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Abstract

Because of the ethical and regulatory hurdles associated with human studies, much of what is
known about the psychopharmacology of hallucinogens has been derived from animal models.
However, developing reliable animal models has proven to be a challenging task due to the
complexity and variability of hallucinogen effects in humans. This chapter focuses on three animal
models that are frequently used to test the effects of hallucinogens on unconditioned behavior:
head twitch response (HTR), prepulse inhibition of startle (PPI), and exploratory behavior. The
HTR has demonstrated considerable utility in the neurochemical actions of hallucinogens.
However, the latter two models have clearer conceptual bridges to human phenomenology.
Consistent with the known mechanism of action of hallucinogens in humans, the behavioral effects
of hallucinogens in rodents are mediated primarily by activation of 5-HToa receptors. There is
evidence, however, that other receptors may play secondary roles. The structure—activity
relationships (SAR) of hallucinogens are reviewed in relation to each model, with a focus on the
HTR in rats and mice.
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1 Introduction

Because of the difficulties associated with hallucinogen studies in human subjects,
investigations of the mechanism of action of serotonergic hallucinogens have relied heavily
on animal models. Most clinical work with hallucinogens ceased in the early 1970s;
although human testing resumed in 1994 and has accelerated in recent years (e.g., Griffiths
et al. 2006; Grob et al. 2011; Carhart-Harris et al. 2012; Schmid et al. 2015), animal
behavioral models remain the primary methodology used to characterize the pharmacology
of hallucinogens in vivo. In fact, much of what is known about the actions of this class has
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been derived from animal behavioral models. Drug discrimination studies in rats provided
some of the first evidence that 5-HT,p activation is responsible for mediating the behavioral
effects of hallucinogens (Glennon et al. 1983, 1984), a finding later confirmed in human
volunteers (Vollenweider et al. 1998; Kometer et al. 2013). Animal models have also
provided important insights into the structure—activity relationships of hallucinogens and the
downstream signaling events responsible for mediating their effects. They have also helped
to elucidate how the expression of hallucinogen effects is regulated by a variety of receptors
and transporters (Gonzalez-Maeso et al. 2007, 2008; Canal and Morgan 2012; Nichols
2012). Importantly, there is a highly significant and robust correlation between the potencies
of hallucinogens in humans and in animal behavioral models (Glennon et al. 1984).

Given the complexity, variety, and variability of the effects of hallucinogens in humans, it
has been difficult to define animal behavioral models of hallucinogenic activity. Few
methods have satisfied the criteria for an animal model of acute hallucinogenic activity, as
we have discussed elsewhere (Adams and Geyer 1985b; Segal and Geyer 1985; Geyer and
Krebs 1994). Behavioral models of hallucinogen effects can be divided into two classes: (1)
models based on behaviors that are analogous to the effects of hallucinogens in humans and
(2) models with no human counterpart. The first type of model is often preferred because
they have a conceptual link to human phenomenology, and therefore can be used to
investigate the mechanisms responsible for the human response to hallucinogens. Such
models may exhibit construct validity to the degree that they assess the same behavioral and
physiological effects observed in humans administered hallucinogens. On the other hand, the
second type of model often has considerable predictive validity but not construct validity
since it is unclear how the behaviors being studied relate to the effects of hallucinogens in
humans. Numerous animal models of hallucinogen effects have been proposed used over the
last four decades, but most were found to lack specificity or to suffer from other drawbacks.
In this chapter, we review the effects of hallucinogens on three unconditioned behaviors:
HTR, prepulse inhibition (PPI) of startle, and exploratory behavior. Drug discrimination,
another popular model of hallucinogen effects, will be addressed in a separate chapter.

2 Head Twitch Response

Serotonergic hallucinogens induce a variety of spontaneous unconditioned movements in
laboratory animals, including ear scratching (mice), limb flicks (cats), and head bobs
(rabbits). Hallucinogens also elicit the head twitch response (HTR), a paroxysmal rotational
shaking of the head, in mice. The HTR is similar to the head shaking reflex induced by
mechanical or chemical irritation of the pinna. The kinematics of the HTR induced by the
hallucinogen 2,5-dimethoxy-4-iodoamphetamine (DOI) in mice have been extensively
characterized in C57BL/6J mice (Halberstadt and Geyer 2013). When mice make a head
twitch, the head repeatedly twists from side-to-side, with each individual head movement
lasting approximately 10 ms. Rats also display head twitches after administration of
hallucinogens, but in that species the response is a mixture of head shakes and whole-body
shakes similar to the behavior of dogs emerging from the water. Hence, in rats the behavior
is sometimes referred to as a wet dog shake (WDS).
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Although the hallucinogen-induced HTR is most commonly associated with rats and mice,
hallucinogen-induced shaking has been observed in many other species. According to
observational studies, Stumptail macaque monkeys (Macaca arctotdes) exhibit a WDS-like
behavior after administration of serotonergic hallucinogens (Schlemmer and Davis 1986).
DOl reportedly produces a robust HTR in the least shrew (Darmani et al. 1994). In addition
to limb flicks, cats also make head and body shakes after administration of LSD (Jacobs et
al. 1976, 1977).

In recent years, the HTR has been widely adopted as a behavioral proxy in rodents for
human hallucinogen effects. There are several reasons why use of the HTR has become so
common in preclinical behavioral studies of hallucinogens. Most importantly, the HTR is
one of only a few behaviors that can reliably distinguish hallucinogenic and non-
hallucinogenic 5-HT,a agonists (Gonzalez-Maeso et al. 2007). The HTR has also proven
useful for characterizing the behavioral and neurochemical interactions between the
serotonergic system and a variety of other neurotransmitters and neuromodulators, including
dopamine, norepinephrine, glutamate, opioids, and cannabinoids (Canal and Morgan 2012).
Another reason for the widespread use of this behavior is that it can be assessed by direct
observation, and therefore studies do not require specialized training or equipment.
Nevertheless, although the observational methods used in HTR studies are accurate, they are
also extremely labor intensive and do not allow the behavior to be analyzed in a qualitative
fashion or with great temporal precision. As we have recently shown, however, a head-
mounted magnet and a magnetometer coil can be used to detect head twitches with high
sensitivity and specificity, providing a semi-automated assessment of the response
(Halberstadt and Geyer 2013). Our studies to date have confirmed that this method markedly
increases the throughput of HTR studies.

2.1 Ergolines

LSD is the first hallucinogen that was shown to induce shaking behavior in laboratory
animals. In the course of a behavioral study with LSD in rats, Winter and Flataker (1956)
made the following observation:

When LSD is injected intraperitoneally...the first sign can be observed within 1-2
min, and consists of hyperactivity. The animal explores its cage more busily than
usual. After 2 or 3 min, this activity is interrupted momentarily while the animal
violently shakes his head; this shaking may be so pronounced that it involves not
only the head but the entire body.

Later that year, it was reported (Keller and Umbreit 1956) that LSD induces head shaking in
mice. However, it does not appear that the behavior observed by Keller and Umbreit is
identical to the HTR because the response was only expressed in response to light tactile
stimulation of the head and did not occur spontaneously in mice treated with LSD.
Furthermore, mescaline did not elicit the same response, even though it is well known that
mescaline induces the HTR in mice. Follow-up studies by other groups failed to replicate the
finding that LSD facilitates shaking induced by tactile stimuli (Corne et al. 1963).
Nevertheless, it was subsequently confirmed that LSD induces the HTR in mice, rats, and
cats (Corne and Pickering 1967; Silva and Calil 1975; Jacobs et al. 1976; Bedard and
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Pycock 1977). LSD is highly potent, inducing the HTR with an ED5g of 53 pg/kg (133
nmol/kg) in mice (Halberstadt and Geyer 2013).

Very few lysergamides other than LSD have been investigated in HTR studies. Mice display
head twitches in response to 1-methyl-LSD, which is reportedly about half as potent as LSD
(Corne and Pickering 1967). The potency in mice is consistent with human studies
indicating that 100 ug 1-methyl-LSD produces hallucinogenic effects roughly comparable to
35 g LSD (Abramson et al. 1958). 1-Propionyl-LSD (1P-LSD) has recently been sold
online as a “research chemical” and reportedly produces LSD-like hallucinogenic effects.
We have confirmed that 1P-LSD induces the HTR in mice with about one-third the potency
of LSD (1P-LSD: EDsgq = 159 pg/kg or 350 nmol/kg; Brandt et al. 2016). Two other
lysergamides sold as “research chemicals,” AB-allyl-6-n10r-LSD (AL-LAD) and (2’ 54" 9)-
lysergic acid 2,4-dimethylazetidide (LSZ), have also been shown to induce the HTR (Brandt
et al. 2017). The potency of LSZ (EDsg = 114 nmol/kg) is approximately the same as LSD,
whereas AL-LAD is slightly less potent (ED5g = 175 nmol/kg). The ergot alkaloid
ergometrine (also known as ergonovine or (+)-lysergic acid p-propanolamide) is a uterotonic
and is used to reduce post-partum bleeding. According to anecdotal reports, ergometrine
produces minor LSD-like effects at p.o. doses of 2-10 mg (Wasson et al. 1978; Bigwood et
al. 1979). Consistent with the weak hallucinogenic activity of ergometrine, two groups have
observed the HTR in mice treated with high doses of ergometrine (Corne and Pickering
1967; Balsara et al. 1986). Finally, as discussed below, non-hallucinogenic lysergamides
such as lisuride and ergotamine fail to induce head twitches in mice and rats.

Lsz

The activity of LSD is very sensitive to halogenation at the 2-position of the indole ring. 2-
Bromo-LSD, also known as BOL-148, is a non-hallucinogenic derivative of LSD that acts as
a 5-HTya antagonist (Burris et al. 1991). As expected, 2-bromo-LSD does not produce the
HTR in mice or cats (Corne and Pickering 1967; Jacobs et al. 1976).

2.2 Phenylisopropylamines

Many 4-substituted derivatives of 2,5-dimethoxyamphetamine (2,5-DMA) are potent
hallucinogens and several are known to induce the HTR. The most important examples are
the 4-methyl (DOM), 4-bromo (DOB), and 4-iodo (DOI) derivatives. DOI is widely used in
HTR studies due to the fact that it produces a robust response, is commercially available,
and is uncontrolled throughout most of the world (Canal and Morgan 2012). According to
Schreiber et al. (1995), the ED5 for DOI in rats is 0.78 mg/kg (2.43 pmol/kg). To our
knowledge, the EDgq of DOI in mice has not been reported. Most studies have shown that
the response to DOI peaks at doses between 1 and 5 mg/kg (Darmani et al. 1990; Schreiber
et al. 1995; Canal et al. 2010; Fantegrossi et al. 2010). DOM and DOB are essentially
equipotent with DOI (Yamamoto and Ueki 1975; Wieland et al. 1990; Fantegrossi et al.
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2005a). Reports also indicate that DOM, DOB, and frans-2-(2,5-dimethoxy-4-
methylphenyl)-cyclopropylamine (DMCPA) produce head shakes and body shakes in cats
(Nichols et al. 1978; Rusterholz et al. 1978).

Phenylisopropylamine hallucinogens are chiral molecules with one stereocenter. According
to several reports, DOM, DOB, DOI, and DOET have stereoselective effects in humans, and
the R-(-)-isomers are the eutomers (Shulgin et al. 1971; Shulgin 1973; Snyder et al. 1974;
Shulgin and Shulgin 1991). Drug discrimination studies have confirmed that that the R-(-)-
isomers of phenylisopropylamine hallucinogens are more potent than their S-(+)
enantiomers (Glennon et al. 1982a, b, 1986, 1987). Several head twitch studies have
compared the enantiomeric potency of the stereocisomers of phenylisopropylamine
hallucinogens. For example, Glennon and colleagues reported that 2.5 mg/kg ~-(-)-DOI
produces almost twice as many head twitches as 2.5 mg/kg S-(+)-DOI in mice (Darmani et
al. 1990). Another study compared the effects of the stereocisomers of DOM and DMCPA in
cats (Nichols et al. 1978). When administered at 0.125 mg/kg, the R-(-)-isomers provoked
head and body shaking, whereas their S-(+)-enantiomers failed to elicit a response.
Likewise, tests of 7-(-)- and S-(+)-DOB over a wide range of doses confirmed that ~7-(-)-
DOB is more potent and effective than S-(+)-DOB (Rusterholz et al. 1978). These results
clearly show that phenylisopropylamine hallucinogens produce the HTR in a stereospecific
manner.

Methylenedioxy-substituted phenylisopropylamines have been assessed in head twitch
studies. Racemic 3,4-methylenedioxyamphetamine (MDA) and S-(+)-MDA reportedly
induce WDS in monkeys and rats, respectively (Schlemmer and Davis 1986; Hiramatsu et
al. 1989). Although (£)-3,4-methylenedioxymethamphetamine (MDMA, Ecstasy) does not
induce the HTR in mice, both of the stereoisomers of MDMA have been shown to elicit the
response (Fantegrossi et al. 2004, 2005b). 5-HT depletion inhibits the response to S-(+)-
MDMA but does not alter the response to A-(—)-MDMA, suggesting the isomers act through
different mechanisms (Fantegrossi et al. 2005b). This suggestion is consistent with the fact
that S-(+)- and R-(-)-MDMA exhibit qualitatively distinct pharmacological profiles, with
the S-(+)isomer working primarily as a monoamine releaser (Johnson et al. 1986; Baumann
et al. 2008; Murnane et al. 2010) and the R-(-)-enantiomer acting directly through 5-HT;a
receptors (Lyon et al. 1986; Nash et al. 1994). In contrast to their effects in mice, Hiramatsu
reported that S-(+)- and ~-(-)-MDMA fail to produce WDS in rats (Hiramatsu et al. 1989).
The discrepant findings with MDMA in mice and rats may reflect species differences in
sensitivity to the HTR (see below for further discussion).

2.3 Phenethylamines

There is some disagreement in the literature regarding whether phenethylamine
hallucinogens induce the HTR. Mescaline produces the HTR in rats and mice (Silva and
Calil 1975; Yamamoto and Ueki 1975; Gonzalez-Maeso et al. 2007). Likewise, 2,5-
dimethoxy-4--propylthiophenethylamine (2C-T-7) has been shown to induce the HTR in
mice (Fantegrossi et al. 2005a; Smith et al. 2014). Mice treated with theconformationally
restricted phenethylamine (4-bromo-3,6-dimethoxybenzo-cyclobuten-1-yl)methylamine
(TCB-2) exhibit head twitches (Fox et al. 2010a). In contrast to those findings, Moya and
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colleagues reported that 2,5-dimethoxy-4-iodophenethylamine (2C-I), 2,5-dimethoxy-4-
bromophenethylamine (2C-B), and 2,5-dimethoxy-4-methylphenethylamine (2C-D) do not
produce the HTR in rats, even after administration of relatively high doses (Moya et al.
2007). Our experiments, however, have shown that 2C~I induces the HTR in mice with an
EDsq of 0.83 mg/kg (2.42 umol/kg; Halberstadt and Geyer 2014). It appears that mice are
more sensitive than rats to the HTR induced by 5-HT,p partial agonists, which may explain
why mouse and rat studies sometimes yield disparate results. For example, m-
trifluoromethylphenylpiperazine (TFMPP), a weak 5-HToa partial agonist (Grotewiel et al.
1994), produces head twitches in mice (Yarosh et al. 2007) but not in rats (Arnt and Hyttel
1989; Schreiber et al. 1995). 2C-I has relatively low intrinsic activity at 5-HT,a (Acufia-
Castillo et al. 2002; Parrish et al. 2005; Moya et al. 2007), so may not have sufficient
efficacy to provoke the HTR in rats.

Although A-alkyl substitution attenuates the potency and 5-HT receptor affinity of
phenethylamine hallucinogens (Shulgin and Shulgin 1991; Glennon et al. 1994), the addition
of an A-benzyl group results in a dramatic increase in potency (Braden et al. 2006). Potency
is increased even further if a polar oxygen substituent is present at the 2-position of the A~
benzyl group. For example, 2C-I is active in humans at doses ranging from 14 to 22 mg
(Shulgin and Shulgin 1991), whereas the A-(2-methoxybenzyl)-substituted derivative 25I-
NBOMe is active at doses of 500-800 pg. We found that 251-NBOMe is highly potent in
mice, inducing the HTR with an EDsq of 78 pg/kg (0.17 pmol/kg), making it 14-fold more
potent than 2C-I (Halberstadt and Geyer 2014) and only slightly less potent than LSD. The
4-bromo analog 25B-NBOMe reportedly induces the HTR in mice at 0.5 mg/kg but not at
0.05 mg/kg (Ettrup et al. 2013). Fantegrossi et al. reported that the HTR to N-(2-
hydroxybenzyl)-2,5-dimethoxy-4-cyanophenethylamine (25CN-NBOH), another A-benzyl-
substituted phenethylamine, peaks at 1 mg/kg (Fantegrossi et al. 2014). Studies in our
laboratory have confirmed that 25CN-NBOH produces the HTR with an EDsg = 0.36 mg/kg
(1.03 pmol/kg; Halberstadt et al. 2016a).

We have used the HTR to characterize a series of 251-NBOMe analogs with varied
substituents on the A-benzyl ring (Nichols et al. 2015). As shown in Table 1, the ability of
251-NBOMe to induce the HTR is dramatically altered if the position of the methoxy group
on the A-benzyl ring is altered or if the group is replaced by bromine. Compared with 25I-
NBOMe, the analog with a meta-methoxy group (251-NB30Me) is markedly less potent,
whereas the para-methoxy analog (251-NB4OMe) is completely inactive. Replacing the
ortho-methoxy moiety of 251-NBOMe with bromine resulted in a dramatic reduction in
potency. Although the ortho-bromo-substituted compound (251-NB2B) is active,
rearrangement of the bromine to either the meta- or para-position was not tolerated, and no
HTR was observed with 251-NB3B or 25I1-NB4B at doses up to 30 mg/kg. The N-(2,3-
methylenedioxybenzyl) analog 251-NBMD is significantly less potent than 251-NBOMe and
shows the same potency as the non-benzylated parent compound 2C-I. Therefore, it appears
that for AV~benzylphenethylamines the highest potency in the HTR assay is associated with
an ortho-substituent on the benzyl ring, especially if the substituent contains an oxygen
atom.

Curr Top Behav Neurosci. Author manuscript; available in PMC 2019 January 01.
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2.4 Tryptamines

A variety of tryptamine hallucinogens have been tested for HTR activity. There have been
several reports that DMT elicits head twitches in mice (Corne and Pickering 1967,
Gonzalez-Maeso et al. 2007; Carbonaro et al. 2015). One study found that DMT did not
produce a significant HTR (Fantegrossi et al. 2006), but that may have been a consequence
of using a strain of mice (NIH-Swiss) that is hypo-responsive to hallucinogen-induced HTR
(Canal and Morgan 2012). The HTR has also been observed in rodents treated with A~
methyl-A-ethyltryptamine (MET), N, A-diethyltryptamine (DET), N, A=dipropyltryptamine
(DPT), N, N-diisopropyltryptamine (DIPT), and N, A-diallyltryptamine (DALT) (Fantegrossi
et al. 2008; Smith et al. 2014; Carbonaro et al. 2015; Halberstadt and Klein, unpublished
observations). Likewise, the HTR is induced by ring-substituted tryptamines, including
psilocin, psilocybin, 5-MeO-DMT, and 5-MeO-DIPT (Corne and Pickering 1967; Bedard
and Pycock 1977; Fantegrossi et al. 2006; Gonzalez-Maeso et al. 2007; Halberstadt et al.
2011). The HTR also occurs in mice after administration of 1-methylpsilocin (Halberstadt et
al. 2011). As shown in Fig. 1, 1-methylpsilocin acts with an EDsgg of 0.70 mg/kg (3.22 pmol/

kg).

Several side-chain-substituted tryptamine hallucinogens have been assessed. a-
Methyltryptamine (AMT) induces the HTR in mice but is not very potent (Corne and
Pickering 1967). The 5-fluoro- and 6-fluoro- derivatives of AMT also induce head twitches
(Tadano et al. 1995). The HTR has also been observed in mice treated with 5-MeO-AMT
(May et al. 2006), which is known to be a potent hallucinogen with long-lasting effects
(Shulgin and Nichols 1978; Kantor et al. 1980).

A series of A-benzyl derivatives of 5-methoxytryptamine have been characterized (Table 2).
Although several A-benzyl-5-methoxytryptamines produce the HTR, none of the
compounds are particularly potent (Nichols et al. 2015). In contrast to the A-
benzylphenethylamines, where compounds with an ortho-substituted benzyl group were the
most active, activity in the A-benzyl-5-methoxytryptamines was linked to the presence of a
meta-substituent. Almost all the meta-substituted A-benzylated-5-methoxytryptamines were
active, including compounds with 3-methyl, 3-methoxy, 3-fluoro, 3-chloro, 3-bromo, and 3-
iodo groups (see Table 2). With the exception of the 2-methoxy-substitued compound (5MT-
NB20Me), which elicited the HTR with an EDgq of 3.15 mg/kg (9.08 umol/kg), none of the
compounds with ortho- or para-substituted benzyl groups produced a response at doses up to
30 mg/kg.

2.5 Receptor Mechanisms for the Hallucinogen Head Twitch Response

The 5-HT,a receptor is believed to be responsible for the hallucinogen HTR. It was reported
as early as 1967 that the nonselective 5-HT antagonists methysergide and cyproheptadine
block the ability of LSD and other hallucinogens to induce the HTR (Corne and Pickering
1967); subsequent studies confirmed that many other 5-HT antagonists ameliorate the
response. The first evidence that the 5-HToa receptor is specifically involved appeared in
1982 when Leysen reported that the potency of 19 5-HT antagonists to block the HTR to
mescaline is highly correlated (r= 0.88) with their 5-HT binding affinity (Leysen et al.
1982). Subsequently, a similar correlation (= 0.83) was shown to exist for blockade of the
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HTR to DOI (Schreiber et al. 1995; Dursun and Handley 1996). The ability of hallucinogens
to elicit the HTR is blocked by the highly selective 5-HT,4 antagonists M100907 and MDL
11,939 (Vickers et al. 2001; Fantegrossi et al. 2006, 2008, 2010; Fox et al. 2010a;
Halberstadt and Geyer 2014; Carbonaro et al. 2015). Several studies have also reported that
hallucinogens do not produce head twitches in knockout mice lacking the 5-HT,p receptor
gene (Gonzalez-Maeso et al. 2007; Halberstadt et al. 2011; Fig. 1). Importantly, however, the
ability of hallucinogens to elicit the HTR can be rescued in 5-HT,a knockout mice by
selective restoration of 5-HT,a receptors in forebrain regions (Gonzalez-Maeso et al. 2007).

5-HT,¢ activation is not required for hallucinogens to induce head twitches. DOI produces
head twitches in 5-HT,¢c knockout mice, although the response is somewhat blunted
compared to wild-type mice (Canal et al. 2010). Furthermore, extensive testing has
confirmed that the response to DOI is not blocked by the 5-HT,¢/»g antagonist SB
200,646A (Kennett et al. 1994; Schreiber et al. 1995; Wettstein et al. 1999) or by the
selective 5-HT,¢ antagonists SB-242,084 and RS102221 (Vickers et al. 2001; Fantegrossi et
al. 2010). It is also important to note that 25CN-NBOH, a 5-HT,a-selective agonist (Hansen
et al. 2014), induces the HTR in mice (Fantegrossi et al. 2014; Halberstadt et al. 2016a). The
fact that a selective 5-HT,a agonist produces head twitches indicates that 5-HTo¢ activation
is not required to elicit shaking behavior. Indeed, the response to 25CN-NBOH is
completely ameliorated by pretreatment with M100907 but not by RS102221 (Fantegrossi et
al. 2014).

Evidence demonstrates that the 5-HT,¢ receptor modulates expression of head twitch
behavior. There is disagreement in the literature, however, regarding whether the response is
inhibited or augmented by 5-HT,c activation. According to Vickers and colleagues (Vickers
et al. 2001), the nonselective 5-HT ¢ agonists Ro 60-0175, MK-212, and mCPP do not
induce the HTR when administered alone, but they do provoke the behavior if they are
administered in combination with a 5-HT,¢c antagonist. Several studies have also reported
that 5-HT ¢ agonists attenuate the HTR produced by treatment with DOI (Berendsen and
Broekkamp 1990; Schreiber et al. 1995; Siuciak et al. 2007; Fantegrossi et al. 2010; Canal et
al. 2013). Taken together, these findings indicate that 5-HT,¢ activation inhibits the HTR.
Conversely, one group has claimed that pretreatment with a 5-HT,¢ antagonist reduces the
magnitude of the HTR produced by DOI by ~50% in C57BL/6J and DBA/2J mice (Canal et
al. 2010, 2013). Although the latter findings indicate that 5-HT,¢ activation augments the
HTR, it is not clear why 5-HT,¢ blockade attenuates the HTR in some studies but has no
effect in others (see above). Although it has been proposed that strain differences may
underlie these differences (Fantegrossi et al. 2010), unpublished studies in our laboratory
have confirmed that SB-242,084 does not significantly reduce the intensity of the HTR
induced by 1-methylpsilocin in C57BL/6J mice (Fig. 1). Therefore, 5-HT,¢ antagonists do
not appear to consistently attenuate the HTR in C57BL6J mice. Because 1-methylpsilocin
has higher affinity for 5-HT,¢ versus 5-HT > sites (Sard et al. 2005), we hypothesized that
it was an excellent candidate to test whether crosstalk occurs between 5-HT, subtypes.

Detailed pharmacological analysis of the DOI dose-response curve has provided additional
evidence that the 5-HT,¢ receptor can block or usurp 5-HT,a-mediated responses. DOI
produces biphasic dose-responses in some strains of mice and rats, with a marked response
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decrement occurring at higher doses. This pattern of response occurs in Sprague-Dawley rats
(Pranzatelli 1990; Wettstein et al. 1999), outbred Swiss mouse strains (Fantegrossi et al.
2010), and in DBA/2J mice (Canal et al. 2010). Although SB-242,084 has no effect on the
ascending arm of the DOI response function in NIH-Swiss and Swiss Webster mice, it shifts
the descending arm of the DOI response to the right in those strains, indicating that the
response elicited by high doses of DOI is attenuated by recruitment of 5-HT,¢ (Fantegrossi
et al. 2010).

Like DOI, the HTR induced by 25CN-NBOH shows a similar biphasic dose-response
function (Fantegrossi et al. 2014). In contrast to DOI, however, 5-HT¢ blockade does not
alter the descending arm of the response to 25CN-NBOH. The fact that a selective 5-HTop
agonist produces a biphasic response demonstrates that the inhibition of the HTR at high
doses is not always a consequence of competing activity at 5-HT,¢. Alternatively, high
levels of 5-HT,a activation may provoke competing behaviors that interfere with expression
of shaking behaviors. Along these lines, high doses of quipazine, 5-MeO-DMT, and LSD are
known to produce stereotypic behaviors that can mask head shakes and wet dog shakes in
rats (Bedard and Pycock 1977; Matthews and Smith 1980; Heal et al. 1986).

2.6 Effect of Lisuride

The ergoline derivative lisuride is a structural analog of LSD that shows a similar binding
profile at monoamine receptors. Although lisuride acts as a 5-HTo4 agonist (Egan et al.
1998; Kurrasch-Orbaugh et al. 2003; Cussac et al. 2008), it does not produce hallucinogenic
effects (Herrmann et al. 1977; Verde et al. 1980; Raffaelli et al. 1983; Benes et al. 2006).
Nevertheless, lisuride produces false-positive results in some animal models used to study
hallucinogens. For example, some drug discrimination studies have shown that rats trained
with LSD, DOI, and DOM will generalize to lisuride (White and Appel 1982; Glennon and
Hauck 1985; Fiorella et al. 1995; Appel et al. 1999). Likewise, both lisuride and LSD
produce limb flicks and abortive grooming in cats (Marini et al. 1981). One of the reasons
why the HTR is widely used as a behavioral model for human hallucinogen effects is that it
can reliably distinguish hallucinogenic and non-hallucinogenic 5-HT,a agonists (Gonzalez-
Maeso et al. 2007). Even high doses of lisuride (e.g., 3.2 mg/kg) fail to elicit HTR in mice;
in comparison, LSD produces head twitches at doses as low as 0.05 mg/kg (Halberstadt and
Geyer 2013). The effects of LSD and lisuride on HTR are illustrated in Fig. 2. It is not clear
why lisuride is not hallucinogenic but the behavioral differences between LSD and lisuride
may be a consequence of 5-HT,a functional selectivity (Gonzalez-Maeso et al. 2007).
Specifically, LSD and other hallucinogens may activate signaling mechanisms that are not
recruited by lisuride.

An alternative explanation for the lack of a HTR to lisuride is that the drug does not activate
the 5-HT 4 receptor with sufficient efficacy to induce the behavior. Lisuride acts as a weak
5-HT,p partial agonist (Rabin et al. 2002; Cussac et al. 2008). Results obtained with lisuride
in discrimination studies are consistent with the action of a partial agonist. Specifically,
lisuride produces full substitution in rats trained to discriminate DOM (1.0 mg/kg IP), but
the response to the training drug is attenuated by 50% when it is administered in
combination with 0.01 mg/kg lisuride (Glennon 1991). Lisuride reportedly produces head
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twitches in the least shrew (Darmani et al. 1994), a non-rodent species that is highly
sensitive to 5-HTya activation. Hence, it cannot be excluded that lisuride fails to induce the
HTR in rats and mice because it is a weak partial agonist.

Quipazine

The arylpiperazine quipazine is another example of a drug that is commonly classified as a
hallucinogen false-positive. Quipazine acts as a nonselective 5-HT receptor agonist. In
addition to inducing the HTR in rats and mice (Malick et al. 1977; Schreiber et al. 1995),
quipazine also produces cross-generalization with serotonergic hallucinogens in drug
discrimination studies (White et al. 1977; Winter 1979; Colpaert et al. 1982). Quipazine is
considered to be a false-positive result because it did not produce hallucinogenic effects
when tested in humans at a dose of 25 mg p.o. (Winter 1994). However, subjects treated with
quipazine experienced nausea and gastrointestinal discomfort—potentially due to 5-HT3
receptor activation—which severely limits the dose that can be administered to humans.
According to Shulgin, quipazine does produce a psychedelic response when administered in
combination with a 5-HT3 antagonist (Shulgin et al. 2011). In summary, quipazine may not
actually be a hallucinogen false-positive.

2.8 Neuroanatomical Locus for the Head Twitch Response Induced by 5-HT,5 Receptor

Activation

The HTR induced by the 5-HT precursor 5-hydroxytryptophan (5-HTP) is not blocked by
xylamidine, an antagonist of peripheral 5-HT receptors (Matthews and Smith 1980).
Furthermore, DOI induces the HTR when administered by the intracerebroventricular (ICV)
route (Hawkins et al. 2002; Nakagawasai et al. 2007). These findings are consistent with a
central site of action, but there is some disagreement regarding the neuroanatomical locus
for the HTR. Injection of DOI directly into the medial prefrontal cortex (PFC) induces the
HTR in rats (Willins and Meltzer 1997; Ciccocioppo et al. 1999). Likewise, the loss of the

HTR in 5—HT;A/ ~ knockout mice can be rescued by restoration of 5-HT,p receptors to
glutamatergic forebrain neurons (Gonzalez-Maeso et al. 2007). Other evidence, however,
indicates that the PFC is not required for the HTR induced by 5-HT agonists. The ability of
quipazine and 5-HTP to induce the HTR in rats is unaffected by ablation of the frontal
cortex (Lucki and Minugh-Purvis 1987). The HTR still occurs if the brain is sliced
transversely at the level of the anterior commissure, but is abolished by transection at the
level of the posterior commissure, indicating that the HTR is mediated by structures in the
caudal diencephalon and medial brainstem (Bedard and Pycock 1977). According to studies
in rats, WDS can be induced by infusion of DOI into the ventromedial brainstem (Watson
and Gorzalka 1992) or by infusion of 5-MeO-DMT into the caudal part of the
periaqueductal gray (Webster et al. 1982). In summary, there appear to be multiple
populations of 5-HTo4 receptors in different brain regions that can elicit the HTR, although
the region(s) that are responsible for the HTR induced by systemic administration of 5-HT
receptor agonists have not been conclusively identified.
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2.9 Signal Transduction Mechanisms Underlying the Head Twitch Response

The 5-HT>a receptor can couple to multiple signaling pathways but the specific effector
mechanisms responsible for the HTR have not been identified conclusively. The Gg/11-PLCB
cascade is the canonical signaling pathway recruited by 5-HT,a activation, resulting in
phosphoinositide (PI) hydrolysis and mobilization of intracellular Ca2*. Although the Gq-
PLC-PI cascade is usually assumed to mediate the behavioral response to hallucinogens, that
does not actually appear to be the case. There is no correlation between 5-HT,4-induced Pl
hydrolysis and LSD-like stimulus effects (Rabin et al. 2002). Despite having profound
hallucinogenic effects, LSD stimulates Pl hydrolysis with low efficacy (Kurrasch-Orbaugh
et al. 2003; Knauer et al. 2009). Conversely, lisuride stimulates P1 hydrolysis via 5-HTya
receptors (Burris et al. 1991; Rabin et al. 2002; Kurrasch-Orbaugh et al. 2003; Gonzélez-
Maeso et al. 2007; Cussac et al. 2008), but is not hallucinogenic. Indeed, the ability of DOI

to induce the HTR is only blunted 35-40% in Gg/* mice (Garcia et al. 2007), indicating that
other signaling pathways are likely involved in the behavior.

We recently found that for several A-benzyl-substituted tryptamines and phenethylamines
there is a significant correlation (r=0.69) between EDs5( values for head twitch and ECgg
values for increasing levels of intracellular Ca2* via 5-HT,a (Nichols et al. 2015).
Conversely, HTR potency is not correlated with 5-HT¢ activation (7= 0.17). Although Ca2*
mobilization is usually thought to be a direct downstream consequence of G4-PLC
activation, other contributing factors may exist. Lisuride and other non-hallucinogenic 5-
HT2a agonists exhibit functional selectivity with regard to G4-PLC activation and Ca?*
release. Compared with its effects on Ca2", lisuride activates Ggq signaling with >1000-fold
higher potency (Cussac et al. 2008). According to another study, lisuride is 300-fold
selective for PI hydrolysis versus Ca2* mobilization (Strachan et al. 2010). By contrast, LSD
stimulates G signaling and Ca2* mobilization with only an 18-fold difference in potency,
and DOI activates both pathways non-selectively (Strachan et al. 2010). Further studies are
necessary to identify whether non-G4-dependent pathways contribute to 5-HTa receptor-
induced Ca2* mobilization.

2.10 Role of Glutamatergic Signaling in the Head Twitch Response

The glutamatergic system may represent a common final pathway for hallucinogenesis
(\Vollenweider and Geyer 2001). Serotonergic hallucinogens increase recurrent glutamatergic
network activity in the PFC and other cortical regions (Beique et al. 2007), resulting in
increased glutamate release (Scruggs et al. 2003; Muschamp et al. 2004) and subsequent
activation of AMPA receptors (Aghajanian and Marek 1997; Zhang and Marek 2008). The
enhancement of glutamatergic activity may play an important role in the HTR induced by
hallucinogens. Most importantly, as we have reviewed elsewhere (Halberstadt 2015),
manipulations that suppress recurrent glutamatergic network activity also block the HTR.
The HTR is attenuated by activation of mGluy3 receptors (Gewirtz and Marek 2000;
Klodzinska et al. 2002), which function as terminal autoreceptors and inhibit glutamate
release. Additionally, expression of the HTR is dependent on AMPA receptor activation
(Gorzalka et al. 2005; Zhang and Marek 2008; Egashira et al. 2011). Based on these
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findings, increases of glutamatergic signaling and subsequent AMPA receptor activation
appear to play a key role in the HTR induced by 5-HToa receptor activation.

There is evidence that mGlu, and 5-HT,a receptors can form heterodimers (Gonzalez-
Maeso et al. 2008), potentially explaining the crosstalk between the receptors. Alternatively,
the crosstalk may be purely functional and occur at the circuit level (Delille et al. 2012,

2013). The HTR induced by LSD and DOI is absent in meQ‘/‘ mice (Moreno et al. 2011),
which indicates that mGlus, is required for expression of the behavior. Nevertheless, mGlu,
receptors are known to play an important role in the regulation of glutamatergic transmission
(Schoepp 2001) and 5-HT,4 signaling (Molinaro et al. 2009), so constitutive adaptations

that restrain 5-HT,a responses may occur in mGlu;/_ mice. Although the level of 5-HTx
expression is not altered in mGlu, knockout mice (Moreno et al. 2011), 5-HToa receptor
desensitization or alterations of glutamatergic signaling may have occurred, potentially
explaining why the HTR is absent in the knockout mice.

2.11 Effect of Serotonin Releasers and Precursors

Amphetamine and methamphetamine, which act primarily by increasing carrier-mediated
release of dopamine and norepinephrine, do not provoke head twitches (Corne and Pickering
1967; Silva and Calil 1975; Yamamoto and Ueki 1975; Jacobs et al. 1976; Bedard and
Pycock 1977; Halberstadt and Geyer 2013). By contrast, the 5-HT releasing drugs
fenfluramine and p-chloroamphetamine (PCA) do produce a robust HTR (Singleton and
Marsden 1981; Darmani 1998a). Fenfluramine and PCA are thought to act indirectly, by
increasing carrier-mediated release of 5-HT, because the response can be blocked by
inhibition of the 5-HT transporter (Balsara et al. 1986; Darmani 1998a) or by depletion of 5-
HT (Singleton and Marsden 1981; Balsara et al. 1986).

In addition to fenfluramine and PCA, other manipulations that increase the level or
functional activity of 5-HT in the central nervous system (CNS) produce head twitches.
Examples include the 5-HT precursors L-tryptophan and L-5-hydroxytryptophan (5-HTP),
5-HT; A antagonists (Darmani 1998b; Fox et al. 2010b), and the cannabinoid CB receptor
antagonist SR 141716A (Darmani and Pandya 2000; Darmani et al. 2003). Head twitches
also occur when 5-HT is infused directly into the brain (Drust and Connor 1983). There is
evidence that the HTR induced by high central levels of 5-HT may be mediated—at least in
part—Dby hallucinogenic A-methylated metabolites. 5-HT is a substrate for A~
methyltranferases, potentially resulting in the formation of A-methylserotonin and N, A-
dimethylserotonin (Axelrod 1962; Kérkkainen et al. 2005). One example is indolethylamine
N-methyltransferase (INMT), which is expressed in the brain and spinal cord (Thompson et
al. 1999; Mavlyutov et al. 2012) and can be inhibited by A, A/ bis-(3-methyl-2-
thiazolidinylidene)succinamide (MTZ). According to Schmid and Bohn (2010) the response
to 5-HTP is significantly attenuated in mice pre-treated with MTZ, whereas the response to
N-methylserotonin and 5-MeO-DMT is not affected. Although MTZ does not completely
block the ability of 5-HTP to produce head twitches—indicating that the response reflects
the combined effects of A-methyltryptamines and 5-HT—the shaking induced by 5-HT
appears to be mediated by a different signaling cascade than the shaking produced by
hallucinogens. Specifically, the response to 5-HT is dependent on activation of a -
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arrestin2/Src/Akt signaling cascade whereas the response to DOI, 5-MeO-DMT, and A-
methylserotonin is independent of p-arrestin2 (Schmid et al. 2008; Schmid and Bohn 2010).

Because indirect 5-HT agonists such as fenfluramine, PCA, and 5-HTP are not
hallucinogenic (Van Praag et al. 1971; Brauer et al. 1996; Turner et al. 2006), their effects on
HTR can potentially be classified as false-positive responses. There is some disagreement
regarding whether the HTR is a valid model of hallucinogenesis or merely serves as a
convenient readout of 5-HT,x activation in rodents (Canal and Morgan 2012). Given the
possibility that endogenous A~methyltryptamines contribute to the response to 5-HTP and
other indirect agonists, and because 5-HT,a functional selectivity may also play a role,
further studies are necessary to determine whether they are really false-positive responses.

3 Sensorimotor Gating

The startle reflex is a transient defensive motor response elicited by sudden intense stimuli
such as loud and unexpected sounds (Dodge and Louttit 1926; Fleshler 1965). It is well
established that the amplitude of the startle response is attenuated if a weak prestimulus is
presented immediately prior to the startle pulse (Hoffman and Searle 1965, 1968; Hoffman
and Ison 1980). The ability of prepulses to inhibit the startle response—a phenomenon
known as PP1—is often used as a laboratory measure of sensorimotor gating. PPI can be
assessed in humans and in laboratory animals using similar procedures. PPI deficits have
been observed in patients suffering from a variety of illnesses associated with gating or
filtering impairments (see Braff et al. 2001 for review), including schizophrenia (Braff et al.
1978; Grillon et al. 1992; Mackeprang et al. 2002), Tourette’s syndrome (Swerdlow et al.
1994), and obsessive compulsive disorder (Swerdlow et al. 1993). Hallucinogens have been
postulated to work by disrupting sensory filtering mechanisms, resulting in sensory overload
and cognitive dysfunction (Vollenweider 1994; Vollenweider and Geyer 2001). Studies of
hallucinogen effects on PPI have been used to assess their influence on gating mechanisms
as well as to model the filtering deficits found in schizophrenia patients.

3.1 Hallucinogen Effects on Prepulse Inhibition in Rats

Classical hallucinogens disrupt PPI in rats, indicating that they impair sensorimotor gating.
Examples of hallucinogens that have been shown to reduce PPI include DOI (Sipes and
Geyer 1994; Varty and Higgins 1995; Padich et al. 1996), DOB (Johansson et al. 1995),
LSD (Ouagazzal et al. 2001; Leng et al. 2003; Halberstadt and Geyer 2010; Palenicek et al.
2010), mescaline (Palenicek et al. 2008), and 2C-B (Palenicek et al. 2013). The putative 5-
HTa-selective agonist 25CN-NBOH also disrupts PPI in rats (Fig. 3). The effect of DOI on
PPI is blocked by M100907, whereas SB 242,084 and the mixed 5-HT,¢/»g antagonist
SER-082 are ineffective (Sipes and Geyer 1995b; Padich et al. 1996). Likewise, the effect of
LSD appears to be solely attributable to 5-HT, activation because it can be blocked by
M100907 and MDL 11,939 but not by the 5-HT,¢ antagonist SB 242,084, the 5-HT1a
antagonist S-(+)-WAY-100,135, the 5-HTg antagonists Ro 04-6790 and Ro 65-7199, or the
dopamine D, antagonist haloperidol (Ouagazzal et al. 2001; Leng et al. 2003; Halberstadt
and Geyer 2010).
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In contrast to the PPI disruption produced by hallucinogens, 5-HT,¢ receptor activation
tends to /ncrease PPI in rats. For example, the PPI disruption induced by the dopamine
D314 receptor agonist apomorphine is ameliorated by the 5-HT,¢ agonist CP-809,101
(Siuciak et al. 2007). It has also been shown that the 5-HT,¢-selective agonist WAY-163909
antagonizes the PPI disruption produced by DOI and the NMDA receptor antagonist
MK-801 (Marquis et al. 2007). The fact that 5-HT,¢ agonists are capable of reversing PPI
deficits produced by a variety of pharmacological manipulations is consistent with evidence
that they have an antipsychotic-like profile of effects. Furthermore, given the effects of
CP-809,101 and WAY-163909 on PPI, it is unlikely that the 5-HT,¢ receptor is responsible
for mediating the PPI disruption produced by DOI and other hallucinogens.

The ventral pallidum (VP) is a critical neural substrate for the PPI-disruptive effects of DOI.
The VP is part of a descending corticostriatal circuit that regulates PP1 (Swerdlow et al.
2001). DOI produces a significant disruption of PPl when infused directly into the VP, but
has no effect when infused into the nucleus accumbens (Sipes and Geyer 1997). Likewise,
infusion of M100907 into the VP blocked the PPI disruption produced by subcutaneous
administration of DOI. Although these findings indicate that 5-HT, receptors in the VP
mediate the PPI disruption induced by DOI, the results of the M100907 infusion experiment
are confounded by the fact that the drug was infused in a vehicle containing dimethyl
sulfoxide (DMSO). Because DMSO is a highly lipophilic solvent that exhibits poor tissue
retention, some of the M100907 infused into the VP may have diffused into surrounding
regions. Indeed, the effect of DOI was partially blocked by infusing M100907 into the
caudate nucleus, indicating the VP may not be the only site where the 5-HT,4 receptors
mediating the PPI-disruptive effects of DOI are located.

There is some disagreement in the literature regarding whether dopamine receptor
antagonists block the PPI disruption produced by DOI. Although it has been reported that
haloperidol can ameliorate the effect of DOI on PPI (Sipes and Geyer 1994; Brea et al.
2006), most studies have found that haloperidol and the selective dopamine D,z antagonist
raclopride are ineffective at blocking the response to DOI (Varty and Higgins 1995; Padich
et al. 1996; Marquis et al. 2007). It is unlikely that DOI acts directly through dopamine
receptors to disrupt PPI because it has low affinity for D, receptors (Kj > 10,000 nM; Mos et
al. 1992). However, it is now recognized that 5-HTa and D5 receptors can form
heterodimers (Borroto-Escuela et al. 2010; Lukasiewicz et al. 2010), so D, ligands could
potentially modulate the response to DOI by binding to D,-5-HT, oligomers.

5-MeO-DMT has also been found to disrupt PPI in rats (Rigdon and Weatherspoon 1992;
Krebs-Thomson and Geyer 1996; Halberstadt 2016). However, in contrast to other
hallucinogens, the effect of 5-MeO-DMT on PPI is blocked by the 5-HTq A antagonist
WAY-100635 but not by M100907 (Krebs-Thomson and Geyer 1996). These findings
demonstrate that the PPI disruption produced by 5-MeO-DMT is mediated by 5-HTq4 but
not by 5-HTya receptors. 5-MeO-DMT binds to 5-HT1  sites with high nanomolar affinity
(Spencer et al. 1987; Glennon et al. 1988; McKenna et al. 1990) and acts as a potent agonist
at 5-HTq A receptors negatively coupled to adenylyl cyclase (Blair et al. 2000). Like 5-MeO-
DMT, other potent 5-HTq 4 agonists, including 8-OH-DPAT, buspirone, and gepirone,
disrupt PPI in rats (Rigdon and Weatherspoon 1992; Sipes and Geyer 1995a; Johansson et
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al. 1995). Many of the behavioral effects of 5-MeO-DMT in rodents are mediated by 5-
HT1a, with the 5-HT,x receptor playing only a minor role (Lucki et al. 1984; Spencer et al.
1987; Berendsen et al. 1989; Sanchez et al. 1996; Winter et al. 2000; van den Buuse et al.
2011).

We recently demonstrated that it is possible to enhance the interaction of 5-MeO-DMT with
5-HT,p receptors by increasing the accumulation of the drug in the central nervous system
(Halberstadt 2016). The primary route of metabolism for 5-MeO-DMT is oxidative
deamination by monoamine oxidase-A (MAOA) (Agurell et al. 1969; Squires 1975; Suzuki
et al. 1981; Shen et al. 2010). Studies in rats have shown that inhibition of MAO, increases
the concentration of 5-MeO-DMT in the brain by more than an order of magnitude and
reduces the clearance rate (Sitaram et al. 1987; Halberstadt 2016). We found that
pretreatment with a behaviorally inactive dose of the MAO, inhibitor clorgyline or the
MAO g inhibitor pargyline markedly prolongs the effect of 5-MeO-DMT on PPI in rats
(Halberstadt 2016). Furthermore, the combined effect of 5-MeO-DMT and pargyline on PPI
can be antagonized by pretreatment with either WAY-100635 or MDL 11,939, indicating the
effect is mediated by both 5-HT 5 and5-HT,a receptors. These results confirm that 5-HTop
receptors can play a significant role in the behavioral response to 5-MeO-DMT, at least
under certain conditions.

Studies have also compared the effects of LSD and lisuride on PPI in rats (Halberstadt and
Geyer 2010). Lisuride produces a marked disruption of PPI and is even more potent than
LSD. However, in contrast to LSD, the effect of lisuride was not blocked by MDL 11,939
but was antagonized by the dopamine D3 antagonist raclopride. Therefore, the effects of
LSD and lisuride on PPI are mediated by different receptor mechanisms. The fact that
lisuride disrupts PPI by activating Do/3 receptors is consistent with extensive evidence that
lisuride is a potent dopaminergic drug in vitro (Piercey et al. 1996; Newman-Tancredi et al.
2002) and in vivo (Holohean et al. 1982; Kimura et al. 1991; Baladi et al. 2010).

3.2 Hallucinogen Effects on Prepulse Inhibition in Mice

In contrast to rats, 5-HToa receptor activation does not consistently alter PPI in mice.
Dulawa and Geyer reported that administration of DOM at doses ranging from 0.5to 4
mg/kg had no effect on PPI in C57BL/6, 129 Sv, or ICR mice (Dulawa and Geyer 2000).
Another study found that 1 mg/kg DOI had no effect on PPI in wild-type (WT) mice on the
C57BL/6J x 129S6/SvEvTac hybrid background, although it did disrupt PPI in pituitary
adenylate cyclase-activating polypeptide (PACAP) */~ mice on the same background
(Hazama et al. 2014). It was reported, however, that 1 and 5 mg/kg DOI significantly
disrupted PPI in WT mice on a mixed 129/Sv and C57BL/6 background but had no effect on
PPl in caveolin-17~ mice (Allen et al. 2011).

Another difference between rats and mice is that tryptamine hallucinogens increase PPI in
mice. The ability of tryptamine hallucinogens to increase PPI in mice was first observed
with DMT (Freedland and Mansbach 1999) and was later found to occur with 5-MeO-DMT
and psilocin (Halberstadt and Geyer 2011). The 5-HTq receptor appears to play a role in
the PPI increase produced by tryptamine hallucinogens because the effect of 5-MeO-DMT is
partially attenuated by WAY-100635. Likewise, although selective 5-HTq A agonists disrupt
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PPl in rats, 8-OH-DPAT has been shown to increase PPI in mice (Dulawa et al. 2000; Gogos
et al. 2008).

3.3 Hallucinogen Effects on Prepulse Inhibition in Humans

Hallucinogens alter PPI in humans but their effects depend on the interstimulus interval
(IS1). Psilocybin reduces PPI at a short I1SI (30 ms), but increases PPI at longer ISls (100-
2000 ms)(Gouzoulis-Mayfrank et al. 1998; Vollenweider et al. 2007). The PPI reduction
produced by psilocybin at 30 ms ISI is completely blocked by pretreatment with 40 mg p.o.
ketanserin (Quednow et al. 2012), indicating that the effect is mediated by 5-HT,a receptors.
Administration of LSD at a moderately high dose (200 ug p.o.) reduces PPl at 30-120 ms
ISls (Schmid et al. 2015). In contrast to psilocybin and LSD, which alter PPI in humans, the
hallucinogen DMT appears to be an exception. DMT had no effect on PPl when
administered in an ayahuasca preparation (Riba et al. 2002) or by continuous i.v. infusion
(Heekeren et al. 2007). Interestingly, the 5-HT,a A-1438G and T102C polymorphisms
influence PPI levels in schizophrenia patients (Quednow et al. 2008) and in healthy control
subjects (Quednow et al. 2009; Brauer et al. 2009). These findings provide additional
confirmation that the 5-HT,x receptor plays a role in the regulation of sensorimotor gating.

4 Exploratory and Investigatory Behavior

Animals are motivated to explore their surroundings in order to reduce perceptual
uncertainty about the environment (Berlyne 1950, 1955, 1966; Fowler 1965). Measures of
exploratory behavior, such as the amount of locomotor activity exhibited by rats in an open
field, are often used to characterize the effects of psychoactive drugs. Studies investigating
the effects of hallucinogens on the behavior of rats in an open field have produced
inconsistent findings and fail to distinguish hallucinogens from other drug classes
(Brimblecombe 1963; Dandiya et al. 1969; Gupta et al. 1971; Silva and Calil 1975). The
inconclusive results are not surprising given the complexity of hallucinogen effects;
univariate measures of spontaneous activity can detect arousing or sedating drug effects but
reveal nothing about the qualitative nature of behavior. Locomotion alone is not necessarily
the most reliable measure of exploration because it does not distinguish between nonspecific
motor activity and specific exploratory responses to environmental stimuli (Hughes 1972).

The Behavioral Pattern Monitor (BPM) was developed to address some of the weaknesses
associated with activity measurements in rodents. The BPM combines the features of
activity and holeboard chambers and assesses both the quantity and several aspects of the
quality of activity by monitoring response frequencies and spatial and temporal sequences of
activity (Geyer et al. 1986). Investigatory holepokes and rearings are used as specific
measures of inspective and diversive exploration, respectively (Berlyne 1960, 1966). By
comparing measures of locomotor activity and investigatory responding, it is possible to
discriminate changes in the responsivity of animals to environmental stimuli from more
general stimulant or depressant effects. Statistical assessment of the geometrical and
dynamical structure of motor behavior in the BPM has proven very useful in characterizing
drug effects in rodents (Geyer et al. 1986; Gold et al. 1988; Paulus and Geyer 1991; Geyer
and Paulus 1992). This approach has proven to be especially useful for studies of different
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classes of psychostimulants, which at certain doses produce comparable increases in
locomotion but marked qualitative differences in behavior.

4.1 Effects in Rats

Phenylalkylamine hallucinogens (mescaline, DOI, DOM, and DOET) and indoleamine
hallucinogens (LSD, DMT, 5-MeO-DMT, and psilocin) produce a characteristic pattern of
effects when rats are tested in novel BPM chambers: (1) locomotor activity is reduced; (2)
investigatory behaviors (rearings and holepokes) are suppressed; and (3) the animals spend
less time in the center of the chamber (Adams and Geyer 1985a, b; Wing et al. 1990; Krebs-
Thomson et al. 1998a, 2006). The effects of hallucinogens in the BPM are most apparent
during the period immediately after the animals are placed in the chambers. When
hallucinogens are tested in a familiar environment, the effects on locomotor activity and
investigatory behavior are markedly attenuated (see Fig. 4), and therefore likely reflect
potentiation of the neophobia exhibited by rats in novel settings (Adams and Geyer 19853, b;
Wing et al. 1990). In other words, hallucinogens enhance the threatening nature of the
unfamiliar test environment, but hallucinogen-treated animals are more likely to explore the
BPM chambers once the stimuli associated with the apparatus become less threatening due
to habituation. Other groups have reported that hallucinogens reduce locomotor activity in a
novel environment (Tilson et al. 1975; Hillegaart et al. 1996; Reyes-Parada et al. 1996;
Scorza et al. 1996; Palenicek et al. 2010) but have no effect or increase activity in a familiar
environment (Tilson et al. 1975; Ouagazzal et al. 2001; Filip et al. 2004; Zaniewska et al.
2009; Baisley et al. 2012). Hallucinogens increase center avoidance in novel and familiar
settings, suggesting they probably also act by enhancing the fear of open spaces
(agoraphobia), which is normally displayed by rodents even after habituation. In humans, it
is well-known that the effects of LSD and other hallucinogens are dependent on
environmental setting, with reactivity to the environment, and especially to unpleasant or
threatening stimuli, being markedly enhanced (Salvatore and Hyde 1956; Cohen 1960).
Hence, the increased avoidance of novel and open areas observed in rats after administration
of hallucinogens may have construct validity as being analogous to the enhanced reactivity
to environmental stimuli observed in humans.

In addition to the characteristic effects described above, certain hallucinogens produce
behavioral profiles with greater complexity. Like other hallucinogens, LSD reduces
investigatory behavior and center duration (Adams and Geyer 1985b), but it has biphasic
effects on locomotor activity, initially suppressing activity but then increasing it as time
progresses (Mittman and Geyer 1991). 5-MeO-DMT alone produces a brief reduction in
locomotion (Wing et al. 1990; Krebs-Thomson et al. 2006), but administration of 5-MeO-
DMT in combination with a behaviorally inactive dose of an MAO inhibitor (MAOI) such as
harmaline, clorgyline, or pargyline produces biphasic effects on locomotor activity that are
identical to those of LSD (Halberstadt et al. 2008, 2012). As with other hallucinogen effects,
the delayed hyperactivity is not observed in rats habituated to the BPM chambers, indicating
that the animals may be exhibiting an increased drive to explore the novel environment.
Further work demonstrated that a.,a.,,p-tetradeutero-5-MeO-DMT, a 5-MeO-DMT
isotopologue that is resistant to metabolism by MAO, does not require an MAOI to produce
a biphasic locomotor profile (Halberstadt et al. 2012). The latter finding indicates that
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MAQIs alter the behavioral profile of 5-MeO-DMT by slowing its biotransformation, which
allows high levels of the drug to accumulate in the brain. Indeed, we found that the
concentration of 5-MeO-DMT in the CNS is increased ~20-fold in animals pretreated with
an MAOQOI (Halberstadt 2016). Reports have also appeared in the literature demonstrating that
very high doses of mescaline (100 mg/kg), 2C-B (25 mg/kg), and DOM (= 5 mg/kg) can
produce biphasic locomotor effects in rats (Yamamoto and Ueki 1975; Palenicek et al. 2008,
2013).

The effects of hallucinogens on exploratory and investigatory behavior in the BPM are
unique and are not reproduced by other pharmacological classes and thus have considerable
predictive validity. Hallucinogen effects are distinct from those of 5-HT releasers (e.g.,
MDA and MDMA), phencyclidine (PCP) and other NMDA receptor antagonists,
psychostimulants such as cocaine and (+)-amphetamine, DA receptor agonists, cholinergic
agonists and antagonists, and antidepressants (Geyer et al. 1986, 1987; Gold et al. 1988;
Callaway et al. 1990; Lehmann-Masten and Geyer 1991; Rempel et al. 1993; Halberstadt et
al. 2016b). Selective 5-HT1p agonists such as 8-OH-DPAT, ipsapirone, and gepirone
produce hallucinogen-like on effects on exploratory and investigatory behavior, but these
effects occur in both novel and familiar settings and therefore are thought to reflect a
generalized sedative influence rather than a change in responsiveness to environmental
stimuli (Mittman and Geyer 1989). It is also possible to distinguish the effects of lisuride
from those of LSD and other hallucinogens. The effects of lisuride are similar to those of
apomorphine and other dopamine receptor agonists, with low doses (5-15 pg/kg SC)
producing sedative effects and higher doses (60-80 pg/kg SC) producing highly stereotyped
preservative patterns of hyperactivity (Adams and Geyer 1985c¢; Paulus and Geyer 1991).

Most of the effects of hallucinogens in the BPM are mediated by activation of the 5-HTop
receptor. The effects of DOI, DOM, and mescaline on locomotor activity, investigatory
behavior, and center activity are blocked by pretreatment with the 5-HT, antagonists
ritanserin and ketanserin (Wing et al. 1990; Mittman and Geyer 1991; Hillegaart et al. 1996;
Krebs-Thomson et al. 1998b). Additional studies demonstrated that the effects of DOI are
blocked by M100907 but not by SER-082 (Krebs-Thomson et al. 1998a), demonstrating that
they are mediated by 5-HTo but not by 5-HT,¢ receptors. Compared with
phenylalkylamine hallucinogens, the mechanism for the effects of indoleamines is more
complex. For example, the mixed 5-HT1/p-adrenergic antagonist propranolol (Mittman and
Geyer 1991) and the selective 5-HT 5 antagonist WAY-100635 (Krebs-Thomson and Geyer
1996) block the initial suppression of locomotor activity induced by LSD, whereas ritanserin
(Mittman and Geyer 1991) and M100907 (Ouagazzal et al. 2001) block the hyperactivity
induced by LSD. Additionally, chronic pretreatment with either 8-OH-DPAT or DOI
produces cross-tolerance to the effects of LSD on exploratory behavior (Krebs and Geyer
1994). For 5-MeO-DMT, the effects of low doses are blocked by WAY-100635 but not by
M100907 (Krebs-Thomson et al. 2006). However, the delayed hyperactivity induced by
administration of 5-MeO-DMT in combination with the MAOI clorgyline is blocked by the
highly selective 5-HT,a antagonist MDL 11,939 but not by WAY-100635 (Halberstadt et al.
2008). Thus, it appears that the effects of LSD and 5-MeO-DMT in the BPM are mediated
by 5-HT1a and 5-HT,a receptors.
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4.2 Effects in Mice

We have also tested hallucinogens in a mouse version of the BPM system (Tanaka et al.
2012). Administration of phenylalkylamine hallucinogens to C57BL/6J mice by the IP route
produces a reduction in investigatory behavior, as well as effects on locomotor activity that
follow a bell-shaped dose-response function, increasing activity at low to moderate doses
and reducing activity at high doses. This specific profile of effects occurs with DOI, DOM,
DOET, and mescaline, as well as with TCB-2 (Halberstadt et al. 2009, 2013). Consistent
with our findings, other groups have reported that low doses of phenylalkylamine
hallucinogens increase locomotor activity and high doses reduce activity in mice (Huang and
Ho 1973; Yamamoto and Ueki 1975; Darmani et al. 1996; Brookshire and Jones 2009;
Carlsson et al. 2011). The increase in locomotor activity produced by a low dose of DOI (1
mg/kg), mescaline (25 mg/kg), or TCB-2 (3 mg/kg) is blocked by pretreatment with
M100907, and does not occur in 5-HT»5 ™~ knockout mice (Halberstadt et al. 2009, 2013;
Fig. 5). By contrast, the reduction in locomotor activity produced by a high dose of DOI (10
mg/kg) is potentiated in 5-HT,5 '~ knockout mice and attenuated by SER-082. Taken
together, these findings indicate that low doses of phenylalkylamine hallucinogens increase
locomotor activity by activating the 5-HT,a receptor, and high doses reduce activity by
activating the 5-HT,¢ receptor. This conclusion is supported by the fact that selective 5-
HTyc agonists such as WAY-161,503 and CP-801,909 reduce locomotor activity in mice
(Halberstadt et al. 2009; Fletcher et al. 2009). It is also interesting to note that the
hypoactivity induced by atypical antipsychotics is reportedly mediated by blockade of the 5-
HT,a receptor, and that 5-HT,4 ™~ but not 5-HT,c ™/~ knockout mice are resistant to the
suppression of locomotor activity by clozapine and olanzapine (McOmish et al. 2012). By
contrast, 5-HT,¢ blockade with the selective antagonist SB-242,084 increases locomotor
activity in mice. Hence, it appears that 5-HT, and 5-HT,¢ receptors have a countervailing
influence on locomotor activity.

Compared with phenylalkylamines, tryptamine hallucinogens produce a disparate profile of
effects in the mouse BPM. Administration of psilocin or 5-MeO-DMT produces a profound
suppression of locomotor activity, investigatory holepokes and rearings, and center duration
in C57BL/6J mice (Halberstadt et al. 2011). Most of these effects are blocked by
pretreatment with the 5-HTq o antagonist WAY-100635, whereas the 5-HT¢ antagonist
SB242084 is ineffective. Likewise, the reduction of locomotor activity induced by 5-MeO-
DMT is largely absent in 5-HT1 4™/~ knockout mice (van den Buuse et al. 2011). The 5-
HT14 agonist 8-OH-DPAT was found to produce a similar profile of effects that were not
observed in mice lacking the 5-HT 14 receptor. It appears that tryptamines alter exploratory
and investigatory activity in mice by activating 5-HT1 4 receptors, whereas
phenylalkylamines act through a mechanism involving both 5-HT, and 5-HTy¢ receptors.
The fact that phenylalkylamine and tryptamine hallucinogens produce different effects in the
mouse BPM indicates this paradigm may have utility in the detection of subtle behavioral
differences between these two classes of hallucinogens.
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5 Conclusions

The HTR, PPI, and BPM paradigms are three of the most popular behavioral assays used to
study the pharmacology of classical hallucinogens in laboratory animals. As is the case in
humans, the behavioral responses induced by hallucinogens in animals are primarily
mediated by 5-HT,a receptor activation, although 5-HT 4 and 5-HT,¢ receptors also
contribute to or modulate the responses induced by certain compounds. The HTR has been
widely adopted due to its insensitivity to false-positive responses and because it can be used
to probe interactions between the 5-HT,a receptor and other receptors and signaling
pathways. In contrast to HTR, which has limited construct validity with regard to the effects
of hallucinogens in humans, PPI is a cross-species readout that can be assessed in humans
and animals using similar methodologies and represents clearly analogous and potentially
homologous behaviors across species. Finally, the BPM paradigm has been used to assess
hallucinogen effects in rodents and has clear conceptual relevance to human hallucinogen
phenomenology and hence substantial construct validity. In rats, it appears that the BPM
model also has predictive validity for identifying the class of hallucinogenic drugs.
Importantly, however, a human version of the BPM has been developed (Young et al. 2007;
Perry et al. 2009), potentially enabling human hallucinogen studies to be conducted.

This chapter has focused on the acute effects of hallucinogens, as assessed using measures
of unconditioned behavior. Operant tasks such as drug discrimination have demonstrated
considerable utility in studies of hallucinogen structure-activity relationships and have
helped to elucidate some of the neurochemical effects of hallucinogens. However, the drug
discrimination paradigm requires extended training and repeated administration of the
hallucinogens. By contrast, unconditioned behavioral responses are more suited to the study
of the acute effects of hallucinogens, which exhibit rapid tolerance and are more likely to be
related to the subjective effects reported by humans. Though behavioral paradigms that
necessitate repeated drug treatment have taught us much about the actions of hallucinogens,
it is important that our field also employ behavioral tests in which acute effects that do
exhibit tolerance are examined. Further, because the category of hallucinogens is defined by
subjective reports of distortions of perception and affect, it is useful for animal studies of
hallucinogens to incorporate specific measures of the responsivity to exteroceptive stimuli
and their sensitivity to novelty (Mittman and Geyer 1989, 1991; Wing et al. 1990; Geyer
1998). Use of such measures increases the likelihood of obtaining results in laboratory
animals that have construct validity and are translatable to man.
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Effect of 1-methylpsilocin on the head twitch response (HTR) in mice. Left pane/ Dose-
response of 1-methylpsilocin in male C57BL/6J mice. Middle panel/ Response to 1-
methylpsilocin (9.6 mg/kg) in wild-type (WT) and 5-HT, receptor knockout (KO) mice.
Right panel Effect of pretreatment with the 5-HT ¢ antagonist SB-242,084 (3 mg/kg) on the
response to 1-methylpsilocin (9.6 mg/kg) in male C57BL/6J mice (/7= 8/group, 32 total).
SB-242,084 was injected SC 20 min prior to testing; 1-methylpsilocin was injected SC
immediately prior to testing. Data are shown as mean + SEM. The data in the first two
panels are redrawn from: Halberstadt et al. (2011). *p < 0.05, **p < 0.01 versus the
respective vehicle control group (Tukey’s test). #p < 0.01 versus 1-methylpsilocin in WT

mice (Tukey’s test)
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Effects of LSD (a) and lisuride (b) on the head twitch response in male C57BL/6J mice.
Data are shown as mean + SEM. **p < 0.01 versus vehicle control (Tukey’s test). The data
are redrawn from: Halberstadt and Geyer (2013)
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Fig. 3.

The selective 5-HT,4 agonist 25CN-NBOH reduces prepulse inhibition of startle (PPI) in
rats. Male Sprague-Dawley rats (17 = 8/group, 32 total) were injected SC with vehicle (water
containing 5% Tween-80) or 25CN-NBOH hydrochloride 10 min before placement in the
startle test chambers. Values represent mean £ SEM for each group. *p < 0.05, significantly

different from vehicle control (Tukey’s test)
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Fig. 4.

Ef%ect of habituation on the response to DOI in the rat Behavioral Pattern Monitor (BPM).
Male Sprague-Dawley rats were tested in novel BPM chambers (Left panels) or familiar
BPM chambers (Right panels). In the novel environment paradigm, rats (n7 = 5/group, 10
total) were injected SC with vehicle (saline) or DOI (0.15 mg/kg), 10 min prior to being
placed in the BPM for a 60-min test session. In the familiar environment paradigm, rats (7=
8/group, 16 total) were tested in the BPM on three occasions at 48-h intervals, but only
injected with the drug prior to their third exposure to the BPM chamber; rats were injected
SC with vehicle (saline) or DOI (0.15 mg/kg), 10 min prior to being placed in the BPM for a
60-min test session. Data from the test sessions are presented in 10-min time blocks
(crossings, a measure of locomotor activity) or 30-min time blocks (holepokes, rearings,
center entries). Data are shown as mean £ SEM. *p < 0.05, **p < 0.01 versus vehicle control
(Bonferroni’s multiple comparisons test)
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Pretreatment with M100907 blocks the hyperactivity induced by DOI in mice. Male
C57BL/6J mice (7= 10/group, 40 total) were treated SC with vehicle (water containing 5%
Tween-80) or M100907 (0.03 mg/kg) 15 min prior to IP vehicle (saline) or DOI
hydrochloride (1 mg/kg). Animals were placed in the mouse Behavioral Pattern Monitor
(BPM) chambers 15 min after treatment with DOI and tested for 60 min. Administration of
1 mg/kg DOI increased locomotor activity (measured as distance traveled, in cm) during the
second half of the test session; the effect of DOl was completely blocked by 0.03 mg/kg
M100907. Data are shown as mean + SEM for the second half of the test session (30-60
min). **p < 0.01 (Tukey’s test)
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