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Abstract Hallucinogens evoke sensory, perceptual, affective, and cognitive effects
that may be useful to understand the neurobiological basis of mood and psychotic
disorders. The present chapter reviews preclinical research carried out in recent
years in order to better understand the action of psychotomimetic agents such as the
noncompetitive NMDA receptor (NMDA-R) antagonists and serotonergic hallu-
cinogens. Our studies have focused on the mechanisms through which these agents
alter cortical activity. Noncompetitive NMDA-R antagonists, such as phencyclidine
(PCP) and MK-801 (dizocilpine), as well as the serotonergic hallucinogens DOI
and 5-MeO-DMT, produce similar effects on cellular and population activity in
prefrontal cortex (PFC); these effects include alterations of pyramidal neuron dis-
charge (with an overall increase in firing), as well as a marked attenuation of the
low frequency oscillations (0.2—4 Hz) to which neuronal discharge is coupled in
anesthetized rodents. PCP increases c-fos expression in excitatory neurons from
various cortical and subcortical areas, particularly the thalamus. This effect of PCP
involves the preferential blockade of NMDA-R on GABAergic neurons of the
reticular nucleus of the thalamus, which provides feedforward inhibition to the rest
of thalamic nuclei. It is still unknown whether serotonergic hallucinogens also
affect thalamocortical networks. However, when examined, similar alterations in
other cortical areas, such as the primary visual cortex (V1), have been observed,
suggesting that these agents affect cortical activity in sensory and associative areas.
Interestingly, the disruption of PFC activity induced by PCP, DOI and
5-MeO-DMT is reversed by classical and atypical antipsychotic drugs. This effect
suggests a possible link between the mechanisms underlying the disruption of
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perception by multiple classes of hallucinogenic agents and the therapeutic efficacy
of antipsychotic agents.

Keywords 5-HT,, receptors - Antipsychotic drugs - NMDA receptors
Prefrontal cortex - Thalamus
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1 Hallucinogens as Pharmacological Models
in Schizophrenia Research

Schizophrenia is one of the most severe psychiatric conditions, affecting approxi-
mately 1% of the population. It has an early onset (typically late adolescence or
early adulthood) and shows a chronic and deteriorating course. Many affected
individuals suffer from a lifelong disability, with a poor quality of life, and nearly
10% commit suicide. Schizophrenia is characterized by a variety of symptoms,
including positive (hallucinations, delusions, disorganized thought and speech,
aberrant behavior, etc.) and negative symptoms (emotional blunting, social with-
drawal, depression, anxiety, etc.) together with cognitive deficits. Anatomical,
cellular and neurochemical alterations have been reported in various brain areas of
schizophrenic patients and notably in the prefrontal cortex (PFC) (Harrison 1999a;
Selemon and Goldman-Rakic 1999; Lewis and Lieberman 2000; Harrison and
Weinberger 2005; Lewis and Gonzalez-Burgos 2006) (see below for additional
information).

Historically, schizophrenia has been associated with derangements of multiple
neurotransmitter systems, due to the ability of pharmacological agents acting on
those systems to mimic symptoms of the illness in healthy individuals and to
aggravate symptoms in patients. Hence, more classical views on the pathophysi-
ology of schizophrenia indicated a hyperactivity of midbrain dopaminergic systems,
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suggested by the ability of dopamine-releasing agents to evoke psychotic symptoms
(Carlsson 1977). This early view was later supported by positron emission
tomography (PET) scan studies showing a larger striatal dopamine release in
schizophrenic patients compared to healthy controls after receiving an amphetamine
challenge (Laruelle et al. 1996) as well as a higher basal occupancy of dopamine D,
receptors (Abi-Dargham et al. 2000). Subsequently, the dopamine hypothesis of
schizophrenia was refined, suggesting the function of the ascending mesocortical
dopamine system was reduced, which might account for the negative symptoms—
and possibly, cognitive deficits—of the illness (Weinberger 1987). This view
received support from PET studies showing alterations of postsynaptic dopamine
D, receptor availability consistent with a low dopaminergic tone (Abi-Dargham
et al. 2002).

In addition to dopamine, alterations of other neurotransmitter systems in
schizophrenia have been proposed, including serotonin (5-hydroxytryptamine,
5-HT), glutamate, and GABA. In particular, alterations of 5-HT and glutamate
receptors have been reported (Rasmussen et al. 2010, 2016; Harrison 1999b). For
example, noncompetitive antagonists of NMDA receptors (NMDA-R) are exten-
sively used as pharmacological models of schizophrenia due to the ability of these
compounds to mimic the symptoms of the illness (Krystal et al. 2003).
Additionally, atypical (second and third generation) antipsychotic drugs mainly
target 5-HT receptors (Meltzer and Massey 2011).

In the present chapter, we review some electrophysiological and histological
observations suggesting a common pattern of action of serotonergic and gluta-
matergic agents in the prefrontal cortex (PFC) of experimental animals that may
account for the psychotomimetic properties of these agents. We also provide evi-
dence that the alterations of PFC activity evoked by serotonergic hallucinogens and
noncompetitive NMDA-R antagonists can be countered by classical (haloperidol)
and atypical (clozapine) antipsychotic drugs.

1.1 Serotonergic Hallucinogens

Most 5-HT,5 receptor agonists, including N,N-dimethyltryptamine (DMT),
5-methoxy-N,N-dimethyltryptamine (5-MeO-DMT), lysergic acid diethylamide
(LSD), 1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane (DOI), mescaline and
psilocybin, produce hallucinogenic effects, altering perception, thought, emotion
and mood in a manner that is similar to endogenous psychosis (Glennon 1991,
1994; Nichols 2004; Vollenweider and Kometer 2010). Chemically, these agents
belong to two main families: indoleamines (such as DMT, 5-MeO-DMT, psilo-
cybin, and LSD), which have some structural similarity to the 5-HT molecule, and
phenethylamines [such as mescaline, DOI, 1-(2,5-dimethoxy-4-bromophenyl)-
2-aminopropane (DOB), and 1-(2,5-dimethoxy-4-methylphenyl)-2-aminopropane
(DOM)] (Nichols 2004). One important reason for investigating psychedelic agents
lies in their capacity to model certain aspects of psychosis in experimental research
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(Geyer and Vollenweider 2008), as well as their ability to facilitate the identification
of brain areas/circuits altered in psychiatric disorders (Vollenweider et al. 1997a, b).
Moreover, some of these agents, such as LSD and psilocybin, have shown thera-
peutic efficacy in the treatment of psychiatric disorders [reviewed in Vollenweider
and Kometer (2010)]. LSD was marketed by Sandoz in the 1950s to facilitate
psychotherapeutic treatment of psychiatric disorders, due to its ability to increase
introspection and recall of emotional memories. The widespread recreational use of
LSD and its marked effects on perception, mood and personality had a profound
influence on young people in the Western world, leading to the development of
so-called psychedelic art in the 1960s and 1970s. The hallucinogenic properties of
LSD and the role it played in countercultural activities led to its classification as a
controlled substance in the USA and most other Western countries.

DOl is another synthetic compound with strong psychedelic effects that has been
extensively used in pharmacological research. It evokes long-lasting alterations of
consciousness and perception (Nichols 2004). DOI acts by stimulating 5-HT,4
receptors, since most of its behavioral, neurochemical and electrophysiological
effects can be blocked by the selective 5-HT,, receptor antagonist M100907
(Schreiber et al. 1994; Martin-Ruiz et al. 2001; Puig et al. 2003).

DMT and 5-MeO-DMT are natural components of ayahuasca, a hallucinogenic
beverage used in religious ceremonies and for healing purposes in the upper
Amazon (McKenna 2004; McKenna et al. 1984; Schultes et al. 1991) and recently
investigated for potential clinical uses (McKenna 2004). The psychedelic effects
induced by ayahuasca include visual and auditory hallucinations, synesthesia, and
deep psychological introspection. In addition to the tryptamines, ayahuasca con-
tains B-carbolines such as harmine, which act as reversible inhibitors of monoamine
oxidase-A (MAO-A). The B-carbolines prevent the catabolism of the tryptamines in
the gut, thus allowing the tryptamines to be active orally and prolonging their
psychedelic effects (McKenna et al. 1984; Agurell et al. 1968). DMT and
5-MeO-DMT are also synthesized and distributed for recreational purposes (Yu
2008) and intoxications have been reported (Sklerov et al. 2005; Brush et al. 2004).
Early reports identified 5-MeO-DMT as a possible endogenous psychotoxin and
several groups theorized about its potential involvement in schizophrenia
(Benington et al. 1965; Gillin and Wyatt 1976; Angrist et al. 1976).

Interestingly, not all 5-HT,, receptor agonists produce hallucinogenic effects,
raising questions about the neural mechanisms responsible for their effects, such as
differences in signaling pathways (Kurrasch-Orbaugh et al. 2003; Gonzalez-Maeso
et al. 2007, see also Chap. 2). Regardless of the cellular mechanisms that are
responsible for the effects of hallucinogens, it is important to note that their main
target—the 5-HT,, receptor—is expressed at very high levels in the neocortex,
including sensory and associative areas (Pazos et al. 1985, 1987; Jakab and
Goldman-Rakic 1998; Hall et al. 2000; Lopez-Gimenez et al. 2001; Santana et al.
2004). The 5-HT, 5 receptor is densely expressed in intermediate and deep layers of
the frontal, temporal, parietal and occipital lobes (Pazos et al. 1987; Santana et al.
2004; de Almeida and Mengod 2007), suggesting that their activation may have a
strong influence on the processing of information in cortical areas as well as
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between cortical and subcortical brain regions. 5-HT,4 receptors are expressed in
midbrain-projecting PFC pyramidal neurons (Vazquez-Borsetti et al. 2009) and
5-HT; 4 receptor activation by DOI and other hallucinogens has marked effects on
the activity of downstream serotonergic and dopaminergic neurons (Martin-Ruiz
et al. 2001; Bortolozzi et al. 2003, 2005).

Activation of 5-HT,, receptors by 5-HT and other agonists elicits several
electrophysiological effects in cortical neurons recorded in vitro, including
enhancement of the response to excitatory synaptic input (Aghajanian and Marek
1997, 1999), induction of membrane depolarization, and reduction of the afterhy-
perpolarization that follows a burst of spikes (Araneda and Andrade 1991;
Villalobos et al. 2005). In vivo, 5-HT, A receptor activation by endogenous 5-HT
moderately increases the firing rate of pyramidal cells (Amargos-Bosch et al. 2004;
Puig et al. 2005), whereas systemic administration of DOI evokes a dramatic
increase in the firing rate of a subpopulation of PFC pyramidal neurons (Puig et al.
2003). However, despite the increasing knowledge of the cellular actions of hal-
lucinogens, there is a conspicuous lack of information concerning their actions at
the network level.

1.2 NMDA Receptors. Noncompetitive Antagonists

Rapid ionic effects of glutamate are mediated by three receptor subtypes, namely
AMPA, kainate, and NMDA receptors. These receptors are ion channels, and their
activation by glutamate allows extracellular Na* and Ca®* ions to enter (and K* ions
to leave) the cytoplasm, thus evoking rapid and marked changes of the membrane
potential (depolarization in most instances), which subsequently results in the
generation of action potentials. Glutamate can also act on a family of 8 G-protein
coupled metabotropic receptors, analogous to monoamine receptors, which are
suitable targets for drug development (Swanson et al. 2005; Niswender and Conn
2010).

NMDA-R are involved in a large number of key physiological functions, such as
long-term potentiation and other forms of synaptic plasticity, and play a role in
several neurological and psychiatric disorders (Lau and Zukin 2007; Paoletti and
Neyton 2007). NMDA-R are tetrameric ion channels composed of two GIuN1 and
two GIuN2 subunits (formerly called NR1 and NR2). A third type of NMDA-R
subunits (GluN3) has been identified that changes the ionic sensitivity of the
NMDA-R channel (Cavara and Hollmann 2008). The NMDA-R ion channel is
voltage-sensitive, and the channel is blocked by Mg”* ions at resting membrane
potential. After the depolarization of the cell membrane, Mg?* ions are released
from the NMDA-R, allowing the passage of other ions (Na*, Ca®*, K*) through the
channel. Thus, in general, AMPA-induced depolarization precedes the functional
activity of NMDA-R.

The NMDA-R contains several binding sites, including the orthosteric site that
binds glutamate and competitive antagonists such as AP5 (also known as APV).
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Likewise, the NMDA-R contains several regulatory sites, including a glycine
binding site, located outside the channel, as well as binding sites for Mg>* and
noncompetitive antagonists such as phencyclidine (PCP), which are located inside
the channel. The dissociative anesthetics ketamine and PCP are noncompetitive
NMDA-R antagonists. These agents have been used as pharmacological models of
schizophrenia due to their ability to mimic the positive (psychotic) and negative
symptoms of schizophrenia in healthy individuals and to aggravate illness symp-
toms in schizophrenic patients (Krystal et al. 2003; Javitt and Zukin 1991).
Moreover, PCP, ketamine, and dizocilpine (MK-801; not available for human use)
evoke a series of behavioral alterations in experimental animals, including induc-
tion of hyperlocomotion and stereotypies, and disruption of sensorimotor gating.
These alterations are partially or totally antagonized by antipsychotic drugs
(Carlsson and Carlsson 1989; Geyer et al. 2001). However, the cellular elements
and brain networks involved in these actions are still not completely understood,
although work by different research groups in recent years has started to clarify the
actions of NMDA-R antagonists on brain function, including activity and pro-
cessing in the prefrontal cortex (PFC).

2 The Prefrontal Cortex

The PFC is the highest association cortex and plays an important role in the
pathophysiology and treatment of psychiatric disorders, including schizophrenia.
Not surprisingly, most research on the cellular actions of psychotomimetic agents
has been carried in this cortical area. The PFC has poorly defined anatomical
boundaries but it can be identified by its reciprocal connectivity with the
mediodorsal (MD) nucleus of the thalamus. The PFC is involved in many higher
brain functions, such as perception, attention, memory, and cognition. The dorso-
lateral PFC is primarily involved in cognitive processes, such as working memory
and executive function, as well as action planning and decision making (Fuster
2001, 2008; Miller and Cohen 2001). In addition to cognitive functions, the PFC
participates in the control of mood and affect. Hence, the anterior cingulate cortex,
including its ventral subdivision, is heavily involved in emotional processing
(Devinsky et al. 1995; Davidson and Irwin 1999; Cardinal et al. 2002; Phillips et al.
2003) and certain psychotic symptoms such as hallucinations are associated with
hyperactivity in this PFC subdivision (Shergill et al. 2000). Likewise, alterations of
energy metabolism in the ventromedial PFC have been reported in depressed
patients (Drevets 2001; Seminowicz et al. 2004) and high frequency stimulation of
this region evokes immediate antidepressant effects in patients refractory to stan-
dard treatments (Mayberg et al. 2005; Puigdemont et al. 2012).

As is the case with other cortical regions, the PFC is composed of ~75-80% of
pyramidal projection neurons, which use glutamate as a transmitter, and ~20-25%
of local circuit inhibitory interneurons, which use GABA as a transmitter.
Pyramidal neurons integrate excitatory glutamatergic afferent input from various
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thalamic nuclei, including the mediodorsal, centromedial and several midline
nuclei, as well as the hippocampus, the amygdala, and other cortical areas (Fuster
2008; Groenewegen and Uylings 2000). Local inhibitory inputs arise from
GABAergic interneurons. These interneurons have been classified according to
their anatomical and neurochemical characteristics and their synaptic relationships
with pyramidal neurons (DeFelipe et al. 2013). Firing patterns also differ markedly
between subpopulations of interneurons. Fast-spiking, parvalbumin-containing
GABAergic interneurons have been suggested to play a role in schizophrenia, in
particular in deficits of cognitive control (Lewis et al. 2005, 2012).

PFC neurons are densely innervated by projections from brainstem monoamin-
ergic nuclei such as the dorsal and median raphe nuclei, locus coeruleus and ventral
tegmental area, which employ 5-HT, norepinephrine and dopamine, respectively, as
neurotransmitters. These nuclei exert an important modulatory role of the excitatory
and inhibitory inputs onto PFC neurons (Puig et al. 2005; Steinbusch 1981; Van
Eden et al. 1987; Seamans and Yang 2004; Aston-Jones and Cohen 2005; Celada
et al. 2013). A large population of pyramidal and GABAergic neurons in PFC
express receptors for monoamine neurotransmitters (Santana et al. 2004, 2009, 2013;
de Almeida and Mengod 2007, 2008). Atypical antipsychotic drugs such as cloza-
pine show high affinity for monoamine receptors, suggesting that the PFC may be a
key brain structure in their therapeutic action, in addition to the well-known
blockade of dopamine D, receptors in ventral striatum (Artigas 2010).

3 Effects of Psychotomimetic Agents on Neuronal Activity
in PFC

3.1 Serotonergic Hallucinogens

In one study (Puig et al. 2003), we examined the effect of DOI on the firing activity
of pyramidal neurons in the rat medial PFC (mPFC). These neurons were identified
by antidromic activation from the dorsal raphe or the ventral tegmental area, two
areas targeted by projections from pyramidal neurons in deep PFC layers (Gabbott
et al. 2005). More recent studies indicated that a large proportion of mPFC pyra-
midal neurons simultaneously project to both monoaminergic nuclei
(Vazquez-Borsetti et al. 2011).

The i.v. administration of DOI (0.05-0.3 mg/kg) evoked three types of
responses in mPFC pyramidal neurons. DOI enhanced the firing rate in 38% of the
neurons examined (21/56), increasing the mean firing rate from 1.34 £ 0.36 to
6.45 = 0.97 spikes/s (a 481% increase; n = 21). Another 32% of the projection
neurons examined (18/56) were unaffected by administration of DOI at doses up to
0.3-0.8 mg/kg (i.v.), whereas the remaining cells (17/56, 30%) showed reductions
of their firing rate (to 11 & 3% of baseline). The baseline firing rate of the neurons
that were excited or inhibited by DOI did not differ significantly (1.34 £ 0.36
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spikes/s for excitations vs. 1.20 £ 0.33 spikes/s for inhibitions). Summing over all
of the neurons examined, DOI significantly increased the output of mPFC pro-
jection neurons to 238% of baseline, from 1.23 &£ 0.18 to 2.93 £ 0.53 spikes/s
(n = 56; p < 0.002, paired #-test).

The DOI-induced excitations were reversed by M100907 (0.1-0.5 mg/kg i.v.) in
6 out of 9 cases examined. Because DOI is also an agonist at 5-HT,¢ receptors,
effects on some pyramidal neurons may also be mediated by this receptor subtype.
Alternatively, M100907 may not be able to reverse the pyramidal excitation once
the neurons become extensively depolarized, likely by activation of ionotropic
glutamate receptors. The inhibition of firing elicited by DOI was also antagonized
by M100907 (0.1-0.5 mg/kg i.v.; n = 6). In addition, the inhibitory effect of DOI
was also reversed by the GABA, antagonist picrotoxinin (1-3 mg/kg i.v.), indi-
cating that the pyramidal neuron inhibition is mediated by activation of 5-HT,,-R
located on GABAergic interneurons (Santana et al. 2004) (Fig. 1).

In another study (Wood et al. 2012), the effects of DOI on neuronal activity were
examined in slightly different PFC subdivisions (orbitofrontal cortex (OFC) and
anterior cingulate cortex (ACC)) in freely moving rats. At a lower dose (1 mg/kg
i.p.), DOI mainly increased population activity in ACC (as was observed in mPFC),
whereas a larger proportion of the neurons were inhibited by a higher dose
(5 mg/kg i.p.). In contrast, in the OFC, DOI evoked an excitation/inhibition ratio of
ca. 1 at 1 mg/kg i.p., and produced a dose-dependent inhibition of neuronal activity
at higher doses (Wood et al. 2012). The differences in the relative proportion of
excited versus inhibited neurons in the two studies may be a consequence of the
distinct PFC subdivisions examined as well as the use of choral hydrate anesthesia
in the first study.

The effect of 5-MeO-DMT administration on pyramidal discharge was examined
in chloral hydrate anesthetized rats pretreated with the MAO-A inhibitor clorgyline
to mimic the effects of ayahuasca. The i.v. administration of 5-MeO-DMT
(0.1 mg/kg) evoked a response in pyramidal neurons similar to that of DOI,
increasing the firing rate of 51% of the neurons (to 406% of baseline), reducing the
firing of 35% of the neurons (to 31% of baseline), and leaving the rest of the
neurons (14%) unaffected (Fig. 2). Overall, 5-MeO-DMT increased pyramidal fir-
ing rate to 215% of baseline (p < 0.001, Student’s ¢ test; n = 37).

3.2 Noncompetitive NMDA Receptor Antagonists

Neuroimaging studies indicate that noncompetitive NMDA-R antagonists increase
metabolic activity in the PFC (Breier et al. 1997). We therefore examined the
actions of the noncompetitive NMDA-R antagonist PCP on the firing activity of
pyramidal neurons in the mPFC of choral hydrate anesthetized rats. As with the
studies of serotonergic hallucinogens, pyramidal neurons were identified by anti-
dromic activation from midbrain nuclei, so the results are representative of the same
neuronal population that was examined in the studies with DOI and 5-MeO-DMT.
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Fig. 1 Effect of 1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane (DOI) on the firing rate of
pyramidal neurons in rat medial prefrontal cortex. A1 Neuron that responded to DOI with an
increase in firing rate. The excitatory effects of DOI were reversed by the 5-HT,5-R antagonist
M100907. A2 Photomicrograph showing the presence of 5-HT;5-R mRNA (3 3P-labeled
oligonucleotides) in pyramidal cells (red arrows) identified by the presence of vesicular glutamate
transporter 1 (vGluT1) mRNA (dig-labeled oligonucleotides). B1 Neuron that responded to DOI
with a reduction in firing rate. The inhibitory effects of DOI were reversed by M100907 (data not
shown) as well as by the GABA-R antagonist picrotoxinin (PTX). B2 Photomicrograph showing
the presence of 5-HT,5-R mRNA (**P-labeled oligonucleotides) in GABAergic cells (blue
arrows) identified by the presence of glutamate decarboxylase (GAD) mRNA. C Bar graph
showing the average effect of DOI according to the type of response. *p < 0.05 versus the basal
firing rate. Adapted from Puig et al. (2003)
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Fig. 2 Effect of 5-methoxy-
N,N-dimethyltryptamine
(5-MeO-DMT) on the firing
rate of pyramidal neurons in
rat medial prefrontal cortex.
Rats treated with
5-MeO-DMT were pretreated
with the MAO-A inhibitor
clorgyline (CLG) in order to
mimic the effects of
ayahuasca, which contains
both B-carbolines (MAO-A
inhibitors) and tryptamines.
A Neuron that responded to
CLG and 5-MeO-DMT with
an increase in firing rate.

B Neuron that responded to
CLG and 5-MeO-DMT with a
reduction in firing rate. C Bar
graph showing the average
effect of CLG and
5-MeO-DMT according to the
type of response. *p < 0.05
versus the basal firing rate.
Adapted from Celada et al.
(2008)
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The i.v. administration of PCP evoked complex effects on the discharge rate of
mPFC pyramidal neurons (Kargieman et al. 2007). PCP (0.25 mg/kg i.v.) increased
the discharge rate of 45% of the recorded neurons (to 286% of baseline) and
reduced the discharge rate of 35% of the neurons (to 43% of baseline), with the
remainder of the neurons (22%) unaffected (Fig. 3).

In a similar study, Katayama et al. (2007) also reported that PCP increased
pyramidal neuron activity in rats anesthetized with pentobarbital followed by
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Fig. 3 Effect of
phencyclidine (PCP) on the PCP

firing rate of pyramidal (0.25 mg/kg i.v.)
neurons in rat mPFC.

A Neuron that responded to
PCP with an increase in firing
rate. B Neuron that responded
to PCP with a reduction in
firing rate. C Bar graph
showing the average effect of
PCP according to the type of —
response. *p < 0.05 versus 1 min
the basal firing rate. Adapted

from Kargieman et al. (2007). B
Note that the effects of PCP
on pyramidal neuron firing are
very similar to those produced
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urethane; this effect was antagonized by the local application of the AMPA/kainate
receptor antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX).

4 Role of Thalamocortical Inputs

Despite the marked alteration of PFC activity produced by PCP, it is still not clear
whether this action is essentially driven by intrinsic mechanisms (e.g., blockade of
NMDA-R in the PFC) or whether other cortical and subcortical areas connected with
the PFC—in particular the hippocampal formation and the thalamus—are also
involved. The fact that systemic MK-801 administration has countervailing effects on
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the activity of putative pyramidal and GABAergic neurons (increased and decreased
discharge, respectively) led to the proposal that the main mechanism of action of this
agent involves preferential blockade of NMDA-Rs on cortical GABAergic interneu-
rons (Homayoun and Moghaddam 2007). However, the local application of PCP or
MK-801 in the mPFC reduced the discharge rate of putative pyramidal neurons (Jodo
et al. 2005; Suzuki et al. 2002) and, in the latter study, it was reported that the local
application of PCP in the hippocampal formation facilitated pyramidal neuron activity
in mPFC. Moreover, systemic—but not local—administration of noncompetitive
NMDA-R antagonists increased neurotransmitter release in PFC (Amargos-Bosch et al.
2006; Lopez-Gil et al. 2007), suggesting that NMDA-R blockade in other brain areas
may also contribute to the increase in PFC activity. In particular, interhemispheric
projections may play a role since the bilateral (but not unilateral) application of MK-801
and ketamine in mPFC evoked neurochemical and behavioral changes similar to those
produced by the systemic MK-801 administration (Lopez-Gil et al. 2012).

Double in situ hybridization experiments revealed that PCP (10 mg/kg i.p.)
markedly increased c-fos expression in glutamatergic (vGluT1-positive) neurons
from several cortical regions (prefrontal, somatosensory, retrosplenial, and
entorhinal cortex) (Kargieman et al. 2007; Santana et al. 2011). PCP also induced a
very marked increase of c-fos expression in various thalamic nuclei, in particular
the centromedial and mediodorsal nuclei, which are reciprocally connected with the
PFC (Gabbott et al. 2005; Berendse and Groenewegen 1991; Kuroda et al. 1998).
PCP also increased c-fos expression in the amygdala, but only had a small effect in
the hippocampal formation. The results of these c-fos studies led us to directly
examine the effect of PCP on the discharge rate of neurons in the centromedial and
mediodorsal thalamic nuclei. The administration of PCP (0.25 mg/kg i.v.) altered
the discharge of thalamic neurons, increasing (to 424% of baseline) and decreasing
(to 41% of baseline) the activity of 57 and 20% of the recorded neurons, respec-
tively (23% of the neurons were unaffected) (Santana et al. 2011) (Fig. 4).

The activation of thalamocortical network activity by PCP appears to result from
the preferential blockade of NMDA-R in the reticular nucleus of the thalamus (RtN).
The RtN consists of a thin layer of GABAergic neurons that provide feedforward
inhibition to excitatory thalamic nuclei. Hence, in parallel with the c-fos increase,
systemic PCP administration evoked a dramatic and generalized decrease of neu-
ronal activity in the RtN (Troyano-Rodriguez et al. 2014) at the same doses that
increased excitatory neuronal discharge in the PFC and centromedial/mediodorsal
nuclei (Kargieman et al. 2007; Santana et al. 2011) (Fig. 4).

Recent evidence from other groups also supports the involvement of thalamic
nuclei in the action of NMDA-R antagonists. For example, ketamine administration
increased the discharge rate of cells in the nucleus reuniens of the thalamus, and
subsequently in the CAl hippocampal subfield, a region to which the nucleus
reuniens projects (Zhang et al. 2012). The same workers also reported that blockade
of NMDA-R with the competitive antagonist APV in the reticular thalamic nucleus
evoked bursts of delta oscillations (Zhang et al. 2009). Moreover, the effect of
systemic MK-801 administration on slow oscillations (see below) in the PFC was
mimicked by the local application of lidocaine in the mediodorsal nucleus of the
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«Fig. 4 Schematic representation of the action of phencyclidine (PCP) on thalamocortical circuits.
PCP appears to exert a preferential blockade of NMDA receptors (NMDA-R) in the reticular nucleus
(Rt) of the thalamus, which results in disinhibition of the excitatory thalamic nuclei that project to the
neocortex (bottom right panel). The upper trace is an integrated firing rate histogram showing the
effect of i.v. administration of PCP (0.25 mg/kg) on the discharge rate of a GABAergic neuron in
the Rt. Note the lack of c-fos expression in the Rt (indicated by arrowheads in the lower image)
(bottom left panel). In parallel with the reduction of GABAergic neuronal activity in the Rt, a large
percentage of excitatory neurons in the mediodorsal (MD) and centromedial (CM) nuclei,
reciprocally connected with the prefrontal cortex (PFC), are excited by PCP (0.25 mg/kgi.v.). These
nuclei show also a dramatic increase in c-fos expression after i.p. administration of PCP (10 mg/kg),
as shown in the lower histological image (fop panel). Similar to the effect on the excitatory thalamic
nuclei, PCP also increased the firing rate of a large percentage of the pyramidal neurons in the mPFC
and increased c-fos expression in vGluTl1-positive cells (pyramidal neurons). Overall, this
combination of electrophysiological and histological evidence supports the view that PCP activates
thalamocortical networks through a bottom-up process, although additional effects mediated by
blockade of NMDA-R in other subpopulations of GABAergic neurons (e.g., fast-spiking cortical
interneurons, substantia nigra reticulata (SNr) neurons, etc.) cannot be excluded

thalamus (Kiss et al. 2011a). Furthermore, the motor hyperactivity and the
behavioral stereotypies induced by MK-801 in rats were prevented by bilateral
application of the GABA, agonist muscimol directly into the anterior nucleus of
the thalamus, indicating that MK-801 reduces GABA 5-mediated neurotransmission
in the thalamus (Lopez Hill and Scorza 2012). Overall, these observations clearly
support the involvement of thalamic nuclei in the behavioral, perceptual, and
cognitive alterations induced by noncompetitive NMDA-R antagonists.

Thalamocortical inputs have also been claimed to play a role in the effects of
serotonergic hallucinogens. For example, 5-HT and DOI were reported to evoke
excitatory postsynaptic potentials in layer V pyramidal neurons in PFC slices,
potentially by acting on presynaptic 5-HT,4 receptors located on thalamocortical
afferents (Marek and Aghajanian 1998; Marek et al. 2001). However, this view has
been challenged by several lines of experimental evidence, including the failure of
histological studies to identify 5-HT,, receptors located on presynaptic gluta-
matergic axons (Miner et al. 2003), the fact that DOI has identical effects on
pyramidal neuron discharge in normal rats and in rats with extensive thalamic
lesions (Puig et al. 2003), and the dependence of 5-HT-mediated facilitation of
activity on 5-HT,, receptors intrinsic to the PFC (Beique et al. 2007). However,
presynaptic 5-HT,, receptors have been recently identified in thalamocortical
networks as modulators of associative learning (Barre et al. 2016).

5 Brain Oscillations: Relevance to Schizophrenia

Higher cognitive functions and executive functions emerge from the coordinated
activity of different neuronal networks and brain areas. This coordinated activity is
reflected in oscillatory activity, a characteristic feature of cortical dynamics. Brain
oscillations can be assessed through electroencephalographic (EEG) recordings,
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which detect the integrated activity of neuronal networks surrounding the electrodes
(Barre et al. 2016). EEG oscillatory activity depends on the synchrony at which
local and distal networks operate. Since the discovery of the EEG by Hans Berger
(Nunez and Srinivasan 2006) and the first description of the most prominent rhythm
(alpha, 8-12 Hz), multiple oscillatory activities have been described: slow (<1 Hz),
delta (1-4 Hz), theta (4-7 Hz), beta (12-30 Hz) and gamma (30-80 Hz) rhythms.
Brain oscillations are important because they serve to codify neural information and
allow for coordinated activity between different neuronal networks in the temporal
dimension: information is encoded not only by spiking activity, but also by the time
at which the spikes are produced.

The generation of brain oscillations involves a balance between excitatory and
inhibitory transmission within a network, which depends on the individual prop-
erties of the network components. For example, slow oscillations result from the
interaction of cortical, thalamocortical and reticular nucleus oscillators (Berger
1929), whereas delta oscillations depend upon cortical and thalamocortical com-
ponents (Crunelli and Hughes 2010; Petsche et al. 1984; Leresche et al. 1990;
McCormick and Pape 1990; Llinas and Steriade 2006). Low frequency oscillations
(slow and delta bands) are involved in several brain functions, including short- and
long-term memory (Steriade et al. 1993; Bodizs et al. 2002; Marshall et al. 2006;
Basar and Guntekin 2008). Additionally, they are essential for organizing higher
frequency activities in sequences of complex oscillations (Binder et al. 2014).
Gamma oscillations (30—80 Hz) deserve special attention due to their involvement
in multiple cognitive processes (Steriade 2006): sensory and perceptual processing,
short and long term memory, attention and executive functions, among others.
Parvalbumin-positive GABAergic interneurons are heavily involved in the gener-
ation of gamma oscillations. These cells are fast-spiking interneurons, with special
electrical properties, and are able to control large populations of pyramidal neurons
via large dendritic networks connected by gap junctions (Engel and Singer 2001;
Traub et al. 2000, 2001). These properties make them excellent candidates to spread
fast oscillations through neuronal networks, although other cells and neurotrans-
mitter systems may also be involved (Galarreta and Hestrin 2001; Belforte et al.
2010; Korotkova et al. 2010).

Because brain oscillations reflect neuronal and network dynamics, they may
provide a valuable tool to study the etiology and pathophysiology of mental illnesses
such as schizophrenia. Moreover, the study of brain oscillations can be a powerful
translational tool, enabling comparisons between patients, healthy individuals and
animal models. EEG recordings have been used to identify biomarkers, endophe-
notypes or prognostic indicators in schizophrenia. Indeed, schizophrenia symptoms
may result from impaired connectivity, communication and coordination between
brain regions (Carlen et al. 2012; Hoffman and McGlashan 1993; Skelly et al. 2008).

Recent studies show an increase of resting state gamma activity in schizophrenic
patients compared to healthy controls (Camchong et al. 2011; Venables et al. 2009;
Kikuchi et al. 2011). These findings are consistent with the alterations of
GABAergic neurotransmission (especially in fast-spiking interneurons) (Lewis
et al. 2005) and the deficits in NMDA-R glutamatergic neurotransmission
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(Krystal et al. 2003; Spencer 2011; Konradi and Heckers 2003) that have been
reported in schizophrenic patients. Likewise, abnormalities in corticosubcortical
(e.g., thalamocortical) communication have been examined in schizophrenic
patients via EEG sleep recordings. There are slow wave sleep deficits in schizo-
phrenic patients, changes that are associated with negative symptoms. Specifically,
schizophrenic patients show decreased delta wave counts, reductions in delta and
theta power, and alterations in the laterality of these measures compared to healthy
controls (Woo et al. 2008; Keshavan et al. 1998). Alterations in alpha activity
during sleep have also been correlated with positive and negative symptom
intensity (Sekimoto et al. 2007). Likewise, enhanced slow wave, delta, theta and
beta activity, as well as decreased alpha activity in the resting state, have been
associated with schizophrenia (Poulin et al. 2008; Rockstroh et al. 2007; Bates et al.
2009). Alterations of delta band frequency have been associated with negative
symptoms of the illness (Begic et al. 2011). Moreover, EEG patterns can be used to
distinguish schizophrenia patients from patients with other psychiatric disorders
(Camchong et al. 2011; Poulin et al. 2008; Bates et al. 2009), different groups of
schizophrenic patients (violent and nonviolent schizophrenic patients (Itoh et al.
2011)), and schizophrenia patients with “positive” versus ‘“negative” symptoms
(Schug et al. 2011; Begic et al. 2000).

Finally, different strategies have been used to model schizophrenia in healthy
subjects. One such strategy is the administration of psychotomimetic drugs such as
NMDA-R antagonists (Krystal et al. 2003). Using this approach, it has been shown
that administration of subanesthetic doses of ketamine to healthy subjects augments
high frequency oscillations (40-85 Hz) and reduces low frequency oscillations
(1-5 Hz), mimicking some of the disturbances of oscillatory activity found in
schizophrenia (Begic et al. 2009). Similar results have been reported using sero-
tonergic hallucinogens (Hong et al. 2010; Oughourlian et al. 1971; Riba et al. 2002;
Schenberg et al. 2015; Carhart-Harris et al. 2012; Kometer et al. 2015; Riba et al.
2004). After administration of psilocybin, decreases in broadband oscillatory power
(Riba et al. 2004; Muthukumaraswamy et al. 2013), as well as reductions of blood
flow (Schenberg et al. 2015), have been observed in areas of the default mode
network (DMN).

6 Effects of Psychotomimetic Agents on Low Frequency
Cortical Oscillations

The effects of hallucinogenic drugs on oscillatory activity have been examined in
different animal models (Table 1). Our group has focused on the influence of
psychotomimetic agents on low frequency oscillations. In rats and mice anes-
thetized with chloral hydrate, the aforementioned effects of PCP on pyramidal
neuron activity were accompanied by simultaneous and marked reductions of low
frequency cortical oscillations (LFCO; 0.3—4 Hz, with the most prominent intensity
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at ~ 1 Hz) in the mPFC (Kargieman et al. 2007; Santana et al. 2011; Raichle et al.
2001); PCP also reduced delta waves in the thalamus. Hence, PCP administration
dramatically reduced the power of LFCO, recorded in parallel with neuronal dis-
charge. The reduction of LFCO power occurred in all experiments, irrespective of
whether the recorded pyramidal neuron was excited, inhibited or unaffected by
PCP. Figure 5 shows the effect of PCP on LFCO in the mPFC of anesthetized rats.
Interestingly, PCP also produced a very marked desynchronization of the neuronal
discharge from the active (“up”) phases of LFCO. Under normal conditions, spikes
are typically fired during the active phases of LFCO, corresponding to “up” states
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Fig. 5 A Representative examples of the local field potential recordings (upper traces) and the
corresponding power spectrograms (lower traces) under basal conditions (left side) and after
phencyclidine (PCP) administration (right side). Note that PCP produced a marked reduction of
low frequency cortical oscillations (LFCO, ~1 Hz). The intensity of the power spectrum is
color-coded (red high intensity; blue low intensity). B Bar graph showing the reduction in LFCO
power produced by PCP (0.25 mg/kg i.v.), 1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane
(DOI; 0.25 mg/kg i.v.) and 5-methoxy-N,N-dimethyltryptamine (5-MeO-DMT; 0.1 mg/kg i.v.).
*p < 0.05 versus the basal power level. Adapted from Kargieman et al. (2007, 2012), Celada et al.
(2008)
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(periods when neurons are depolarized). The percentage of spikes fired during the
active phase of LFCO was 90 + 3% at baseline conditions, whereas PCP reduced
this value to 59 + 11% (note that the maximum possible reduction was to 50% due
to the random distribution of active and inactive phases of LFCO) (Kargieman et al.
2007).

The systemic administration of DOI (50-300 pg/kg i.v.) also caused a marked
reduction of LFCO in PFC, to 56% of baseline (the effect of DOI on LFCO was
slightly less marked than that of PCP). The effect of DOI was antagonized by the
subsequent administration of M100907, indicating the exclusive involvement of
5-HT; receptors (Fig. 5) (Kargieman et al. 2012).

Likewise, the hallucinogen 5-MeO-DMT (0.1 mg/kg i.v.), a component of
ayahuasca, also reduced the power of LFCO in PFC to 69% of baseline (Figs. 5
and 6) (Celada et al. 2008). Similar to DOI, the effect of 5-MeO-DMT on LFCO
was also blocked by subsequent administration of M100907. Interestingly,
5-MeO-DMT also significantly altered neuronal firing and oscillatory activity in
primary visual cortex (V1). Administration of 0.1 mg/kg i.v 5-MeO-DMT reduced
LFCO power to a similar extent in V1 and PFC (Fig. 6). The reduction of LFCO
power evoked by 5-MeO-DMT in PFC and V1 was accompanied by a significant
reduction of BOLD signal in parallel fMRI studies (Celada et al. 2008).
Interestingly, psilocybin also reduced the BOLD signal in the thalamus and various
cortical areas of human volunteers (Schenberg et al. 2015), suggesting that this
effect may be a common action of serotonergic hallucinogens. The decrease in
BOLD signal may seem paradoxical in view of the fact that serotonergic hallu-
cinogens primarily produce excitatory effects on neuronal activity in anesthetized
rodents. However, because generation of LFCO is likely energetically demanding,
reduction of oscillatory activity by serotonergic hallucinogens may counteract the
energy requirements associated with the increase in neuronal firing, thus resulting in
an overall decrease of cerebral blood flow. Additionally, differences in the overall
excitatory/inhibitory effects of serotonergic hallucinogens due to the use of anes-
thesia may also be accountable.

7 Mechanisms Involved in the Reversal
by Antipsychotic Drugs

Behavioral and neuronal alterations induced by noncompetitive NMDA-R antago-
nists and 5-HT, receptor agonists can be reversed by antipsychotic drugs, in par-
ticular by second generation or atypical antipsychotic drugs (Geyer et al. 2001). The
similar disruptions of PFC activity produced by the two different models (NMDA-R
antagonists and 5-HT, 4 receptor agonists) indicates that these alterations may underlie
their psychotomimetic activity (with the obvious limitation that these observations
were carried out in anesthetized rodents). In spite of this limitation—common to most
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Fig. 6 Effect of the serotonergic hallucinogen 5-methoxy-N, N-dimethyltryptamine (5-MeO-DMT)
on low frequency cortical oscillations (LFCO) and blood oxygen level dependent (BOLD) response
in anesthetized rats. A1-A3 Spectrograms showing the effect of clorgyline (CLG) and 5-MeO-DMT
on local field potentials in medial prefrontal cortex (mPFC). The intensity of the power spectrum is
color-coded (red high intensity; blue low intensity). Note the lack of effect of CLG and the marked
reduction of LFCO power induced by 5-MeO-DMT. A4 Averaged effects of CLG and 5-MeO-DMT
on power spectra in mPFC. B1 Representative coronal section showing the regions of interest
(ROI) used to assess effects on BOLD in mPFC. B2 Kinetics of the effect of 5-MeO-DMT on BOLD
signal in mPFC. The effect of 5-MeO-DMT on functional magnetic resonance imaging (fMRI)
signal intensity was calculated by subtracting the effect of saline. C1-C3 Effect of CLG and
5-MeO-DMT on local field potentials in primary visual cortex (V1). C4 Averaged effects of CLG
and 5-MeO-DMT on power spectrain V1. D1 Representative coronal section showing the ROI used
to assess effects on BOLD in V1. D2 Kinetics of the effect of 5-MeO-DMT on BOLD signal in V1.
*p < 0.05 versus the basal level. Adapted from Celada et al. (2008)
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pharmacological studies employing in vivo electrophysiology—we attempted to
reverse the effects of PCP on LFCO using antipsychotic drugs.

Interestingly, the alterations of PFC activity induced by PCP, DOI and
5-MeO-DMT were reversed by classical (haloperidol) and atypical (clozapine)
antipsychotic drugs. The administration of clozapine completely reversed the
increase in firing produced by PCP in PFC pyramidal neurons and in thalamic
neurons (Kargieman et al. 2007; Santana et al. 2011). Likewise, clozapine pre-
treatment prevented the PCP-induced increase in c-fos expression in all brain areas
examined, including PFC and thalamic nuclei (Santana et al. 2011). Clozapine also
reversed the reduction in LFO produced by PCP in PFC and thalamic nuclei
(Kargieman et al. 2007; Santana et al. 2011), as well as the effects induced by the
serotonergic hallucinogens DOI and 5-MeO-DMT in PFC (Kargieman et al. 2012;
Celada et al. 2008) (Fig. 7). Likewise, the administration of haloperidol reversed
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Fig. 7 A Representative spectrograms showing the reduction of low frequency cortical
oscillations (LFCO) induced by phencyclidine (PCP; 0.25 mg/kg i.v.) in rat medial prefrontal
cortex (mPFC) and the reversal induced by subsequent administration of clozapine (CLZ; 1 mg/kg
i.v.). B Bar graphs showing the average effects of PCP, 1-(2,5-dimethoxy-4-iodophenyl)-
2-aminopropane (DOI; 0.25 mg/kg i.v.), and 5-methoxy-N, N-dimethyltryptamine (5-MeO-DMT;
0.1 mg/kg i.v.) on the power of LFCO, as well as the ability of CLZ (1 mg/kg i.v.) to reverse those
effects. *p < 0.05 versus basal power; *p < 0.05 versus power in rats treated with PCP, DOI or
5-MeO-DMT alone. Data taken from Kargieman et al. (2007, 2012), Celada et al. (2008)
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the effects of PCP, DOI and 5-MeO-DMT on LFCO, and when examined, on
neuronal discharge (Kargieman et al. 2007, 2012; Celada et al. 2008).

The mechanisms involved in the reversal of PCP, DOI and 5-MeO-DMT effects
have not been fully elucidated. At the cellular level, the reversal of PCP effects by
clozapine may depend on increased GABA input to pyramidal neurons, given that
the combination of PCP and clozapine had opposing effects on c-fos expression in
GABAergic neurons (increased vs. PCP alone) and pyramidal neurons (reduced vs.
PCP alone) (Kargieman et al. 2007). On the other hand, the reversal of the effects of
DOI and 5-MeO-DMT by clozapine may simply involve the displacement of the
5-HT,A receptor agonists from their binding sites by clozapine, which has high
affinity and antagonist activity at such sites.

The reversal of PCP effects by clozapine appears to require the participation of
5-HT A receptors. Hence, PCP was equally effective in reducing LFCO in the PFC
of wild-type (WT) mice and of mice lacking 5-HT; 5 or 5-HT,4 receptors (1A-KO
and 2A-KO mice, respectively) (Raichle et al. 2001). However, the subsequent
administration of clozapine reversed the effects of PCP in WT mice and in 2A-KO
mice, but failed to produce an effect in 1 A-KO mice (Raichle et al. 2001), indicating
the requirement of 5-HT, 5 receptors. Recent pharmacological studies also support
the involvement of 5-HT;, receptors in the reversal of PCP effects on LFCO.
Hence, the selective 5-HT;, agonist BAY x 3702 completely reversed the
reduction of LFCO power produced by PCP in rat PFC (Llado6-Pelfort et al. 2016;
Riga et al. 2014). It does not appear that the reversal of PCP effects by clozapine
can be explained by a direct interaction between the latter drug and 5-HT; 4
receptors. Atypical antipsychotic drugs with low or no in vitro affinity for 5-HT; 5
receptors—including clozapine—act as functional agonists at 5-HT;, receptors
in vivo, as shown by their ability to increase dopamine release in PFC (Meltzer and
Massey 2011; Lladé-Pelfort et al. 2016; Rollema et al. 1997; Ichikawa et al. 2001;
Diaz-Mataix et al. 2005). The mechanisms involved are unclear but may bear some
relationship with the extensive co-expression of 5-HT;, and 5-HT,, receptors in
PFC neurons (Amargos-Bosch et al. 2004).

Given the almost exclusive high affinity of haloperidol for dopamine D,
receptors, the reversal of the effects of PCP and serotonergic hallucinogens by
haloperidol cannot be explained by a direct competition with PCP, DOI or
5-MeO-DMT at 5-HT, receptor sites and likely involves network modulation. For
example, ventral tegmental area stimulation excites PFC fast-spiking interneurons
and concurrently inhibits PFC pyramidal neurons (Bortolozzi et al. 2010). Thus,
haloperidol may attenuate PCP-induced excitation of pyramidal neurons via acti-
vation of dopamine D, receptors secondary to an autoreceptor-mediated increase of
PFC dopamine release, which adds to the increase of dopamine release induced
by PCP.
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8 Concluding Remarks

Data obtained in recent years has revealed that psychotomimetic agents markedly
disrupt neuronal activity in PFC and in its afferent thalamic areas, such as the
centromedial and dorsomedial nuclei. In parallel, these agents reduce the power of
low frequency oscillations in PFC and in the thalamus. Given the crucial role of
these brain networks in adapting behavioral responses to external sensory input, it is
likely that the observed abnormalities partly underlie the psychotomimetic action of
these agents. The link between the effects on network activity and the production of
schizophrenia-like symptoms is strengthened by the observation that antipsychotic
agents reverse the disruption of thalamic and cortical network activity evoked by
PCP, DOI and 5-MeO-DMT. Overall, the alterations of thalamocortical activity
induced by psychotomimetic agents can be successfully used to gain further insight
into the neurobiological basis of psychosis and to examine the potential antipsy-
chotic efficacy of new drugs under development. Likewise, studies of altered PFC
network activity may also provide new information on the mechanisms involved in
the therapeutic activity of agents targeting NMDA-R and 5-HT,4 receptors.
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