate a relationship between
PI hydrolysis and drug-elicited head movements in rodents using the hallucinogen, DOI.
This group used chronic /n vivo drug treatment to manipulate frontocortical receptor density
and PI hydrolysis signaling (Rinaldi-Carmona et al., 1993a; Rinaldi-Carmona et al., 1993b).
A more direct method for identifying the biochemical origins of behavior involves the use of
an enzyme inhibitor. For instance, intracerebroventricular infusion of the PLC inhibitor, 1-
[6-((17pB-3-methoxyestra-1,3,5(10)-trien-17-yl)amino)hexyl]-1H-pyrrole-2,5-dione
(U73122), in rodents has been used to demonstrate the role of Pl hydrolysis in
adrenomedullary outflow (Shimizu et al., 2007), thermal hypernocioception (Galeotti et al.,
2006), and anandamide-induced sleep (Murillo-Rodriguez et al., 2001). To our knowledge,
PLC inhibition has not been used to investigate drug-elicited head movements.

The goal of the present study was to examine the role of PLC activation/PI hydrolysis in
hallucinogen-elicited head movements in the rabbit using the PLC inhibitor, U73122.
Hallucinogens representative of the phenethylamine and indoleamine groups (DOl and LSD,
respectively) were chosen for this investigation. DOI and LSD were previously shown to
require the activation of 5-HT,a receptors to elicit head bobs in rabbits, although their
binding properties at frontocortical 5-HT,a receptors differed (Dave et al., 2002; Dave et al.,
2007; Schindler et al., 2012). The present study sought to determine whether these two
pharmacologically distinct hallucinogens also differed in their use of PI hydrolysis/PLC
activation for the elicitation of rabbit head bobs.

2.1 In vitro Pl hydrolysis

2.1.1 Agonist-stimulated in vitro Pl hydrolysis—Serotonin, DOI, and LSD
stimulated PI hydrolysis in rabbit frontocortical tissue prisms in a concentration dependent
manner (Fig 1). The Vmax values for agonist stimulation were as follows: 5-HT, 55.7 +
3.9% above basal (Fig 1A); DOI, 47.4 + 4.1% above basal (Fig 1B); LSD, 24.8 + 5.6%
above basal (Fig 1C). The ECsq values for 5-HT and DOI were 1.46 = 0.9uM and 64.5
30M, respectively. An accurate EC50 for LSD could not be calculated given the short
range of concentrations that produced detectable signals in our assay. At concentrations
above 100pM, the LSD signal returned to baseline suggesting a problem with drug
solubility or some other factor at higher LSD concentrations.

2.1.2 Effects of antagonists on in vitro Pl hydrolysis—Pre-incubation of
frontocortical tissue prisms with the 5-HT,a/2¢ antagonist, ketanserin (100LM),
significantly blocked PI hydrolysis signals stimulated by 5-HT (100nM; p<0.001, F=26.1,
ANOVA) and DOI (100M; p<0.005, F=9.9, ANOVA; Fig 2). Ketanserin reduced the 5-
HT-stimulated signal from 51.5 + 3.0 to 18.5 £+ 10.2% above basal (p<0.01, post-hoc
Dunnett test; Fig 2A) and the DOI-stimulated signal from 41.5 £ 5.4 to 9.3 + 4.4% above
basal (p<0.001, post hoc Dunnett test; Fig 2B). Ketanserin (100.M) did not significantly
alter the PI hydrolysis signal stimulated by LSD (100M): control, 20.1 + 2.5% above basal;
ketanserin, 23.5 *+ 3.8% above basal (p>0.05, post hoc Dunnett test; Fig 2C). Pre-incubation
of tissue with the 5-HT,g/»c antagonist, SB206553 (100LM), significantly blocked PI
hydrolysis signals stimulated by 5-HT (100nM; p<0.001, F=26.1, ANOVA) and LSD
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(100pM; p<0.005, F=15.3, ANOVA; Fig 2). SB206553 reduced the 5-HT signal from 51.5
+3.0to0 16.5 + 3.7% above basal (p<0.001, post-hoc Dunnett test; Fig 2A) and the LSD
signal from 20.1 + 2.5 to —1.9 + 5.9% above basal (p<0.01, post-hoc Dunnett test; Fig 2C).
SB206553 (100M) did not significantly alter the PI hydrolysis signal stimulated by DOI
(100pM): control, 41.5 + 5.4% above basal; SB206553, 36.5 + 4.2% above basal (100pM;
p>0.05, post-hoc Dunnett test; Fig 2B). At the concentration used (100LM), neither
antagonist significantly altered the baseline PI hydrolysis signal: control, 0.0 £ 4.0% above
basal; ketanserin, —6.1 + 8.1% above basal; SB206553, —2.2 + 9.7% above basal (p>0.7,
F=0.27, ANOVA).

2.1.3 Effects of PLC inhibitor on in vitro Pl hydrolysis—Pre-incubation of
frontocortical tissue prisms with the PLC inhibitor, U73122 (100M), significantly inhibited
all agonist (100pM)-stimulated signals (p<0.0001, F=7.8, 2-way ANOVA, Fig 3). For
example, 5-HT (100M) stimulated a signal with vehicle pre-incubation (49.0 + 8.3% above
basal), but not with U73122 pre-incubation (25.0 + 6.2% above basal; p<0.001, post hoc
Bonferroni test). DOI (100pM)-stimulated PI hydrolysis was similarly altered by U73122:
control, 21.2 + 1.6% above basal; U73122, 11.9 + 2.4% above basal (p<0.01, post hoc
Bonferroni test; Fig 3). LSD (100pM)-stimulated PI hydrolysis was also inhibited by
U73122: control, 24.4 + 7.9% above basal; U73122, 10.2 + 3.6% above basal (p<0.01, post
hoc Bonferroni test; Fig 3). U73122 (100.M) alone stimulated a small, but non-significant,
PI hydrolysis signal (0.0 = 6.3 to 9.9 + 3.3% over basal; p>0.05, post hoc Bonferroni test;
Fig 3). The inactive analogue of the PLC inhibitor, U73343 (100.M), did not affect baseline
or serotonergic PI hydrolysis (data not shown).

2.2 In vivo behavior

2.2.1 Head bob response after intracortical hallucinogen infusion—Bilateral
infusion of DOI into the medial prefrontal cortex significantly and dose-dependently
increased the number of head bobs in rabbits (p<0.005, F=8.1, ANOVA, Fig 4A). DOI 3 and
10nmol/side elicited an average of 15.3 + 1.5 (p<0.05, post hoc Dunnett test) and 19.4 +2.1
(p<0.001, post hoc Dunnett test) head bobs, respectively (Fig 4A). LSD also significantly
increased the number of head bobs in rabbits (p<0.01, F=5.3, ANOVA; Fig 4B). LSD 3 and
10nmol/side produced an average of 12.2 + 3.9 (p>0.05, post hoc Dunnett test) and 17.5
+2.1 (p<0.01, post hoc Dunnett test; Fig 4B) head bobs, respectively. The behavioral
response to the two vehicle agents did not significantly differ from one another: DOI vehicle
(aCSF), 9.0 £ 2.1 head bobs; LSD vehicle (tartaric acid/NaOH/modified aCSF), 9.4 + 1.3
head bobs.

2.2.2 Effects of PLC inhibitor on hallucinogen-elicited head bobs—Pretreatment
with the PLC inhibitor, U73122 (1nmol/side), significantly reduced the number of head bobs
in animals receiving DOI infusion (10nmol/side; p<0.001, F=9.8, ANOVA; Fig 5A); the
number of head bobs was reduced from 16.9 £ 2.2 to 5.0 + 1.1 in animals pretreated with
U73122 (1nmol/side; p<0.001, post hoc Dunnett test; Fig 5A). The number of DOI-elicited
head bobs was not altered by pretreatment with the inactive analogue, U73343 (1nmol/side;
16.7 £ 3.9 head bobs; p>0.5, post hoc Dunnett test; Fig 5A). In contrast, pretreatment with
either U73122 (1nmol/side) or U73343 (1nmol/side) had no significant effect in animals
receiving LSD infusion (10nmol/side; p>0.9, F=0.08, ANOVA): control (1% DMF in
aCSF), 15.6 £ 3.6 head bobs; U73122, 13.3 + 4.7 head bobs; U73343, 14.5 + 3.3 head bobs
(Fig 5B). Infusion of enzyme inhibitor alone did not significantly alter baseline responding:
vehicle (1% DMF in aCSF), 9.0 + 0.9 head bobs; U73122, 9.5 + 2.0 head bobs; U73343, 9.8
+ 1.2 head bobs.

Brain Res. Author manuscript; available in PMC 2014 January 23.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Schindler et al.

Page 4

2.2.3 Verification of cannula placement—Cannula placement was confirmed by
infusion of tryptan blue followed by gross brain dissection. Some animals were perfused at
the end of infusion studies for histological confirmation of cannula placement v7a Cresyl
Violet staining. Figure 6 is a representative section showing cannula tracts in the medial
prefrontal cortex as described in the Atfas of the Rabbit Brain and Spinal Cord (Shek, 1986).
A reference image obtained with permission from the University of Wisconsin and
Michigan State University Comparative Mammalian Brain Collections, supported by the US
National Science Foundation, is also included (http://www.brainmuseum.org; Oryctolagus
cuniculus plate #440).

3. Discussion

3.1 Role of PLC activation/PI hydrolysis in hallucinogen-elicited head bob behavior

In the present study, infusion of PLC inhibitor, U73122, into the mPFC of rabbits
completely blocked the head bob response to intracortical DOI, but not LSD, suggesting a
role for PLC activation/P1 hydrolysis in DOI-, but not LSD-, elicited head bobs. The present
use of U73122 to inhibit the rate limiting enzyme in the hydrolysis of membrane
phosphatidylinsotiol-4,5-bisphosphate is one of the first to use an enzyme inhibitor /in vivo
to investigate the role of intracellular signaling in drug-elicited animal head movements
(Schmid and Bohn, 2010). This difference observed between DOI and LSD significantly
distinguishes the behavioral pharmacology of these two hallucinogens. This work also adds
to a growing body of knowledge on the biochemical differences among hallucinogens and
related serotonergic compounds (Berg et al., 1998; Edwards et al., 1992; Egan et al., 1998;
Frankel and Cunningham, 2002; Gonzalez-Maeso et al., 2007; Kurrasch-Orbaugh et al.,
2003; Moya et al., 2007; Pierce and Peroutka, 1988; Schmid et al., 2008; Schmid and Bohn,
2010)

3.2 Halluciongen-stimulated PI hydrolysis

The current study showed that 5-HT, DOI, and LSD all stimulated PI hydrolysis as
measured by the release of [3H]inositol phosphate from rabbit frontocortical tissue prisms.
Importantly, in this assay, the endogenous agonist, 5-HT, had a potency comparable to those
reported in the literature for rat cortical tissue (Edwards et al., 1992; Pierce and Peroutka,
1988; Sanders-Bush et al., 1988). It is known that P1 hydrolysis potencies determined in
cell-based studies are generally higher than those reported in tissue assays (Berg et al., 1998;
Egan et al., 1998; Kurrasch-Orbaugh et al., 2003). In fact, in some tissue studies, ECsg
values for certain agonists or tissue types are not reported (Edwards et al., 1992; Pierce and
Peroutka, 1988; Rabin and Winter, 1996). In the current study, the ECsq for DOI was lower
than values reported in cell-based models (Berg et al., 1998; Kurrasch-Orbaugh et al., 2003),
and a potency could not be accurately determined for LSD, despite its recognition as a
highly potent compound, both in experimental settings and in human recreational use (Berg
et al., 1998; Kurrasch-Orbaugh et al., 2003; Nichols, 2004; Passie et al., 2008; Sanders-Bush
et al., 1988). Even with the limitations of the tissue-based assay, all P1 hydrolysis signals
were blocked by the PLC inhibitor, U73122, which has been used previously to identify a
role for PLC activation in DOI-stimulated PI hydrolysis in cells (Berg et al., 1998). The
direct implication of PLC activation in LSD-stimulated PI hydrolysis, however, is a new
finding. Paradoxically, U73122 also produced a small, but non-significant, Pl hydrolysis
signal in the current study, a phenomenon described elsewhere (Tyeryar et al., 2008). The
authors also recognize that the specificity of U73122 is not limited to the PLC enzyme,
though it is an accepted PLC inhibitor, especially when used in conjunction with its
analogue, U73343 which does not inhibit PLC activity (Bleasdale and Fisher, 1993).
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As is reported in the literature, the maximal PI hydrolysis signal stimulated by DOI in the
present study was lower than the maximal signal stimulated by 5-HT, but greater than that
stimulated by LSD (Berg et al., 1998; Edwards et al., 1992; Pierce and Peroutka, 1988).
LSD’s maximal efficacy in the current study was approximately 25% above the baseline
signal, similar to the efficacy reported in both tissue and cell studies (Edwards et al., 1992;
Egan et al., 1998; Kurrasch-Orbaugh et al., 2003; Sanders-Bush et al., 1988). Despite these
differences in signaling efficacy, the doses of DOI and LSD investigated in the current study
(3 and 10nmol/side) elicited approximately the same number of head bobs when infused into
the mPFC. Previous reports from our lab also showed that in the full dose-response curves
for subcutaneously administered DOI and LSD, the two drugs elicit approximately the same
maximal number of head bobs (Dave et al., 2002; Romano et al., 2010; Schindler et al.,
2012). Coupled with the previously discussed finding that U73122 blocks DOI-, but not
LSD-, elicited head bobs, the difference in Pl hydrolysis efficacy between the two drugs
points to a discrepancy between intracellular signaling and behavior. Indeed, drug-elicited
rat head shaking behavior was previously shown to be independent of a compound’s PI
hydrolysis efficacy (Moya et al., 2007). Similarly, drug discrimination studies in rats have
shown that a hallucinogen’s stimulus cue does not reflect its Pl hydrolysis efficacy (Rabin et
al., 2002). Thus, PLC activation/P1 hydrolysis may be required for the behavioral effects of
some (e.g. DOI), but not all (e.g. LSD), hallucinogenic compounds. Whether this
biochemical distinction relates to psychedelic differences among hallucinogens remains to
be seen. Clearly, the psychogenic effects of DOI, LSD, and other hallucinogens are complex
and cannot be represented by any one behavioral model. Non-hallucinogens elicit animal
head movements as well, further limiting the specificity of the model (Lucki et al., 1984;
Scarlota et al., 2011; Schmid et al., 2008; Schmid and Bohn, 2010; Schreiber et al., 1995).
Animal head movements remain an important tool, however, as decades of work with the
model have increased our understanding of ligand-receptor interaction, especially that in the
serotonergic system. The most recent studies concurrently investigating head movements
and intracellular signaling will help expand the utility of this behavioral model and further
illustrate the actions of both hallucinogenic and non-hallucinogenic compounds (Moya et al.,
2007; Schmid et al., 2008; Schmid and Bohn, 2010).

3.3 Serotonin receptor subtypes in hallucinogen-stimulated Pl hydrolysis

Although U73122 blocked PI hydrolysis stimulated by all agonists investigated /n vitro,
serotonergic antagonists had differing effects on their signaling. Ketanserin and SB206553
were used to assess 5-HTpa and 5-HT,¢ receptor involvement, respectively. Though
ketanserin also possesses significant 5-HT,¢ receptor activity, it is 30 times more selective
for rabbit frontocortical 5-HT,a receptors (Dave et al., 2002). Furthermore, SB206553 is
750 times more selective for rabbit frontocortical 5-HT,¢ receptors than 5-HT,a receptors
(Dave et al., 2002). The present study showed that both ketanserin and SB206553 inhibited
the PI hydrolysis signal stimulated bythe endogenous agonist, 5-HT. In contrast, ketanserin
blocked the DOI-, but not LSD-, stimulated signal, whereas SB206553, blocked the LSD-,
but not DOI-, stimulated signal. These findings implicate both 5-HT, and 5-HTy¢
receptors in the 5-HT-stimulated signal, but it would appear that DOI only signaled through
5-HT,p receptors whereas LSD only signaled through 5-HT,c receptors. This distinctive
signaling pattern is unexpected, given that both hallucinogens studied have good affinity for
both receptors in rabbit frontal cortex (Schindler et al., 2012). As in the current study, DOI-
stimulated PI hydrolysis has previously been blocked by 5-HT,a antagonists in cortical
tissue (Edwards et al., 1992; Pierce and Peroutka, 1988). The LSD-stimulated signal was
also blocked by ketanserin in cell models, but at 10 to 20 times the LSD concentration
(Barker et al., 1991; Egan et al., 1998). One study reported complete blocking ofthe LSD-
stimulated PI hydrolysis in rat cortical slices by ketanserin, but the data were not shown
(Sanders-Bush et al., 1988). Another group showed that ketanserin failed to affect the LSD
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signal in rat cortical slices (Pierce and Peroutka, 1988). Importantly, LSD binds 5-HT,a
receptors in an irreversible or pseudo-irreversible manner (Berridge and Prince, 1974; Burris
and Sanders-Bush, 1992; Schindler et al., 2012). In contrast, ketanserin reversibly binds
rabbit frontocortical 5-HTx receptors (Aloyo et al., 2001; Schindler et al., 2012), allowing
for competition by other ligands, such as LSD. Thus, LSD most likely does stimulate PI
hydrolysis through 5-HT,a receptors in cortical tissue, but confirming this is hindered by
pharmacokinetics. Use of an irreversible or pseudo-irreversible 5-HT, antagonist, such as
ritanserin, should more clearly establish the role of 5-HT,a receptors in LSD-stimulated Pl
hydrolysis (Leysen et al., 1985; Schindler et al., 2012).

Both LSD and DOI bind frontocortical 5-HT,¢ receptors in a reversible manner (Schindler
et al., 2012). Thus, the present finding that the highly selective 5-HT,¢ receptor antagonist,
SB206553, blocked the LSD-, but not DOI-, stimulated PI hydrolysis signal, clearly points
to a role for 5-HTy¢ receptors in LSD’s effects. Both LSD and the DOI analogue, (£)-1-
(2,5-dimethoxy-4-methylphenyl)-2-aminopropane (DOM), were previously shown to
stimulate P1 hydrolysis through 5-HTo¢ receptors in 5-HT,c-transfaected cells (Egan et al.,
1998) and fibroblasts derived from choroid plexus, a tissue with a dense 5-HT ¢ receptor
concentration (Barker et al., 1991; Burris et al., 1991). The high 5-HT,¢ receptor density in
these models makes for a more sensitive assay than using native frontocortical tissue.
Indeed, in rabbit frontocortical tissue, the 5-HT,¢ receptor density is one third to one half
that of 5-HT,a receptor density (Aloyo et al., 2001; Schindler et al., 2012). Thus, 5-HT)c-
mediated PI hydrolysis may be difficult to detect in native cortical tissue. As the current
findings show, LSD may derive a significant portion of its Pl hydrolysis signal in frontal
cortex from 5-HT,¢ receptors, whereas DOI does not. Indeed, the 5-HT,¢ receptor has been
an important focus in the study of hallucinogens, LSD in particular. For instance, LSD
stimulated PI hydrolysis in fibroblasts derived from rat choroid plexus, whereas the two
non-hallucinogens, (+)-2-bromo-LSD and lisuride, did not generate signals in this model
(Burris et al., 1991). These findings, along with those from the present report, maintain a
role for 5-HT,¢ receptors in LSD’s pharmacological mechanism of action. Though the 5-
HT,c receptor is not involved in hallucinogen-elicited rabbit head bobs (Dave et al., 2002;
Schindler et al., 2012) or rat head shakes (Schreiber et al., 1995), it has been associated with
mouse head twitch behavior (Canal et al., 2010; Fantegrossi et al., 2010). Furthermore, in rat
drug discrimination studies, both DOI and LSD generalized to the cue of n+
chlorophenylpiperazine (mCPP), a hallucinogenic compound with selective 5-HT,¢ receptor
activity (Callahan and Cunningham, 1994). Thus, there is clearly a role for 5-HT,¢ receptors
in the subjective effects of LSD and other hallucinogens, though it may not be manifested in
the non-murine head movement model.

3.4 Alternative signaling pathways

The current finding that LSD-elicited head bobs did not require PLC activation suggests that
LSD produces its behavioral effects through another signaling pathway. It has been shown,
for instance, that LSD, along with DOI and other 5-HT, agonists, stimulates arachidonic
acid (AA) release in cells expressing 5-HT,a receptors (Berg et al., 1998; Kurrasch-
Orbaugh et al., 2003; Moya et al., 2007). AA is released from membrane phospholipids
primarily through receptor-G-protein coupling followed by phospholipase A, (PLA)
activation. This intracellular effect is most clearly associated with inflammatory processes,
as AA is converted to prostaglandins and leukotrienes, but the significance ofAA in
neurotransmission and psychiatric disease is also apparent (Skosnik and Yao, 2003). The
AA release pathway shares downstream effects with the PI hydrolysis pathway, such as
neurotransmitter release, PKC activation, and gene regulation (Farooqui et al., 1997).
Furthermore, PI hydrolysis can indirectly lead to AA production through DAG. Thus,
activation of either pathway may conceivably lead to similar effects at the behavioral level.

Brain Res. Author manuscript; available in PMC 2014 January 23.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Schindler et al.

Page 7

The literature has indeed raised the issue of AA release in stereotyped head movement
behavior (Moya et al., 2007; Qu et al., 2005). Specifically, DOIl-elicited head twitches in
mice were associated with PLA, activation in brain regions known to have 5-HTa
receptors (Qu et al., 2005). Among various 5-HT,a agonists, however, a drug’s efficacy in
stimulating AA release did not correlate directly to its efficacy in eliciting head shakes in
rats (Moya et al., 2007). These findings support the consideration of AA release in the
mechanism of action of hallucinogens, although further study is required in order to
understand the precise contribution of this signaling pathway in their behavioral effects. For
example, just as the present study used a PLC enzyme inhibitor /in vivo, another group has
performed intracranial administration of a PLA, enzyme inhibitor to demonstrate the
importance of PLA, activation in rat models of short term and long term memory (Schaeffer
and Gattaz, 2005). Such a procedure could be replicated in head movement or other
behavioral models.

Another intracellular process that has recently been implicated in drug-elicited head
movement behavior is B-arrestin signaling. Previously, B—arrestin protein was primarily
associated with receptor desensitization and internalization, but B—arrestin was recently
found to be essential for 5-HT-elicited mouse head twitches (Schmid et al., 2008; Schmid
and Bohn, 2010). Interestingly, B—arrestin interactions were not required for head twitches
elicited by the hallucinogens, DOI and 5-MeO-DMT (Schmid et al., 2008; Schmid and
Bohn, 2010). The relevance of p-arrestin in LSD’s behavioral effects is not known. The
shared chemical structure between 5-HT and LSD might implicate B—arrestin in LSD’s
mechanism of action. On the other hand, LSD is a hallucinogen like DOI and 5-MeO-DMT,
which might preclude a role for p—arrestin in LSD’s effects. Though p-arrestin and PI
hydrolysis pathways also share some common downstream effects, such as ERK1/2
phosphorylation, the relevance of pathway-specific activation by various compounds in the
head movement model remains to be determined (Schmid et al., 2008). Further
experimentation with p—arrestin interactions, AA release, and other post-receptor processes
is essential to refine our understanding of the behavioral effects of hallucinogens and related
serotonergic drugs.

3.5 Conclusion

The current study suggests a distinction between DOI and LSD with regards to the role of
PLC activation/P1 hydrolysis in rabbit head bob behavior. The results of these experiments
demonstrate that the two hallucinogens can induce P1 hydrolysis in rabbit frontal cortex
through PLC activation, but only DOI uses this signaling pathway to elicit head bobs. This
pharmacological distinction may begin to address the specific differences in the psychogenic
effects of DOI and LSD in humans (Shulgin and Shulgin, 1991; Shulgin and Shulgin, 1997).
In conjunction with identifying roles of different receptors, the future study of hallucinogens
should consider Pl hydrolysis and other downstream effects of 5-HT receptor activation in
the mechanism of action of these compounds.

4. Materials and Methods

4.1 Subjects

Adult male New Zealand White rabbits (Covance; Devon, PA), weighing 1.8-2.2kg upon
arrival, were housed individually under a standard light-dark cycle of 12 hours with limited
access to chow and unlimited access to water in an AAALAC-approved colony maintained
at 22 + 1°C. Rabbits were adapted to the colony room and handled by the experimenter for
several days before the initiation of experiments. All animal experiments were approved by
the Institutional Animal Care and Use Committee at Drexel University College of Medicine.
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4.2 Drugs and solutions

Serotonin (5-HT)-HCI (FW 212.7), (x)-1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane
(DOI)-HCI (FW 357.6), lysergic acid diethylamide (LSD base; FW 323.4), pargyline-HCI
(FW 195.7), and lithium chloride (LiCl; FW 42.4) were purchased from Sigma-Aldrich (St.
Louis, MO). Ketanserin tartrate (FW 554.5) and SB206553-HCI (3,5-dihydro-5-methyl-/A\-3-
pyridinylbenzo[1,2-£:4,5-b']dipyrrole-1(2 H)-carboxamide hydrochloride; FW 328.8) were
purchased from Tocris Bioscience (Ellisville, MO). U73122 (1-[6-((17p-3-
methoxyestra-1,3,5(10)-trien-17-yl)amino)hexyl]-1H-pyrrole-2,5-dione; FW 464.7) and
U73343 (1-[6-((17p-3-methoxyestra-1,3,5(10)-trien-17-yl)amino)hexyl]-2,5-
pyrrolidinedione; FW 466.7) were purchased from Calbiochem (La Jolla, CA). Myo-
[2-3H]inositol was purchased from Perkin-Elmer (Boston, MA). Ketamine (100mg/mL),
xylazine (20mg/mL), and lidocaine (1% topical solution) were purchased from Henry
Schein (Indianapolis, IN). Unless otherwise specified, all other reagents and supplies were
purchased from Fisher Scientific (Pittsbugh, PA), Biorad (Richmond, CA), or Sigma-
Aldrich (St. Louis, MO). For PI hydrolysis studies. Serotonin and DOI were dissolved and
diluted in warm bubbled assay buffer (37°C; 95 O,:5 CO, gas; 130mM NaCl, 5mM KClI,
25mM NaHCOg, 1.2mM MgSQOy4, 2mM CaCly, 10mM dextrose). LSD was dissolved in 2%
tartaric acid, neutralized with NaOH, and diluted in warm bubbled assay buffer. Ketanserin
was first dissolved in water and then diluted in warm bubbled assay buffer. SB206553 was
dissolved in DMSO and diluted in warm bubbled assay buffer for a final DMSO
concentration of 0.3%. U73122 and U73343 were dissolved in dimethylformamide (DMF)
and diluted into warm bubbled assay buffer for a final DMF concentration of 0.1%. For
surgical procedures.: Ketamine and xylazine were injected intramuscularly (IM) in their
stock form. For intracortical infusions: DOI was dissolved in artificial cerebrospinal fluid
(aCSF; 147mM NaCl, 4mM KCl, 0.9mM MgCl,, 2.3mM CaCl,). LSD was dissolved in 2%
tartaric acid, neutralized with NaOH, and diluted with a modified aCSF solution that
adjusted for the sodium used in neutralization to give a final Na* concentration of 147mM.
U73122 and U73343 were dissolved in DMF and diluted into aCSF for a final DMF
concentration of 1%.

4.3 Pl hydrolysis

This assay was developed in part based on Berg et al. (Berg et al., 1998). Dissected frontal
cortices were cut into 350pm X 350m prisms using a Mcllwain tissue chopper and placed
in cold (4°C) Ca2*-free assay buffer bubbled with 950,: 5 CO, gas. After three washings to
remove debris, the tissue was incubated in bubbled assay buffer with gentle shaking at 37°C
for 30 minutes. Myo-[2-3H]inositol (Perkin-Elmer; SA=19.6-21.7Ci/mmol) was purified
over Dowex resin (AG-1-X8 100-200 mesh formate form; Biorad) and eluted with
deionized H,0O. The tissue was then washed in warm bubbled assay buffer containing 2mM
Ca?* and incubated for 90 minutes with myo-[2-3H]inositol at a concentration of 0.5LM.
After the labeling incubation, excess radioactivity was removed by washing the tissue four
times with warm bubbled assay buffer containing 2mM Ca2*. Next, 25p.L of gravity packed
tissue was aliquoted into Ca%*- containing assay buffer and incubated with LiCl (10mM)
and pargyline (10LM) for 15 minutes. When antagonist or enzyme inhibitor was used, it was
added along with LiCl and pargyline and the incubation was extended to 20 minutes.
Agonist was then added to make the final assay volume 250p.L. Assay tubes were gassed
with 95 0,:5 CO, gas, capped, and incubated for 60 minutes; gassing was repeated every 15
to 20 minutes during the incubation. The reaction was stopped with the addition of 1.5mL of
CHCl3 (100)/methanol (200)/HCI (1), followed by a 45 minute repose at room temperature.
Phase separation was performed with the addition of 0.5mL of CHCIl3 and 0.75mL of water,
followed by mixing and then centrifugation for 20 minutes at 200g. A 50p.L sample of the
organic phase was taken for determination of lipid radioactivity incorporation (via
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scintillation counting). A 1mL sample of the aqueous phase was diluted with 1mL deionized
H»0, applied to columns containing 0.5mL of a Dowex (1) : H,O (1) slurry.

Columns were then washed with 10mL of 5mM myuoinositol, 2 x 10mL of sodium
tetraborate (5mM )/sodium formate (60mM), and finally [3H]IP; was eluted with 5mL of
ammonium formate (0.2M)/sodium formate (1.0M). The final collection volume was
vortexed and sampled for scintillation analysis. Due to variability in the amount of tissue in
each assay tube, [3H]IP counts were normalized to the organic (membrane) radioactivity:
total [3H]IP4/(total [3H]IP; + total organic radioactivity). Samples of the organic layer were
periodically analyzed via thin layer chromatography (TLC) to confirm that the majority of
membrane radioactivity was [3H]phosphatidylinositol. The TLCs were performed on silica
gel plates (LK6D; Whatman; Clifton, NJ) impregnated with 1.3% potassium oxalate and
heat activated at 100°C for 30 minutes. Organic samples were dried under nitrogen (N5) gas,
redissolved in 10pL CHCI3 (95) : MeOH (5), and spotted onto individual lanes. Five
micrograms of standard PI (L-a.-phosphatidylinositol ammonium salt from bovine liver;
Sigma-Aldrich) was then applied to all lanes. The plate was dried and then run in a mobile
phase containing H,O (8) : CHClI3 (40): MeOH (13): acetic acid (12) : acetone (15). Run-
time was approximately 1.5 hours, upon which the plate was removed, dried, and then
exposed to iodine () vapors to stain PI. The plate was scraped in 1cm or 0.5cm sections
directly into scintillation vials which were counted 24 hours after the addition of scintillation
fluid. Radioactivity that co-migrated with authentic Pl was taken as [2H]PI.

4.4 Surgical implantation

Animals were anesthetized with a ketamine (60mg/kg)/xylazine (10mg/kg) solution (IM
injection) and mounted and secured onto a head-holder. The head was adjusted so that the
surface of the skull at bregma was 1.5mm above the surface of the skull at lambda. A double
barrel guide cannula was implanted into the medial prefrontal cortex at coordinates 5mm
anterior to bregma, 4mm below the surface of the skull at bregma, and 0.75mm to each side
of the midline using a Kopf stereotaxic apparatus (David Kopf Instruments, Tujunga, CA).
The components used for cannulation were obtained from Plastics One (Roanoke, VA). The
double barrel 28-guage obdurators were cut to fit flush with the tip of the 22-guage guide
cannula, which extended 11mm below the pedestal. The guide cannula was cemented to
three screws drilled into the skull and closed off with a double tip obdurator and screw-on
dust cap.

4.5 Intracortical infusion

Animals recovered for one week after surgery as well as between infusions. During each
recovery period, dummy and guide cannulae were cleaned carefully one time with ethanol.
Additionally, animals were also periodically exposed to the restrainer used for infusions. For
infusions, rabbits were comfortably restrained in a Plexiglas restrainer and the dust cap and
obdurator removed. Drug was loaded into tubing connected to a Harvard microinjection
pump (Instech Laboratories, Plymouth Meeting, PA) and the injector inserted into the guide
cannula. The 28-guage injector (Plastics One, Roanoke, VA) was designed in a double
fashion with 1.5mm separation and calibrated to extend 1mm beyond the tip of the guide
cannula. Drugs were infused bilaterally at a volume of 0.5u.L/side at a rate of 0.5p.L/min.
Hallucinogen (or vehicle) was infused 15 minutes after enzyme inhibitor (or vehicle)
infusion.

4.6 Animal behavior

After infusions, animals were placed back in their home cage (with food and water removed)
and video recorded for later analysis of head bobs. A head bob is a sequential down-up
motion of the head without intervening behaviors (e.g. sniffing, hopping) (Dave et al.,

Brain Res. Author manuscript; available in PMC 2014 January 23.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Schindler et al. Page 10

2002). Because drug-elicited head bobs did not differ from vehicle-elicited responses in the
first five minutes or beyond 45 minutes after infusion (data not shown), all head bob data are
derived from behavior observed between 5 and 45 minutes after infusion.

4.7 Statistical analysis

Data were reported as mean = standard error of the mean (SEM). Dose response curves were
generated using the curve fitting program GraphPad Prism 4 (GraphPad Software, Inc., La
Jolla, CA). The remaining data were analyzed via t-test, analysis of variance (ANOVA), or
2-way ANOVA. Post hoc Dunnett or Bonferroni test were carried out when applicable.
Significance for all statistical comparisons was set at p<0.05 using a two-tailed test.
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Figure 1. Hallucinogen-stimulated in vitro Pl hydrolysis

P1 hydrolysis was measured in rabbit frontocortical tissue prisms through release of [3H]IP;.
The concentration curves for 5-HT (A, n=4), DOI (B, n=3), and LSD (C, n=10) are shown.
The maximum concentration of LSD was 100p.M, whereas the maximum concentration for
5-HT and DOI was 1ImM.
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Figure 2. Effect of antagonistsin in vitro Pl hydrolysis
Frontocortical tissue prisms were pre-incubated with ketanserin (100uM), SB206553

(100p.M), or vehicle (control) 20 minutes prior to stimulation with 5-HT (A, n=6), DOI (B,
control n=10, antagonists n=4), or LSD (C, n=6). **p<0.01, ***p<0.001, post hoc Dunnett
test, significantly different from vehicle pre-incubation
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Figure 3. Effect of PLC inhibition in in vitro Pl hydrolysis
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Frontocortical tissue prisms were pre-incubated with U73122 (100.M) or vehicle (control)
20 minutes prior to stimulation with 5-HT, DOI, or LSD (n=4). **p<0.01, ***p<0.001, post

hoc Bonferroni test, significantly different from vehicle
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Figure 4. Head baobs after intracortical hallucinogen infusion

DOl (3 and 10nmol/side, n=12; A) or LSD (3 and 10nmol/side, n=16; B) were infused
bilaterally into the medial prefrontal cortex at a rate of 0.5..L/min. The vehicle (control) for
DOI was aCSF (n=12) and the vehicle (control) for LSD was tartaric acid/NaOH/modified
aCSF (n=6; see Methods section 2.2). *p<0.05, **p<0.01, ***p<0.001, post hoc Dunnett
test, significantly different from control group
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Figure5. PLC inhibition of head bobs

Rabbits were infused with U73122 (1nmol/side, n=14), U73343 (1nmol/side, n=12), or
vehicle (1% DMF in aCSF, n=4) 15 minutes before infusion with DOI (A) or LSD (B).
***n<0.001, post hoc Dunnett test, significantly different from control group
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Figure 6. Surgical placement of cannulae

After infusion studies were completed, animals were sacrificed by cardiac perfusion and
brains sliced and stained with Cresyl Violet for placement verification. A representative
image showing the area of cannula termination in the medial prefrontal cortex is shown in
panel A. Panel B shows cannula placement in a reference image adapted with permission
from http://brainmuseum.org, supported by the US National Science Foundation
(Oryctolagus cuniculus plate #440). mPFC denotes medial prefrontal cortex and the bilateral
lines represent surgical placement of the cannulae (B).
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