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Preface

The history of electrophysiology is entwined with the study of brain oscillations.
In 1929 Hans Berger was the first to find that different rhythms could be
measured on the human scalp, using his innovative electroencephalogram,
depending on whether the subject had his/her eyes opened or closed. Berger
was also the first to point out that brain waves are disrupted in brain diseases
such as epilepsy. Nowadays, although many studies suggest how oscillations
might be related to virtually every mental process known, no experiment has
conclusively shown that oscillations are actually necessary for proper brain

functioning.

Rather than treating this lack of evidence as a stop sign, the scientific community
has dedicated tremendous effort in order to solve this 100 years old charade: the
functional role of brain oscillations. In order to solve this mystery, new recording
techniques and analytical tools are constantly being developed. Of particular
importance for this work, a new metric that measures the coupling of brain
oscillations of different frequencies has recently been described by Tort and
collaborators (Tort et al,, 2008; Tort et al.,, 2010a), paving the way for the study
for a novel high-frequency oscillation, referred to as HFO (Scheffer-Teixeira et al.,
2012), and consequently creating new tools for the study of brain oscillations in

health and in altered brain states.

The present thesis recapitulates the major points of the research developed at
the Brain Institute - UFRN, Natal, during the last four years, where we applied
electrophysiological recordings in rats and recently developed signal processing
techniques to better characterize the alterations of hippocampal oscillations in a
well accepted model of psychosis and schizophrenia. Most of the findings and
substantial portions of text presented here have been published previously
(Caixeta et al., 2013), which makes this thesis more of an extended version of the
article, with an in-depth review of the field and some unpublished results and

observations that did not fit in the scope of the original article.
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Resumo

Em humanos, a administracdo de quetamina - um antagonista nao-competitivo
do receptor glutamatérgico do tipo NMDA - causa um amplo espectro de
sintomas associados a esquizofrenia. Dado o papel dos ritmos cerebrais na
realizacdo de tarefas cognitivas, tem sido sugerido que a patofisiologia da
esquizofrenia estaria relacionada a desordens de oscilagdes corticais. Neste
estudo utilizamos o registro in vivo do potencial de campo elétrico em multiplos
eletrodos implantados no hipocampo de ratos sob o efeito de injecoes sistémicas
de doses sub-anestésicas de quetamina (25, 50 e 75 mg/kg IP) para
investigarmos as alteragdes comportamentais e eletrofisiolégicas neste modelo
animal de psicose. A quetamina alterou o padrdo de locomogéo e causou diversas
mudan¢as na dindmica de oscilagdes neurais. A poténcia nas bandas de
frequéncia gama e oscilagoes de alta frequéncia (OAF) aumentou em todas as
profundidades do eixo CAl-giro denteado, enquanto a poténcia de teta variou
dependendo da camada registrada. A coeréncia de fase de gama e de OAF
aumentou entre as camadas de CA1. A quetamina aumentou o acoplamento entre
frequéncias (AEF) de fase-amplitude entre teta e OAF em todas as doses, mas
teve efeitos opostos no AEF entre teta e gama de acordo com a dose. Nossos
resultados demonstram que o modelo de esquizofrenia induzido por hipofuncao
dos receptores NMDA esta associado com alteragdes de interacdes de alta ordem
entre oscilagdes neurais.

Palavras-chave: NMDAR, modelo animal, potencial de campo elétrico, ritmos

cerebrais, eletrofisiologia in vivo.



Abstract

In humans, acute administration of ketamine - a noncompetitive antagonist of
glutamatergic NMDA receptors - causes a wide spectrum of symptoms
associated with schizophrenia. Given the role of cerebral rhythms in cognitive
processing, it has been suggested that the pathophysiology of schizophrenia
might be related to cortical oscillations disorders. In the present study we
employed in vivo multi-site hippocampal local field potential recordings of freely
moving rats treated with systemic injections of sub-anaesthetic doses of
ketamine (25, 50 and 75 mg/kg IP) in order to investigate the behavioural and
electrophysiological alterations in this animal model of acute psychosis. We
found that ketamine induced abnormal locomotor activity and changes in
multiple parameters of oscillatory dynamics. Oscillations in the gamma and high-
frequency oscillations (HFO) bands showed increased power across the CA1l-
dentate axis, while changes in theta power varied in a layer-dependent manner.
Gamma and HFO showed increased phase coherence across CA1l layers.
Ketamine increased phase-amplitude cross-frequency coupling (CFC) between
theta and HFO at all doses, but had opposite effects on theta-gamma CFC
depending on the dose. Our results demonstrate that NMDA receptor
hypofunction model for schizophrenia is associated with alterations of higher-
order oscillatory interactions.

Keywords: NMDAR, animal model, LFP, brain rhythms, in vivo electrophysiology.



1. Introduction

1.1 Brain oscillations in cognition and in schizophrenia

Oscillations are a hallmark of central nervous system activity (Buzsaki and
Draguhn, 2004; Buzsaki, 2006). Since the first recordings of the electrical activity
in humans (Berger, 1929; Bremer, 1958) it became apparent that different
cognitive states are associated with various dominant frequencies of neuronal
oscillations. Electroencephalogram (EEG) recordings during wakefulness are
generally dominated by low amplitude high-frequency oscillations -above 10Hz-,
while high amplitude slow frequencies are predominant during sleep, and are

paramount in discriminating among sleep stages (Buzsaki, 2006).

Mammalian neurons form neuronal ensembles and oscillating networks of
multiple sizes, spanning five orders of magnitude in frequency, from 0.05Hz up
to 500Hz that are associated with different behavioural states (Buzsaki and
Draguhn, 2004). These oscillations are relatively stable across different taxa,
suggesting a functional role in neural processing (Buzsaki, 2006). According to
Buzsaki and Draguhn (2004), “this emerging new field, ‘neuronal oscillations’, has
created an interdisciplinary platform that cuts across psychophysics, cognitive
psychology, neuroscience, biophysics, computational modelling, physics,

mathematics, and philosophy.”

Brain oscillations are frequently separated according to their frequency ranges

[although recent studies advise against defining brain rhythms solely based on



frequency ranges (Kopell et al., 2010; Tort et al., 2010b; Tort et al., 2013)], most
of which have been associated with characteristic cognitive processing.
Following Berger’s tradition, the name of different oscillations has little
correspondence to their frequencies, and refers to the order in which they were
described. Alpha rhythm is about 8-13Hz and is associated with quiet, waking
states, and was first observed in the occipital cortex of subjects with their eyes
closed. Beta encompasses 14-30Hz, and has long been associated with motor
control in the motor cortex (Conway et al., 1995), and correlates inversely with
voluntary movement in the basal ganglia (Brown and Williams, 2005). Gamma
oscillations span from 30-100Hz, and are associated with alert wakefulness and
cognition. A prominent hypothesis in neurosciences proposes gamma synchrony
as a correlate of perceptual binding (Singer and Gray, 1995), while others relate
gamma to selective attention (Fries et al., 2001), transient neuronal assembly
formation (Harris et al, 2003), and information routing (Colgin et al.,, 2009).
Delta waves (1-4Hz) are mostly present during anaesthesia and sleep, when
cortical neurons are not actively processing sensorial inputs, and are majorly
synchronized by phasic thalamic activity (Steriade et al., 1993; Billard et al,,
1997). Theta rhythms (5-10Hz) are a distinctive feature of REM sleep, and also
occur during wakefulness in the rodent hippocampus, being involved in various
roles such as spatial navigation, plasticity and memory (Buzsaki, 2002). With a
somewhat distinctive name, ripple oscillations are one of the fastest oscillations
known (100-250Hz), originate in the hippocampal CA1 pyramidal layer, and
have been proposed to gate memory transfer between the hippocampus and the
cortex during sleep (Ylinen et al, 1995). Finally, a recently described rhythm

(Tort et al., 2008; Scheffer-Teixeira et al., 2012) referred to as high-frequency



oscillation (HFO) spans from 110-160Hz is strongly associated with theta

rhythms and may be related to memory processing (Tort et al., 2013).

A representative model of interacting oscillatory units and networks is the
mammalian hippocampus. As explained by Jones (2010), theta oscillations
entrain the firing rate of hippocampal cells, with most spikes occurring during
specific phase windows in a theta cycle, a phenomenon usually referred to as
phase-locking, which is thought to be enabled by oscillating levels of inhibition
imposed on pyramidal cells. Theta oscillations seem to play a role in temporal
organization in a variety of functions, such as sensorimotor integration (Caplan
et al, 2003) and coordination of cell assemblies by means of phase modulating
gamma oscillations (Sirota et al, 2008). The relation between the precise
moment when a neuron is active (spike) and the relative phase of on-going
oscillation has functional implications and has been associated, for example, to
the animal’s location relative to a hippocampal place-field (O'Keefe and Recce,
1993); to either encoding or retrieving of a memory (Manns et al., 2007); and to
the mutual influence between dispersed neuronal groups (Womelsdorf et al,
2007). The functional relations between spike times and subjacent oscillations
are becoming increasingly well established, and are currently deemed to
represent the mechanism by which the brain dynamically routes information

during cognitive processing (Engel et al., 2001; Buzsaki, 2010).

Probably the most well studied network-generated oscillation that is thought to
influence spike timing is the gamma oscillation. Gamma oscillations are found in

many regions of the mammalian brain and, as noted previously, are thought to



take part in organizing neural assembly formation. Interneuron activity is
essential for synchronizing neurons in the gamma frequency, and two simplified
models may explain the origin of this rhythm: the I-I model (Inhibitory-
Inhibitory model, also known as ING: Interneuronal Network Gamma) and the E-
[ model (Excitatory-Inhibitory model, also known as PING: Pyramidal-
Interneuronal Network Gamma), as reviewed in Buzsaki and Wang (2012).
According to the I-I model, a network composed of mutually interconnected
spiking interneurons that reciprocally activate GABAa receptors is sufficient to
generate the gamma rhythm; while the E-I model describes how a network of
excitatory and inhibitory interneurons behave with volleys of fast excitation and
delayed inhibition, leading to a cyclic interaction among these cells generating a

rhythmic interplay in the gamma range (Buzsaki and Wang, 2012).

Other than influencing the functional significance of spiking activity, brain
rhythms of different frequencies are not independent, but can rather interact in
many different ways (Jensen and Colgin, 2007). There seems to be a functional
role for the cross-frequency coupling (CFC) exerted by the phase of low
frequency oscillations (usually delta or theta) over the amplitude of higher
frequency oscillations (usually gamma or HFO), which has attracted much
interest to this phenomena recently (Tort et al,, 2010a). Phase-amplitude CFC
correlates with brain functions such as detection of sensory signals (Handel and
Haarmeier, 2009), reward signalling (Cohen et al., 2009b), decision-making (Tort
et al, 2008; Cohen et al., 2009a), working memory (Axmacher et al, 2010),
attention (Lakatos et al., 2008; Schroeder and Lakatos, 2009) and learning (Tort

et al., 2009). Further, CFC patterns differ across brain areas (Tort et al.,, 2010a;



Voytek et al., 2010; Scheffer-Teixeira et al, 2012), and change dynamically in
response to motor, sensory, and cognitive events (Tort et al., 2008; Canolty and
Knight, 2010; Voytek et al., 2010). Theta-gamma coupling has been hypothesised
to form a neural coding system that allows the representation of multiple items
in a sequential order (Lisman and Buzsaki, 2008). Abnormalities in theta-gamma
coupling have been thus suggested as a possible electrophysiological substrate of
disordered thoughts and impaired working memory (Lisman and Buzsaki, 2008;
Moran and Hong, 2011). Also, it should be noted that recent CFC studies have
demonstrated that theta modulates multiple higher frequency bands, which
occur within (30-100 Hz) and beyond (>100 Hz) the traditional gamma band
(Tort et al.,, 2008; Tort et al., 2010a; Scheffer-Teixeira et al,, 2012; Tort et al,,
2013). For instance, theta preferentially modulates high-gamma (60-100 Hz) in
CA1 and low-gamma (30-60 Hz) in CA3 (Tort et al., 2008; Tort et al., 2009; Tort
et al,, 2010a). Additionally, theta phase also modulates higher frequency activity
circumscribed into the HFO band in stratum oriens-alveus (Scheffer-Teixeira et
al, 2012; Tort et al., 2013). For an extended review on the functional role of CFC,

see Canolty and Knight (2010).

Due to the association between neuronal oscillations and many cognitive tasks, it
has been suggested that altered oscillatory activity is associated with
dysfunctional cognition and behaviour (Uhlhaas and Singer, 2010). Disturbance
in cortical oscillations has been suggested as a possible neural basis for
symptoms found in schizophrenia (Uhlhaas and Singer, 2006; Ford et al., 2007;
Uhlhaas et al., 2008; Haenschel et al., 2009; Uhlhaas and Singer, 2010; Moran and

Hong, 2011; Whittington et al., 2011; Gandal et al., 2012). Aberrant oscillatory



activity in schizophrenic patients has been found in various frequency bands,
including the delta-band (Sponheim et al., 1994; Keshavan et al.,, 1998; Boutros
et al, 2008; Siekmeier and Stufflebeam, 2010); theta-band (Sponheim et al,,
1994; Jansen et al., 2004; Boutros et al.,, 2008; Brockhaus-Dumke et al., 2008;
Hong et al,, 2008; Siekmeier and Stufflebeam, 2010; Kirihara et al., 2012); alpha-
band (Sponheim et al., 1994; Jin et al., 2006; Boutros et al., 2008); beta-band
(Sperling et al.,, 1999; Tekell et al.,, 2005; Lee et al., 2006; Ford et al., 2008b;
Uhlhaas and Singer, 2010); and more recently in the HFO band (Grutzner et al,,
2013; Sun et al, 2013). In particular, aberrant gamma-frequency oscillations
have been reported in schizophrenic patients (Kwon et al., 1999; Lee et al., 2003;
Spencer et al., 2003; Spencer et al., 2004; Krishnan et al,, 2005; Cho et al., 2006;
Light et al., 2006; Uhlhaas et al.,, 2006; Ferrarelli et al., 2008; Flynn et al., 2008;
Ford et al., 2008a; Spencer et al., 2008; Rutter et al., 2009; Spencer, 2009; Leicht
et al,, 2010; Mulert et al,, 2010; Woo et al,, 2010; Barr et al., 2011; Kirihara et al.,
2012). However, although a tantalizing amount of correlates link disrupted
oscillatory activity to schizophrenia, comparison between studies is hindered by
many subtle (and sometimes not so subtle) aspects that are hard to control for
such as variations in recording techniques employed, electrode placement,
subject’s heterogeneous symptomatology, medication, and experimental setting
(Jones, 2010). Finally, although CFC has been implied in several brain functions,
few studies have attempted to characterize CFC in schizophrenia (Allen et al,,

2011; Kirihara et al,, 2012), and have found divergent results.
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1.2 Schizophrenia and the glutamate hypothesis

According to the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV-
TR, American Psychiatric Association, 2000): Schizophrenia is a chronic
debilitating mental disease of unknown aetiology that is characterized by
positive symptoms (excess or distortion of normal functions) such as irrational
beliefs (delusions) and perceptions (hallucinations), and grossly disorganized or
catatonic behaviour; negative symptoms (diminished or loss of normal
functioning) such as lack of goal-oriented behaviour (avolia), distorted speech
and thought (alogia) and lack of emotional empathy (blunted affect) and social
withdrawal; and general cognitive impairment (American Psychiatric
Association, 2000). A recent meta-analysis by McGrath and collaborators (2008)
indicated that schizophrenia has an incidence of approximately 0.7% worldwide
with a considerable geographical variation on its incidence, and also some novel
associations such as males being 40% more affected than females, and
schizophrenia being associated with urban settings, high latitude and migration

(McGrath et al., 2008).

We acknowledge that a new version of the DSM has recently been released
(DSM-5, American Psychiatric Association, 2013), but since it has received much
criticism by both the psychiatric and the scientific community (more on the topic
on http://en.wikipedia.org/wiki/DSM-5#Criticism), we opted to wuse the
definitions found in the DSM-IV-TR. Moreover, the latter has been the reference
standard for schizophrenia research over the past 13 years and therefore is more

faithful to most of the literature reviewed here.
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To date, all psychiatric drugs that effectively alleviate psychotic symptoms block
the D2 dopamine receptor to some degree (Tort, 2005; Coyle, 2006; Kapur et al,,
2006). This observation led to the proposition that dopaminergic mechanisms
are central to schizophrenia, particularly psychosis, which became known as the
dopamine hypothesis of schizophrenia, and has been presented in at least three
different increasingly sophisticated formats since it first appeared in the 70’s
(see Howes and Kapur, 2009 for an up-to-date review and the most recent
format of this hypothesis). Although enduring and influential, the dopamine
hypothesis is an acknowledged poor model of negative symptoms and patterns
of cognitive deficit associated with schizophrenia (Javitt et al., 2012). Further,
both typical and atypical antipsychotics are ineffective against most negative
symptoms and cognitive impairments, leaving a substantial burden even on
medicated patients (Coyle, 2006). The fact that noncompetitive and nonselective
antagonists of the NMDAR, such as phencyclidine (Javitt and Zukin, 1991) and
ketamine (Krystal et al, 1994), when administered to healthy subjects
consistently induce most symptoms of schizophrenia, caused the main focus of
pharmacological models of schizophrenia to change from dopaminergic to
glutamatergic dysfunction (Coyle, 2006; Frohlich and Van Horn, 2013).
Moreover, the glutamate hypothesis encompasses negative and cognitive
symptoms of schizophrenia, and potentially explains dopamine dysfunction itself

(Moghaddam et al.,, 1997; Javitt et al., 2012).

In its simplest form, the glutamate hypothesis proposes that NMDAR
hypofunction might “be viewed as a model for a disease mechanism that could

explain the symptoms and natural course of schizophrenia” (Olney et al., 1999). It

12



does not suggest that glutamate is the main nor the only neurotransmitter
responsible for the complex and heterogeneous subset of alterations found in
schizophrenia, but rather that the NMDAR hypofunction might lead to
downstream neurochemical dysfunction in multiple neurotransmitter systems
(including glutamate, GABA, acetylcholine, serotonin and dopamine), and that
schizophrenia symptoms result from these multiple neural malfunctions (Jentsch
and Roth, 1999). In other words, the aetiology of schizophrenia may involve
dysfunction of the NMDAR, or it may alternatively involve downstream effects
that can be modelled by NMDAR blockade (Olney et al.,, 1999). Alternatively, it
has been suggested that schizophrenia may not exist as a unitary disease per se,
but rather is a syndrome composed of overlapping phenotypical alterations with
various aetiologies, suggesting a need for a reconceptualization of what

schizophrenia means (Keshavan et al,, 2011).

Two of the major arguments in favour of the glutamate hypothesis are that
NMDAR blockade induces most core symptoms of schizophrenia, including
negative, positive, and cognitive symptoms (Javitt and Zukin, 1991; Krystal et al,,
1994; Newcomer et al, 1999); and that there is a remarkable resemblance
between genuine and drug-induced psychotic symptoms. Lahti et al. (2001)
administered sub-anaesthetic doses of ketamine to healthy and schizophrenic
volunteers and found that all subjects had an acute increase of psychotic
symptoms that was dose-dependent and that 70% of the schizophrenic subjects
reported an increase of previously experienced symptoms. Also, the prolonged
use of phencyclidine (PCP) is more similar to the schizophrenia symptomatology

both quantitatively (duration of symptoms) and qualitatively (e.g. auditory

13



hallucinations become more frequent than visual hallucinations) compared to
the acute use of this substance [see Jentsch and Roth (1999) for a review on this

topic].

Other psychotomimetic drugs have been proposed as models of schizophrenia
(Javitt et al, 2012). Dopamine agonists such as amphetamines and
methylphenidates, for example, induce only positive symptoms (Javitt et al,,
2012) and cause heterogeneous responses in schizophrenic patients (van
Kammen et al, 1982 apud Lahti et al., 2001). Serotonin agonists such as d-
lysergic acid diethylamide (LSD) and psilocybin induce psychedelic experience
“with vivid hallucinatory experience, fusion of visual and other sensory experiences,
and emotional alterations” (Aghajanian and Marek, 2000), but with less
correspondence to schizophrenia symptomatology when compared to NMDAR
blockade (Lahti et al, 2001). Finally, based on recent reports that postnatal
NMDA ablation exclusively in interneurons recapitulates most behavioural
abnormalities induced by NMDAR blockade (Belforte et al., 2010; Korotkova et
al, 2010; Carlen et al.,, 2011), a novel theory has been put forward suggesting
that the NMDAR hypofunction model acts mainly through the GABAergic system
(Nakazawa et al,, 2012). We would like to add that, in our view, none of these
models is necessarily completely right, nor completely useless, and that due to
the widespread presence of NMDAR in the brain, it is reasonable to suggest that
NMDAR dysfunction may affect all of these neurotransmitter systems, and that
what actually remains to be explained is the precise correspondence between
each of these neurochemical malfunctions and the unique symptoms of

schizophrenia.
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1.3 Brief history of phencyclidine and ketamine

PCP is a synthetic cyclohexylamine developed in 1956 by the Parke Davis
Company (Maddox et al,, 1965 apud Domino, 2010). Early preclinical testing on
animals had indicated that PCP “caused an excited drunken state in rodents, but a
cataleptoid immobilized state in pigeons (...) produced canine delirium. In monkeys,
it was a remarkable anaesthetic” and clinical tests indicated that “As in monkeys,
phencyclidine was a safe anaesthetic in humans” (Domino, 2010). The first record
of psychotic symptoms associated with PCP appeared soon, when Luby and
collaborators tested it on healthy and schizophrenic subjects and found that the
drug had “an impressive similarity to the schizophrenic syndrome” (Luby et al,,
1959 apud Domino, 2010). With more clinical studies, it became clear that PCP
was not suitable for human anaesthesia. At this point new PCP-derived drugs
were synthesized and screened in preclinical studies at Parke Davis, and one of
these new substances produced excellent anaesthesia and was short acting,
suggesting it would serve as an adequate replacement to PCP. Initially called ‘CI-
5871’, this new drug was first synthesized in 1962 (Dorandeu, 2013) and studied
in humans in 1964, yielding safe general anaesthesia with minimal emergence
delirium (Domino, 2010). In order to facilitate the approval from the American
Food and Drug Administration for human use, Parke Davis Company decided not
to contact Dr. Luby to carry out human trials, believing he would conclude that
ketamine mimicked schizophrenia similarly to PCP (Domino, 2010). As an
alternative, Parke Davis’ own psychiatrists tested the drug in humans and
officially concluded it led to altered states such as “dreaming”, and came up with

the euphemistic coinage of “dissociative anaesthesia”, a term that is still used
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today, in order to describe the feeling of being disconnected from the body and
from the environment when emerging from the drug effects (Domino, 2010). In
spite of the transient psychotomimetic effects such as delusions, severe anxiety
and agitation (referred to in the clinical literature as emergence phenomena), the
large margin of safety of ketamine assured its widespread usage in veterinary
(Green et al,, 1981) and medical practice, ranging from paediatric settings to

battlefield anaesthesia (Reich and Silvay, 1989).

Another common use of PCP and ketamine is as a recreational drug or as a drug
of abuse. Although PCP use in humans was discontinued in 1965, and rarely used
in veterinary practice, many clandestine laboratories have manufactured PCP
since the mid 60’s (Petersen and Stillman, 1978). At first it was referred to as the
PeaCe Pill (notice the acronym) and later became more known as Angel Dust.
PCP users have reported that the desired effect induced by the drug relates to
feeling of dissociation, mood elevation, inebriation and relaxation, but are
acknowledged as being far less frequent than the induced negative effects
(Petersen and Stillman, 1978). Due to the ease to synthesize it, PCP is often found
mixed to other illicit drugs with the intent of generating a “more intense high”.
PCP can be administered in many ways, such ingestion, smoking, inhaling or

injection, and is associated with violent crimes (Siegel, 1978).

Ketamine, on the other hand, has a somewhat less tragic history as a drug of
abuse and more widespread use as a recreational drug. Initially employed by
many new-age spiritualists as an entheogen (“generating the divine within”)

during the 70’s (Jansen, 2004; Domino, 2010), and has been referred to as “the
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latest futile attempt to cleanse Blake’s ‘doors of perception’ by chemical means”
(Pai and Heining, 2007). The vast availability of ketamine vials in veterinary and
hospital supplies granted its place as one of the safest and easiest to acquire
hallucinogens of modern society (Jansen, 2004). Ketamine is usually diverted or
stolen from legitimate supplies, and became a regular “club drug” used mainly in
dance settings like rave parties, particularly in Europe, being often mixed with
ecstasy (Wolff and Winstock, 2006), and known by various slang names such as
Special K, vitamin K, K, Super K, Ketaset, Ket, Kit Kat, Kizzo, CatValium, Bump, Jet,
Super Acid, Mean Green, Monkey Mix, and Monkey Business. With a good
physical safety profile when used in sub-anaesthetic doses, and fast acting effects
(lasting for one hour or less), the main concerns about the non-medical use of
ketamine regard the lack of self-preservation and confusion users experience
after drug use, the increased susceptibility to aggression and problems with
compulsive use and addiction (Jansen, 2000; Wolff and Winstock, 2006). Also,
prolonged abuse of ketamine has been associated with urinary tract

problems (Chu et al., 2008).

A third NMDAR noncompetitive blocker often used in animal studies as a model
of psychosis and schizophrenia is dizocilpine, also known as MK-801. Developed
by Merck at 1982, MK-801 has a similar effect on NMDARs (in spite of being
structurally unrelated to PCP), but is much more potent and has longer lasting
effects (Ogden and Traynelis, 2011). Because of its low safety profile, dizocilpine
is less used in veterinary and clinical settings, making it difficult to perform

translational studies.
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1.4 NMDAR blockade pharmacology

NMDA receptors are glutamatergic ionotropic channels located throughout the
brain and spinal cord better known for their role as cationic postsynaptic
channels. In order to be activated, NMDARs require the binding of glutamate and
two additional elements: a co-agonist, either glycine or D-serine, which are
mainly derived from astrocytes; and the despolarization of the postsynaptic
terminal at roughly the same time that glutamate is released from the
presynaptic terminal. The postsynaptic depolarization causes the displacement
of the Mg++ ion that blocks the NMDAR pore at the resting membrane potential.
The fact that NMDAR activation requires voltage-dependent events at both the
pre and postsynaptic terminal confers these receptors the unique role of
molecular coincidence detectors, a key element in spike-time-dependent
synaptic plasticity (Sanz-Clemente et al., 2013). NMDARs are also expressed at
extra, peri and presynaptic sites, where they participate in functions such as
neuronal survival, nitric oxide release and regulating spontaneous and evoked

excitatory postsynaptic currents (Paoletti et al., 2013).

NMDARSs’ structure is heterogeneous across brain regions, and present an
overwhelming functional diversity depending on its composition (see Paoletti et
al,, 2013 for a recent review). NMDARs are commonly composed of four different
subunits, and typically are di-heteromers composed of two GluN1 and either two
GIuN2 or GIuN3 subunits, which are assembled as a dimer of dimers, although
tri-heteromers also exist (Sanz-Clemente et al., 2013). There is only one gene

that encodes the GluN1 subunit, but due to alternative splicing there are eight
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known isoforms, each with unique gating and pharmacological properties. There
are four different GluN2 subtypes, which are responsible for most of the
NMDAR’s functional variability, and are differentially expressed at various
development stages. There are three kinds of GluN3 subunits, all of which have
different gating properties and do not bind to glutamate, creating the curious
scenario in which NMDARs formed exclusively by GluN1 and GluN3 subunits
function as glycine receptors, without the participation of glutamate and with
distinct pharmacological characteristics (Sanz-Clemente et al, 2013).
Furthermore, NMDAR composition is plastic both during development and in
adults, and can occur within minutes (Paoletti et al.,, 2013). Also, NMDARs are
mobile and can move laterally between synaptic and nonsynaptic regions,
permitting subtle regulations in receptor numbers and subunit composition.
Finally, the complexity of NMDAR functioning is increased by the existence of
atypical non-neuronal NMDARs in astrocytes and oligodendrocytes (Paoletti et

al, 2013).

Typical NMDAR blockers such as PCP, ketamine and MK-801 are noncompetitive
antagonists that target the most highly conserved part of the NMDA receptor,
sometimes referred to as the phencyclidine receptor, and present little
selectivity (<10-fold) for NMDA receptor subunits (Ogden and Traynelis, 2011).
Additionally, ketamine is known to decrease the frequency of channel opening by
an allosteric mechanism (Orser et al., 1997), although the functional significance
of this modulation is currently unknown. Given that NMDARs blockers have been
known for 50 years, until recently there was a surprisingly limited amount of

pharmacological tools available for discriminating between NMDAR receptor
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subtypes (Paoletti and Neyton, 2007). Until then, Ifenprodil and associated
compounds were the only synthetic tools known to selectively block NMDAR
subunits, having a >400 fold selectivity for the GluN2B subunit (Williams, 1993
apud Paoletti and Neyton, 2007); while zinc was found to selectively antagonize
GIuN2A-containing receptors at low (nanomolar) concentrations (Paoletti et al.,
1997 apud Paoletti and Neyton, 2007). Recent years have witnessed a spur of
interest in NMDAR pharmacology with the discovery of new allosteric
modulatory binding sites, as well the advent of novel selective antagonists for
NMDAR subunits (see Ogden and Traynelis, 2011 for a review). Future studies
with these selective blockers will surely increase our current knowledge
regarding the involvement of different types of NMDARs in the various

schizophrenia symptoms modelled by NMDAR blockade.

Chen and collaborators were the first to document the effects of NMDAR
blockade in animals, in preclinical screening tests at Parke Davis Company, with
phencyclidine being tested in 1959 and ketamine (at the time known as CI-581)
in 1965 (Domino, 2010). From these early experiments it became clear that both
drugs caused excitation at low doses and had a cataleptic effect at higher doses
(Chen et al., 1966), while it also became clear that both drugs differed in some
aspects, with high doses of phencyclidine inducing convulsion, whereas
ketamine induced deep anaesthesia even at the highest doses (Chen et al., 1966).
However, since an influential review by Javitt and Zukin concluded that the PCP
psychotomimetic effects in humans are induced by very low concentrations of
the drug, in which PCP binds the NMDA receptor selectively (Javitt and Zukin,

1991), it is generally accepted that the behavioural effects induced by sub-
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anaesthetic doses of PCP and ketamine are mediated exclusively by NMDAR
blockade. For this reason, it is usual to see studies using PCP, ketamine, MK-801
interchangeably in order to induce NMDAR blockade, regardless of the
pharmacological differences between these compounds (but see Gilmour et al,,

2009; Gilmour et al,, 2012).

Although PCP and ketamine are mainly regarded as noncompetitive and
nonselective NMDA channel blockers, they also bind to other receptors
presenting unique pharmacological profiles. Philip Seeman’s group (Kapur and
Seeman, 2002; Seeman et al., 2005) found in in vitro assays that both PCP and
ketamine at concentrations similar to those required to induce psychotomimetic
effects also bind to D2 dopamine and 5-HT: serotonin receptors. These results,
however, are not corroborated by findings from other laboratories (Nishimura
and Sato, 1999; Rabin et al., 2000; Aalto et al,, 2002; Liu et al,, 2006), and have
been contested on more than one occasion (Svenningsson et al, 2003;
Svenningsson et al, 2004; Jordan et al, 2006) generating some heated
argumentation (Seeman, 2004; Seeman et al., 2009). If proved true, this lack of
specificity raises serious problems concerning the use of these drugs as evidence
in favour of the glutamate hypothesis of schizophrenia. However, as suggested in
the section above, this limitation would not be fatal for the current study, nor for
the enterprise of modelling schizophrenia in general. In the words of Seeman et
al. (2005): “even if ketamine and PCP are non-specific in vivo, it does not invalidate
the ketamine/PCP as models for studying schizophrenia. It could well be that
schizophrenia itself is a multi-transmitter dysfunction and ketamine and PCP, by

virtue of their relatively broad-based neurotransmitter perturbation, provide a
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better model of the complexity of this illness than a primary dopaminergic or a

primary hypoglutamate model.”

Ketamine is widely used in translational studies, and is often reviewed in the
literature to account for updates in research both in clinical and veterinary
settings as an anaesthetic, as well as its uses as a research tool, particularly as a
model of schizophrenia (Frohlich and Van Horn, 2013; Kocsis et al., 2013). The
ketamine molecule (RS)-2-(2-Chlorophenyl)-2-(methylamino)cyclohexanone has
a molecular weight of 238. Ketamine is highly soluble in lipids and crosses the
blood-brain barrier efficiently, reaching concentrations 3-5 times higher in the
rat brain than in the serum (Pai and Heining, 2007; Palenicek et al., 2011). It is
metabolized in the liver where it undergoes demethylation and hydroxylation,
and its metabolites are conjugated and excreted in the urine. Norketamine is the
main ketamine metabolite. It has approximately 25% of the activity of the
original compound and reaches up to 2 times the ketamine concentration in the
serum, but is less efficient in crossing the blood-brain barrier, reaching roughly
the same concentration of ketamine in the brain. In both humans and rodents,
ketamine and norketamine reach peak levels in the serum and in the brain
within 10 minutes, and return to base levels within 60-240 minutes (although
the total clearance time varies depending on the dosage) (Pai and Heining, 2007;

Palenicek et al., 2011).

Ketamine is a chiral compound and is available in both racemic mixtures and in
its enantiomer forms (S+ ketamine and R- ketamine), which exhibit

pharmacological and clinical differences. S+ ketamine is approximately 4 times
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more potent as a NMDAR blocker than the racemic mixture, is less
psychotomimetic in humans (White et al.,, 1985) and rodents (Liu et al.,, 2006),
and has a faster recovery time, making it a more adequate choice for use in
human anaesthesia than the racemic mixture (Pai and Heining, 2007). Other
pharmacological differences between the enantiomers are shown below (Table

1).

Table 1. Affinity of ketamine enantiomers for various receptors

Receptor Ki (nmol/l1)

S+ ketamine R- ketamine
NMDA receptor! 0.9 2.5
Opioid p receptor?! 28.6 83.8
Opioid k receptor! 23.7 60.0
Opioid 6 receptor?! 205.0 286.0
o receptor?! 131.0 19.0
Acetylcholine (muscarinic)?! 125.0 91.0
Dopamine transporter?! 46.9 390.0
Noradrenaline transporter?! 64.8 68.9
Serotonin transporter?! 156.0 148.0
NMDA receptor? 1.82 2.7

D2 receptor? - -
5-HT> receptor? - -
HCN receptors3 7.4 23.8 (inferred)

Ki = inhibition constant; ! from Nishimura and Sato (1999); ? from Liu et al.
(2006); 3 from Chen et al. (2009). We note that the racemic mixture of ketamine
is composed of equal amounts of its enantiomers.

Ketamine also induces mild tachycardia, increased blood pressure, and a

minimal decrease in ventilation, with these being the main reasons for its high

safety profile as an anaesthetic (Pai and Heining, 2007).

Ketamine increases cerebral metabolism, cerebral blood flow, and intracranial

pressure, which might account for a hitherto little studied mechanism of action
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(Jerabek et al., 2010), and probably induce alterations in brain temperature [as is
the case for MK-801 (Colbourne et al, 1996)], that acknowledgedly affect

neuronal functioning (Andersen and Moser, 1995; Kim and Connors, 2012).

Novel therapeutic approaches have been proposed for ketamine as a treatment
for chronic pain and depression. Ketamine is effective in the treatment of opioid
resistant chronic pain (Bell, 2009), and can be used to reduce opioid
requirements and chronic postsurgical pain (Quibell et al., 2011). These effects
are thought to be mediated by ketamine’s action as an antagonist of nitric oxide
release (Lin et al,, 1996). Antidepressant effects of very low doses of ketamine
were first documented in 2000 (Berman et al., 2000), and have been shown to
occur within 2 hours of a single injection, and last for up to 1 week afterwards
(Zarate et al,, 2006). This hot topic of research is on going, and recent findings
suggest that the antidepressant effect is mediated by the synthesis of brain-
derived neurotrophic factor (Autry et al.,, 2011) and by an increased formation of

spine synapses in the prefrontal cortex (Li et al.,, 2010).
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1.5 Evidence for NMDAR dysfunction in schizophrenia

In addition to the observation that NMDAR blockade exacerbates symptoms in
schizophrenics and produces behaviour in healthy subjects that mimics
schizophrenia’s psychotic, negative, and cognitive symptoms (Javitt and Zukin,
1991; Krystal et al., 1994; Lahti et al,, 1995a; Lahti et al., 1995b; Malhotra et al,,
1996; Lahti et al,, 2001), a wealth of converging evidence implicates NMDAR
dysfunction in the pathophysiology of schizophrenia (Kantrowitz and Javitt,
2010; Javitt et al.,, 2012). Post-mortem studies from various groups have found
that schizophrenia is associated with disrupted NMDA signalling (Tsai and Coyle,
2002; Woo et al,, 2004; Hahn et al,, 2006; Kristiansen et al., 2007; Beneyto and
Meador-Woodruff, 2008). Moreover, a recent study of ante-mortem and post-
mortem cohorts of schizophrenics found lower expression of various NMDAR
subunits in the prefrontal cortex, and genetic variations related to the expression
of NMDAR subunits predicted significantly lower reasoning ability in
schizophrenia (Weickert et al, 2013). Of note, many of the neuroanatomical
abnormalities consistently found in schizophrenia are located in the
hippocampus (Benes, 1999; Harrison, 2004), suggesting that the hippocampus

may be central to the neuropathology and pathophysiology of schizophrenia.

In animals, acute, sub-chronic and chronic sub-anaesthetic NMDAR blockade
induces behavioural (Ellison, 1995; Andine et al., 1999; Ma and Leung, 2000;
Becker et al., 2003; Becker and Grecksch, 2004; Imre et al., 2006; Littlewood et
al,, 2006; Rujescu et al., 2006; Chen et al., 2009; Chatterjee et al.,, 2011; Sabbagh

et al,, 2012), biochemical (Moga et al,, 2002; Keilhoff et al.,, 2004; Cunningham et
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al, 2006; Rujescu et al, 2006; Harte et al, 2007; Romon et al, 2011) and
electrophysiological alterations (Leung and Desborough, 1988; Ma and Leung,
2000; Cunningham et al., 2006; Pinault, 2008; Roopun et al., 2008; Ehrlichman et
al., 2009; Hakami et al., 2009; Lazarewicz et al, 2010; Anver et al, 2011;
Kittelberger et al, 2012; Kocsis, 2012) that resemble those found in
schizophrenia (Bubenikova-Valesova et al., 2008; Gonzalez-Burgos and Lewis,

2012; Frohlich and Van Horn, 2013; Hunt and Kasicki, 2013; Kocsis et al., 2013).

Referring specifically to electrophysiological findings, Ma and Leung (2000)
showed that phencyclidine induced hyperlocomotion and increased gamma
oscillations. Other studies in rodents have shown that ketamine increases the
power of gamma (Pinault, 2008), (Kittelberger et al.,, 2012) and delta (Zhang et
al., 2012) oscillations, and may differentially affect theta power depending on
recording region (Lazarewicz et al., 2010; Kittelberger et al., 2012; Hinman et al,,
2013). Some of the effects induced by ketamine such as increased gamma
oscillations have been dissociated from its motor effects, and are found even in
deeply anesthetized animals (Hakami et al., 2009). Of note, humans treated with
ketamine display abnormalities in the delta, theta, alpha and gamma bands
mimicking those found in schizophrenia (Hong et al., 2010), giving further
support to the pharmacological validity of studying the electrophysiological

effects of ketamine in translational animal studies.

Recent studies with transgenic animals have generated some compelling
evidence linking NMDAR dysfunction with behavioural and electrophysiological

abnormalities found in schizophrenia. An animal model with postnatal ablation
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of the GluN1 NMDAR subunit restricted to corticolimbic interneurons presented
distinct schizophrenia-like symptoms that emerged after adolescence (Belforte
et al, 2010). Further, postnatal ablation of NMDAR subunits in a specific
subpopulation of PV+ interneurons resulted in aberrations in the gamma band
that resemble those found in schizophrenia (Korotkova et al.,, 2010; Carlen et al,,

2011).

In all, accumulating evidence from studies using different techniques suggest
NMDAR dysfunction in schizophrenia, and NMDAR dysfunction in animals is
sufficient to recapitulate many schizophrenia symptoms, giving support to the
construct validity of the NMDAR hypofunction animal model for schizophrenia.
Although this model has intrinsically little face validity (which in all honesty is a
shared featured of all psychotomimetic animal models due to the inherent
complexity of inferring mind states in non-human animals), NMDAR blockade is
deemed to have a reasonable construct and predictive validity (Large, 2007),
warranting further studies into the complex phenotypical aberrations induced
by NMDAR disruption and its relations to schizophrenia symptoms (Adell et al,,

2012).
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2. Thesis aim

Although electrophysiological alterations have been described in schizophrenia
and in its animal models, no study has provided a thorough analysis of the
electrophysiological alterations in the hippocampus induced by acute NMDAR
blockade, and particularly almost no attention has been given to alterations in
CFC. The aim of the experiments presented in this thesis is to characterize the
behavioural and electrophysiological alterations in the CA1 region of the
hippocampus induced by acute administration of ketamine in adult rats. We
focused on cognitively relevant LFP frequency bands such as delta (1-4Hz), theta
(5-10Hz), gamma (30-100Hz) and high-frequency oscillations (HFO; 110-
160Hz), as well as on theta-high gamma and theta-HFO cross-frequency coupling

(CFC).

We hypothesized that theta-HG and theta-HFO CFC might be disrupted during
the period associated with psychotomimetic effects of ketamine, which is marked
by altered behaviour. Also, we wanted to inspect whether the alterations
previously described in the delta, theta and gamma frequency bands were

similar across hippocampal CA1 layers or varied in different cellular laminae.

A better understanding of the electrophysiological alterations induced in this
animal model for schizophrenia, as well as its behavioural correlates, might
suggest novel translational markers for further research, as well as give insights
into the network alterations of hippocampal function associated with psychotic

symptoms.
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3. Methods

3.1 Ethical aspects

Animal care and surgery procedures were approved by the Edmond and Lily
Safra International Institute of Neuroscience of Natal Committee for Ethics in
Animal Experimentation (permit 02/2011- Annex A); and by the Universidade
Federal do Rio Grande do Norte Committee for Ethics in Animal Experimentation

(permit 60/2011 - Annex B).

3.2 Surgical implantation of electrodes

Eight male Wistar rats (2-3 months old, 280-380g), born and raised in our
breeding colony, kept under a 12 h light-dark cycle (lights on at 07:00) with food
and water ad libitum, were used in the experiments. Seven animals were
anesthetized with intraperitoneal (IP) ketamine hydrochloride and xylazine
hydrochloride (100 and 10 mg/kg, respectively; Agener Unido - Brazil) and
chronically implanted in the left dorsal hippocampus with one electrode bundle
(Figure 1) consisting of 8 vertically staggered polyimide insulated tungsten
microwires (California Fine Wire, Grover City, CA) with a diameter of 50pm?.
Electrodes were vertically aligned and spaced by 250um, spanning from CA1
stratum oriens-alveus to the hilus of the dentate gyrus (deepest electrode in AP: -

3.6mm, ML: -2.5mm, DV: -3.5mm).

1 Of note, the microelectrodes used in our study yield excellent recording quality of LFP signals,
but not of spiking activity. In order to improve the neuron yield, (which was not the focus of the
present study) we found that microelectrodes of smaller diameter (12-35pm) with low
impedance (0.2-0.5M Q) were far more consistent in recording spiking activity, and should be
preferred in studies that address the activity of multi-unit and/or single neurons.
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The placement of electrodes in CA1 was confirmed by inspecting coronal brain
sections stained with cresyl violet (Figure 2 and Annex C). In two animals we
also estimated the electrode’s positioning during surgery by means of evoked

response to perforant path stimulation with a single pulse of 500pA (Figure 2).

Figure 1. Typical electrode bundle used in the experiments. Left: electrode array during the

fabrication process. Right: magnified view of the tips of the 50pum electrodes.

Figure 2. Left: Nissl stained histology evidencing electrode track lesion across the dorso-ventral
depths of hippocampal CA1. Estimated electrode depths are indicated by green dots at the right
of the lesion. Right: Typical responses evoked by perforant path stimulation during surgery and
estimated positions for the first five electrodes, which are located across CA1 layers, and for the
seventh electrode, in the dentate gyrus. a= stratum alveus; o = stratum oriens; p = stratum

pyramidale; r = stratum radiata; hf = hippocampal fissure; g = granular layer.
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However, we realized that this procedure was not reliable enough, as the signal
recorded in the freely behaving animals was different from that anticipated
during surgery, suggesting that the electrodes’ tips had changed their depths
after surgery (probably due to accommodation of the nervous tissue during the
recovery period). Therefore, electrode position was inferred in all animals based
on standard electrophysiological parameters recorded while the animals
behaved freely after recovering from surgery. The parameters used were the
presence of ripple oscillations and multi-unit activity at the pyramidal cell layer,
theta phase reversal across stratum radiatum (Brankack et al.,, 1993), maximal
theta power at the hippocampal fissure (Bragin et al., 1995), and depth profile of
theta CFC comodulogram pattern (Figure 3, and see section 3.9 for methods used

to calculate comodulograms).

One additional animal was implanted with a 16-site probe across the left
hippocampus (NeuroNexus Technologies; site area: 703pum?; separation: 100pum;
impedance: 1-1.5M(); location: AP: -3.6mm, ML: -2.5mm). All recordings were

referenced to an epidural screw electrode implanted in the right parietal bone.
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Figure 3. Electrophysiological markers across CA1 hippocampal layers used in order to verify
electrode positioning. Six electrodes from a representative animal were used to depict ripple
events in the raw LFP (first column) and in the filtered LFP in the 100-250Hz band (second
column) recorded during awake period without overt locomotion; and one second of raw LFP
presenting high theta activity (third column). Peak theta power (blue rectangles) and phase
difference in relation to the most superficial electrode (red rectangle) are shown for a period of
300 seconds of high locomotor activity, as well as the CFC patterns of theta-HG and theta-HFO
coupling found for each electrode in the same period (see section 3.9 for methods used to
calculate comodulograms). Electrophysiological markers of hippocampal depth such as increased
ripple activity near the pyramidal layer, theta phase reversal and increased theta power toward
deeper electrodes, as well as different CFC patterns across hippocampal strata were used for all
animals to ensure electrode positioning in the hippocampus during data analysis. Estimated CA1
strata are indicated in the leftmost column. a-stratum alveus; o-stratum oriens; p-stratum
pyramidale; r-stratum radiatum; Ilm-stratum lacunosum-moleculare; hf-hippocampal fissure; m-

molecular layer. Adapted with permission from Scheffer-Teixeira et al., 2012.
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3.3 Experimental procedures

After recovering for 7-10 days, animals were individually habituated to the
recording room and to the experimenter for 3 days. Experiments consisted of
electrophysiological and video recordings of freely moving rats in a rectangular
arena (50x40x40 cm) placed in a dimly lighted room. Recordings consisted of 3
stages: animals were first allowed to explore the arena for one hour (basal); then
were injected with saline and recorded for another hour (saline); finally, animals
received a single ketamine injection of either 25 (n=6 rats), 50 (n=7 rats) or
75mg/kg (n=5 rats) and were recorded for three additional hours (ketamine). All
injections were intraperitoneal (IP). Depending on the stability of the recordings,
each rat received up to 3 different doses separated by at least 3 days. All animals
were first tested under the effect of 50mg/kg of ketamine, and then in

randomized order under the effect of either 25 or 75mg/kg.

It should be noted that there is no current consensus on what would be an
adequate dose of ketamine for rodents that would mimic the drug-induced
psychotic episodes observed in humans. Although the original studies that
associated acute ketamine with psychosis used intravenous injection and found
that 0.5mg/kg, but not 0.1mg/kg, induced psychotomimetic effects that lasted
for approximately one hour (Krystal et al.,, 1994), most animal studies employ SC
and IP routes of administration, making it difficult to draw precise comparisons.
Ketamine effects vary widely across species (Green et al., 1981): while 1-4mg/kg
of intravenous (IV) ketamine induces deep anaesthesia in humans, 20mg/kg of
IV ketamine induces only hypnosis in rats (Cohen et al., 1973). Complicating

maters even further, subdermic injections of 10 mg/kg in rats induce similar
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behavioral and electrophysiological effects as those observed after 20-40 mg/kg
of IP injections (Kittelberger et al, 2012). Used in isolation, the reported

anaesthetic dose of ketamine in rats is 200mg/kg IP (Moghaddam et al., 1997).

3.4 Electrophysiological recordings
Continuous recordings were performed using a multi-channel acquisition
processor (MAP, Plexon Inc). Local field potentials (LFPs) were pre-amplified

(1000x), filtered (0.7-300Hz), and digitised at 1000Hz.

3.5 Behavioural analysis

Animals were video-recorded at 30 frames/second. Tracking of the animals
position was made using MouseLabTracker an open-source MATLAB version of a
previously described software (Tort et al., 2006) that is freely available for
download at (http://www.neuro.ufrn.br/softwares/mouselabtracker). In order
to avoid measuring small movements such as head and tail movements, only
displacements 22.0mm/frame were considered. Locomotor activity was binned

into 5 minutes blocks.

3.6 Data analysis
We analysed behavioural and electrophysiological data by using proprietary

toolboxes and custom-made routines in MATLAB (MathWorks, Natick, MA).

3.7 Filter settings and extraction of the instantaneous phase and amplitude
Filtering was obtained using a linear finite impulse response filter by means of

the eegfilt function from the EEGLAB toolbox (http://sccn.ucsd.edu/eeglab/),
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which applies the filter forward and then again backwards to ensure that phase
delays are nullified. The instantaneous amplitude and phase time series of a
filtered signal were computed from the analytical representation of the signal

based on the Hilbert transform (hilbert function, Signal Processing Toolbox).

3.8 Spectral analyses

Power spectra density (PSD) estimation was done by means of the Welch
periodogram method using the pwelch function from the Signal Processing
Toolbox (50% overlapping 4 seconds Hamming windows). The mean power over
frequency ranges of interest [delta (1-4Hz), theta (5-10Hz), gamma (30-100Hz)
and high-frequency oscillations (HFO; 110-160Hz)] was calculated for each
electrode individually, then averaged across electrodes and animals. Phase
coherence was calculated using the multitaper method by means of the
coherencysegc function from the Chronux toolbox [as described in Mitra and
Bokil (2007) and available for download at http://chronux.org/] with
parameters TW = 3 and K = 5 tapers, and window length of 4 seconds. Phase
coherence was averaged from all electrode pairs in all animals. Power and phase
coherence time-courses were obtained by averaging their values in 5 minutes

blocks.

3.9 Estimation of phase-amplitude coupling and comodulation maps

To assess phase-amplitude CFC, we used the Modulation Index (MI) recently
described (Tort et al, 2008; Tort et al,, 2010a). This index measures coupling
strength between two frequency ranges of interest: a phase-modulating and an

amplitude-modulated frequency. The comodulation map is obtained by
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expressing the MI for several frequency band pairs (4Hz bin width with 2Hz
steps for phase-modulating, and 10Hz bin width with 5Hz steps for phase-
modulated frequencies) in a bi-dimensional pseudocolour plot. As illustrated in
Figure 4, in order to compute each entry of the comodulation map (top left), the
raw LFP (top right) signal is band-pass filtered into two frequencies: a phase-
modulating frequency (i.e. theta) and an amplitude-modulated frequency (i.e.
high-gamma). Next, the phase (third row) and amplitude (fourth row, thick line)
time series are calculated from each of the filtered signals and used to compute
phase-amplitude distribution-like plots (bottom left). In this example, “a” shows
the mean 80Hz amplitude distribution over 20° phase bins of the 8Hz oscillation,
and “b” shows the mean 80Hz distribution over 20° phase bins of the 16Hz

oscillation.

The modulation index (MI) for each of these frequency pairs (8Hz & 80Hz and
16Hz & 80Hz) is a measure of divergence of the amplitude distribution from the
uniform distribution (see Tort et al, 2010a for details). This procedure is
repeated for several frequency pairs (2-20Hz x 20-200Hz), and the MI values for
each pair are displayed in a pseudocolor comodulation map (top left). Notice that
in this example “a” has stronger coupling (and, therefore, higher MI values) than
“b”. The example shown in this figure was obtained from a CA1 recording during

active exploration.
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Figure 4. Exemple of a cross-frequency phase-amplitude comodulation map (adapted, with

permission, from Scheffer-Teixeira et al., 2012).

Comodulation maps were computed using 5 minutes long LFPs recorded from
single electrodes. The entire recording session (5 hours for each experiment)
was binned into sixty 5 minutes epochs, and subjected to visual analysis by two
experimenters. Only time windows associated with robust theta oscillations
were used. Mean CFC strength between two frequency ranges was obtained by
averaging the corresponding MI values; for example, mean theta-HG coupling
corresponds to the average of MI values in the (4-10Hz) x (60-100Hz) region of
the comodulation map, and similarly for theta-HFO coupling. Theta-HFO
coupling strength was only considered for electrodes that exhibited theta-HFO or
theta-HG (or both) coupling in the comodulation map during baseline recordings.
Examples of electrodes included in the CFC analysis are presented in Figure 5
(theta-HFO coupling in left and middle panels and theta-HG coupling in middle

and right panels).
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Figure 5. Typical examples of comodulation maps included in the CFC analysis presenting (from

left to right, respectively) theta-HFO, simultaneous theta-HFO and theta-HG, and theta-HG CFC.

During visual inspection, electrodes that exhibited comodulation maps in which
theta modulates a wide range of higher-frequency oscillations (Figure 6, left

panel) were manually excluded from analysis.

Figure 6. Typical examples of electrodes discarded from CFC analysis due to spike-leaked HFO
(left), lack of visible comodulation (middle) or strong coupling between the delta band and

higher frequency bands (right).
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This type of coupling has recently been shown to correspond to contamination of
the LFP signal by multiunit activity (Scheffer-Teixeira et al., 2013; Tort et al,
2013, Kramer et al,, 2008) and is common in recordings from the CA1 pyramidal
layer (Scheffer-Teixeira et al.,, 2013) and dentate gyrus (Scheffer-Teixeira et al.,
2012). Electrodes that exhibited no coupling in the comodulation map during
baseline (Figure 6, middle panel) or that presented strong delta band coupling to
higher frequency bands (Figure 6, right panel) were also not considered.
Consistent with recent reports (Scheffzuk et al.,, 2011; Scheffer-Teixeira et al,,
2012), theta-HFO coupling was mainly present in electrodes in stratum oriens-
alveus, and theta-HG coupling from the CA1l pyramidal layer to stratum

lacunosum-moleculare/hippocampal fissure (see Figure 3).

3.10 Triggered LFP averages and current source density (CSD)

In order to analyse the data of the single animal implanted with a 16-site probe,
signals were amplified (200x), filtered (1 Hz - 7.5kHz), and digitised at 25kHz
(RHA2116, Intan Technologies). LFP averages were obtained by first filtering the
LFP signal into the frequency ranges of interest; the amplitude peaks of each
band were then identified and used for averaging 500ms epochs centred at these
timestamps. CSD analysis was obtained by -A+2B-C for adjacent sites. We used
60 seconds periods of prominent theta oscillations selected by visual inspection
from periods of freely moving behaviour in these analyses. For each frequency
colour scaling is the same before and after ketamine injection. Electrode 2 was

used as the reference electrode in all analyses.
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3.11 Statistics

Group means were compared by t-test for independent samples or by repeated
measures ANOVA followed by Bonferroni post-hoc test. Multiple regression was
performed to study changes in CFC level corrected for changes in locomotion and

theta activity (as assessed by the theta/delta ratio; see Figure 15).
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4. Results

4.1 Ketamine induces dose-dependent transient immobility and
hyperlocomotion

Consistent with previous reports (Chen et al., 1966; Hunt et al., 2006), we found
that systemic administration of ketamine caused a marked increase in locomotor
activity at all doses studied. Typical post-saline and post-ketamine exploration

trajectories are depicted in Figure 7.

Figure 7. Examples of post-saline and post-ketamine locomotor activity patterns for all the doses
used. Each plot indicates total horizontal activity in the first hour post-injection. Notice that
exploratory behaviour is markedly intensified after ketamine injection. The increase in
locomotor activity after 75mg/kg of ketamine is not so evident in the first hour due to transient

immobility, as explained below.

The mean locomotor activity after animals were placed in the arena (0-60
minutes) and after saline injection (60-120 minutes) was quantitatively and

qualitatively similar across doses (Figure 8a). Ketamine injections induced an
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increase in locomotor activity (henceforth referred to as hyperlocomotion

period) for all doses (Figure 8a). A clear dose-dependent effect was found for

total locomotion in the 3 hours post ketamine injection (Figure 8b).
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Figure 8. Acute injection of sub-anaesthetic doses of ketamine induces hyperlocomotion in

rodents. In this and all other figures, grey and black arrows denote saline and ketamine

injections, respectively. (a) Ketamine increases locomotion speed at all doses. (b) Total

locomotion, (c) peak speed values, (d) and latency to peak locomotion speed after ketamine

injection are shown for each dose. Data are shown as mean + SEM over animals.

Of note, during the hyperlocomotion period animals moved in a highly

stereotypical fashion, with bouts of running the around the edges of the arena

either clockwise or anti-clockwise, with brief stops, followed by more running,

usually in the opposite direction. While peak locomotion speed was similar for all
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doses (Figure 8c), higher ketamine doses were associated with greater latency to
peak locomotor activity (16, 36 and 76 minutes, respectively; Figure 8d). The
increased latency to peak activity found in the two highest doses of ketamine
was caused by a transient immobility period, and lasted approximately 20
minutes after the injection of 50mg/kg and 60 minutes after the injection of

75mg/kg of ketamine.

4.2 Ketamine-induced immobility is associated with increased delta power

A recent study suggested that increased delta power after systemic treatment
with a NMDAR blocker might be a translational biomarker for schizophrenia
symptoms (Zhang et al,, 2012), since elevation of delta power during the awake
state has been observed in schizophrenia (Boutros et al., 2008). The increase in
hippocampal delta power found by Zhang and collaborators peaked 5 minutes
after the injection of 50mg/kg - but not 20mg/kg - of IP ketamine, presented high
coherence with delta oscillations recorded in the nucleus reuniens of the
thalamus, and returned to baseline within 15 minutes. This effect was inhibited
by muscimol injection in the nucleus reuniens, and could be instated by direct
injection of ketamine in the thalamus (Zhang et al., 2012). Of note, the increase in
delta power induced by NMDAR had been documented previously (Leung and

Desborough, 1988).

We found that 50 and 75mg/kg of IP ketamine induced an increase in delta
power both for electrodes located in stratum oriens-alveus and in pyramidal
layers (Figure 9, top row), and in stratum lacunosum-moleculare, hippocampal

fissure and dentate gyrus (Figure 9, bottom row)
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Figure 9. Group average power spectra during baseline and during minimum movement induced

by ketamine in the first hour post-injection. Data are shown as mean * SEM over electrodes.

However, this effect was restricted to the immobility period, and faded once the

hyperlocomotion peaked, giving place to an increase in theta power (Figure 10).

Figure 10. Group average power spectra during baseline and during peak hyperlocomotion

induced by ketamine. Data are shown as mean * SEM over electrodes.
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Indeed, the time course of increased delta power found by Zhang and
collaborators matches with great precision the period of immobility found in our
study after treatment with 50mg/kg of ketamine IP (see Figure 8a, middle row).
Also, delta power levels for all doses studied were not quantitatively different
from those measured before ketamine injection, provided that locomotor activity

was approximately the same, nearing immobility (Figure 11).

Figure 11. Group time-course of mean delta power in two subsets of electrodes located in
different hippocampal layers (see Figure 13b for electrode positions). Grey and black arrows
indicate saline and ketamine injections, respectively. Mean locomotor activity is shown in grey in
arbitrary units (see Figure 8 for actual units). Notice that different y-axis scales are used for each

subset of electrodes to facilitate comparison. Data are shown as mean + SEM over electrodes.

These results suggest that the induced increase in delta power is not a hallmark
of NMDAR blockade, but rather represents a common electrophysiological

feature associated with immobility (Hinman et al.,, 2013).
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4.3 Ketamine modulates hippocampal theta oscillations in a layer-dependent
manner

After investigating the effects of ketamine on delta power, we found theta power
was also modulated by ketamine. In Figure 12 we show the power spectral
density in the theta range of three electrodes recorded simultaneously from an
animal during 25-min of baseline recordings (grey) and during 25-min after

administration of 50mg/kg ketamine IP (black) in a representative animal.
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Figure 12. Power spectral densities pre- and post- administration of 50mg/kg ketamine IP

(black) for three electrodes simultaneously recorded from a representative animal.

Notice in this example that while theta band power decreased after ketamine
injection in stratum pyramidale, it did not change in stratum radiatum, and was
markedly increased at the hippocampal fissure. Notice further that theta peak
frequency was shifted in all recording sites from 6-8Hz during drug-free
locomotion periods to 7-10Hz following ketamine injections, probably due to
increases in locomotion speed (Hinman et al., 2013). Figure 13a shows group
results for theta band power modulation during the 5 minutes epoch of peak
hyperlocomotion induced by ketamine in a subset of electrodes (see electrode
positions in Figure 13b) located in stratum oriens-alveus and stratum pyramidale

(Electrodes #1-3) and another subset located in stratum lacunosum-moleculare,
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hippocampal fissure and dentate gyrus (Electrodes #6-8). The mean power

spectral density during peak hyperlocomotion is displayed in Figure 7.

Figure 13. (a) Group results of mean theta band power recorded in two subsets of electrodes
during peak hyperlocomotion induced by ketamine, normalised by the mean theta power during
baseline (dashed line); *p<0.001 (repeated measures ANOVA followed by Bonferroni post-hoc
test). Data are shown as mean + SEM over electrodes. (b) Histology with estimated electrode

depths indicated by green dots at the right of the lesion.

Ketamine differentially affected theta band power in the two subsets of
electrodes at all doses studied (Figure 13a), but no dose effect was observed.

Interestingly, this effect occurred specifically during hyperlocomotion (Figure

14).

Figure 14. Group time-course of mean theta power in two subsets of electrodes located in
different hippocampal layers (see Figure 13b for electrode positions). Grey and black arrows

indicate saline and ketamine injections, respectively. Mean locomotor activity is shown in grey in
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arbitrary units (see Figure 8 for actual units). Notice that different y-axis scales are used for each

subset of electrodes to facilitate comparison. Data are shown as mean = SEM over electrodes.

During our analyses we realized that high levels of delta power can potentially
lead to a greater area under the curve of the power spectral density in the theta
range [spectral leakage (Scheffer-Teixeira et al., 2013)] even in the absence of a
theta peak. Therefore, we next investigated whether putative changes in delta
power could account for the changes in theta power reported above. As shown in
Figure 11, delta power was highly modulated by locomotion speed; in particular,
delta power was high during periods of low locomotion preceding saline and
ketamine injections, and also after the hyperlocomotion episode had ceased.
Thus, the apparent high levels of theta band power in these periods (Figure 14)
are actually due to spectral leakage from delta power and do not correspond to a
genuine theta activity. Consistent with a previous report (Zhang et al., 2012), the
doses of 50 and 75mg/kg transiently increased delta power, which returned to
basal levels during the peak of ketamine-induced hyperlocomotion activity
(Figure 11), i.e,, when the layer-dependent variations in theta power were most
striking (Figure 14). Moreover, contrary to theta, delta power time-course was
qualitatively similar in all electrodes (Figure 11). Therefore, ketamine-induced
changes in delta power cannot account for the dichotomy in theta modulation

across the CAl-dentate gyrus axis observed during hyperlocomotion.

We note that due to the spectral leakage of delta power into the theta range that
occurs during periods of low locomotor activity and immobility, the theta/delta
ratio is a better measure of genuine theta activity in the LFP than the mean

power in the theta range. Moreover, the theta/delta ratio is a spectral measure
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highly correlated with locomotion speed (Figure 15). For these reasons, we used
the theta/delta power ratio as a surrogate of theta power ration in subsequent
analysis when the power of theta might interfere with the interpretation of our

results (see CFC section below).

Figure 15. Theta/delta power ratio (black) is associated with locomotor activity (gray, in
arbitrary units). Group time-course of theta/delta power ratio averaged for different ketamine

doses, as labelled. Data are shown as mean + SEM over all electrodes.

4.4 Ketamine increases the power of gamma and high frequency oscillations

Along with low-frequency alterations, we found that high-frequency LFP signals
were also modulated by ketamine. In Figure 16a we show the gamma band
power averaged across all electrodes (mean over all 8 electrodes; 5Hz moving
average smoothing) in a representative animal treated with ketamine. Peak
gamma power occurred during the first hour post-ketamine injection, and
approached baseline levels three hours afterwards. In Figure 16b we show time-
courses of gamma power variations in each of the 8 electrodes in the same
animal (Figure 16b inset); notice that total gamma power increases along the

CAl-dentate gyrus axis, as previously reported (Bragin et al., 1995).
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Figure 16. (a) Representative power spectra of an animal treated with 50mg/kg ketamine IP. (b)
Time-course of mean gamma power for all electrodes in the same animal as in a. Inset shows
histology with estimated electrode depths (indicated by green dots at the right of the lesion).

Grey and black arrows denote saline and ketamine injections, respectively.

The increase in gamma power induced by ketamine was apparent in all
recording sites; in fact, baseline normalised gamma power provided similar
time-courses for all electrodes in the bundle (data not shown). At the group level,
in contrast to the time-course of locomotor activity (Figure 8a), gamma power
peaked within 5-10 minutes after ketamine injection for all doses studied (Figure

17).

Our results show that the time-course of locomotor and gamma power increase
caused by ketamine may be dissociated. To further stress this argument, in
Figure 18 we show cross-correlations between gamma power and locomotor
activity for different time lags. Notice that for increasing doses the dissociation
becomes increasingly clearer. These results are in accordance to previously

published work from Hakami et al. (2009).
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Figure 17. Left: Group results of normalised gamma power (blue) induced by three doses of
ketamine (different rows, as labelled). Grey line depicts mean locomotion speed in arbitrary
units. Right: Mean normalised gamma power in one hour blocks, as labelled. *p<0.001 (repeated
measures ANOVA followed by Bonferroni post-hoc test). Data are shown as mean * SEM over

animals.
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Figure 18. Cross-correlograms between normalised gamma power and locomotor activity (y-

axis) for different time lags (x-axis). Data are shown as mean * SEM over animals.
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We found that ketamine also increased hippocampal HFO power, with a similar
time-course to the increase in gamma oscillations (see Figure 19a for a
representative electrode and Figure 19b for group results). Incidentally, it has
recently been shown that ketamine increases HFO activity in motor cortex,
nucleus accumbens, and other basal ganglia nuclei (Hunt et al., 2006; Nicolas et
al,, 2011), suggesting that abnormally high levels of HFO may be a widespread

effect of NMDAR blockade.

Figure 19. (a) Representative power spectra of a stratum oriens electrode in an animal treated
with 50mg/kg ketamine IP. (b) Group results of normalised HFO power variations (brown)
induced by three doses of ketamine (different rows, as labelled). Grey line depicts mean
locomotion speed in arbitrary units. Grey and black arrows indicate saline and ketamine

injections, respectively. Data are shown as mean + SEM over animals.
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4.5 Ketamine leads to increased phase synchrony in multiple high-frequency
bands

We next investigated the levels of phase coherence across recording sites, and
found that ketamine induced transient hypersynchrony in a wide range of fast

LFP oscillations from 30 to 200 Hz (Figure 20).

Figure 20. Phase coherence spectra before and after treatment with different doses of ketamine

(rows) for different electrode pair combinations (columns). Ket = ketamine

Phase coherence spectra were typically multimodal, exhibiting peak values in the
traditional gamma range, as well as in frequencies above 100 Hz. The changes in
coherence induced by ketamine were observed among electrode pairs located in
multiple hippocampal depths (Figure 20). Interestingly, electrode pairs located
at stratum lacunosum-moleculare and dentate gyrus presented coherence peaks
in a faster gamma frequency than electrode pairs located at stratum oriens-alveus
and pyramidale. Peaks in HFO phase coherence were particularly prominent for

electrodes pairs across hippocampal layers.
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In Figure 21 we show time-courses of mean phase coherence changes in the
gamma and HFO bands across all electrode pairs. Gamma and HFO phase
coherence increased immediately after ketamine injection and only returned to
baseline values after the hyperlocomotion episode ended. Gamma and HFO
coherence was significantly increased during the first hour post-ketamine at all
doses, and also during the second hour at the highest dose (p<0.01; repeated
measures ANOVA followed by Bonferroni post-hoc test). Interestingly, the
relative increase in phase coherence induced by ketamine was much more
prominent for HFO than gamma oscillations. In all, these results show that
ketamine increases inter-site synchrony of multiple frequency bands in the

hippocampus.

Figure 21. Group time-course of normalised phase coherence in the gamma and HFO bands.
Mean locomotor activity is shown in grey (arbitrary units). Mean normalised coherence in one
hour blocks, as labelled. *p<0.05 (repeated measures ANOVA followed by Bonferroni post-hoc

test). Data are shown as mean * SEM over all animals.
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4.6 Ketamine alters cross-frequency coupling

We next examined the effects of ketamine on the coupling between low- and
high-frequency LFP oscillations. Typically, low frequency phase modulates the
amplitude of higher frequency oscillations (Tort et al, 2010a). This type of
oscillatory interaction is deemed to be involved in cognitive processing [see
Canolty and Knight (2010) for a review]. Consistent with previous reports (Tort
et al, 2008; Scheffzuk et al, 2011; Scheffer-Teixeira et al., 2012), we found
prominent CFC in most CA1 electrodes. Total number of electrodes analysed for
theta-HFO coupling for each dose was 13 (25 mg/kg), 18 (50 mg/kg), and 10 (75

mg/kg), and for theta-HG coupling 15 (25 mg/kg), 16 (50 mg/kg) and 10 (75

mg/kg).

Theta phase strongly modulated the amplitude of HFO in electrodes located
above the pyramidal layer (i.e., stratum oriens-alveus), while the amplitude
modulation of high-gamma (HG; 60 - 100 Hz) was maximal in electrodes located
in stratum lacunosum-moleculare and hippocampal fissure but could also be seen
at lower levels in electrodes near the pyramidal layer along with theta-HFO
coupling. See Figure 3 and Scheffer-Teixeira et al. (2012) for further
characterization of CFC patterns across CA1 layers. In spite of the low-gamma
(30-60 Hz) power increase depicted in Figure 16, we did not find prominent
coupling between theta and low-gamma in CAl, as reported previously

(Scheffer-Teixeira et al., 2012).

To illustrate the effect of acute NMDAR blockade on CFC, for each example in

Figures 22 and 23 we show six comodulation maps computed for 5 minutes time
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blocks before and after ketamine injection (as indicated by black and white dots
in the top left panel, respectively). CFC strength for all time blocks is shown in
the top right panel of each example. These results are representative for
recording sites for the lowest (Figure 22a and 22b) and highest (Figure 23a and
23b) ketamine dose, with theta-HG (Figure 22a and 23a) and theta-HFO coupling
(Figure 22b and 23b). In both figures we present the time-course of CFC coupling
strength (black lines) and mean locomotion speed in arbitrary units (grey lines)
before and after treatment with ketamine (top left); the scatter plot of CFC
coupling as a function of theta/delta ratio for each 5 minutes time blocks with
black circles indicating pre-ketamine and white circles for post-ketamine epochs;
and in the bottom we show the comodulation maps obtained from the 5-min
epochs indicated in the top left panel by black (pre-) and white (post-ketamine)

circles.

Surprisingly, we found that ketamine had a differential effect on theta-HG
coupling depending on dose: while the lowest dose increased theta-HG coupling
(Figure 22a), the highest dose disrupted this oscillatory interaction (Figure 23a;
see also Figure 24a for group results). On the other hand, ketamine increased
theta-HFO coupling at all doses (Figures 22b and 23b, and Figure 24b for group

results).
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Figure 22. Top left: Time-course of theta-HG coupling strength (MI) and mean locomotor speed
(arbitrary units) under treatment with 25mg/kg ketamine IP. Top right: Scatter plot of CFC
coupling as a function of theta/delta ratio. Bottom: Comodulation maps from the epochs
indicated in the top left panel by black (pre-) and white (post-ketamine) circles. The results in (a)
were obtained from an electrode in stratum lacunosum-moleculare presenting prominent theta-
HG coupling in a representative animal; and in (b) from an electrode in stratum oriens presenting

prominent theta-HFO coupling in the same animal.
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Figure 23. Top left: Time-course of theta-HG coupling strength (MI) and mean locomotor speed
(arbitrary units) under treatment with 25mg/kg ketamine IP. Top right: Scatter plot of CFC
coupling as a function of theta/delta ratio. Bottom: Comodulation maps from the epochs
indicated in the top left panel by black (pre-) and white (post-ketamine) circles. The results in (a)
were obtained from an electrode in stratum lacunosum-moleculare presenting prominent theta-
HG coupling in a representative animal; and in (b) from an electrode in stratum oriens presenting

prominent theta-HFO coupling in the same animal.

58



Figure 24. Group results showing that ketamine alters cross-frequency coupling. (a) Scatter plots
of theta-HG normalised coupling strength in 5 minutes epochs for all analysed electrodes as a
function of theta/delta power ratio (black = pre-ketamine, red = 1st hour post-ketamine, green =
2nd hour, blue = 3rd hour). (b) Same as in a, but for theta-HFO coupling. Lower x-axis values in b
when compared to a are due to the fact theta-HFO and theta-HG coupling occurs mostly above
and below the pyramidal layer, respectively (Scheffer-Teixeira et al., 2012), which have different

theta/delta power ratios.

Since CFC strength typically varies with theta power (Tort et al., 2008; Scheffzuk
et al, 2011; Scheffer-Teixeira et al, 2012), we next investigated whether the
results above could be related to the ketamine effect on theta oscillations. To that
end, we plotted mean CFC strength as a function of the theta/delta power ratio
(Figure 24a and 24b). We note that due to the spectral leakage of delta power
into the theta range that occurs during periods of immobility (c.f. section above),
the theta/delta ratio is a better measure of genuine theta activity in the LFP than

the mean power in the theta range. Moreover, the theta/delta ratio is a spectral
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measure highly correlated with locomotion speed (Figure 15), and thus also
serves to investigate whether changes in CFC strength are explained by changes
in locomotion. We found that ketamine altered CFC in a similar way as described
above even after controlling for this confounding factor (see Figure 25 for
multiple regression analyses). These results therefore show that acute NMDAR

blockade alters CFC in a frequency-specific and dose-dependent way.

Figure 25. Multiple regression coefficients ($-values) indicating changes in coupling strength
induced by ketamine controlling for the level of theta/delta power ratio. A non-zero -value
indicates that CFC level is significantly altered by ketamine independent of changes in the
theta/delta ratio (* and # indicate, respectively, significantly increased and decreased -values
with p<0.01, repeated measures ANOVA followed by Bonferroni post-hoc test). Only electrodes
presenting theta-HG or theta-HFO coupling in baseline comodulation maps were used in these
analyses (see Figures 19 and 20). Total number of electrodes analysed for theta-HFO coupling for
each dose was 13 (25 mg/kg), 18 (50 mg/kg), and 10 (75 mg/kg), and for theta-HG coupling 15

(25 mg/kg), 16 (50 mg/kg) and 10 (75 mg/kg). Data are shown as mean + SEM over electrodes.
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4.7 Ketamine does not alter the distribution of electrical dipoles in the
hippocampus

Finally, we performed current source density (CSD) analysis in one additional
animal. Baseline CSD plots (Figure 26, top row) for the different frequency
ranges were similar to those previously described (Bragin et al., 1995; Scheffer-
Teixeira et al, 2013). We found that ketamine did not alter the spatial
distribution of sinks and sources pairs (Figure 26, bottom row). These results
indicate that NMDAR blockade alters pre-existing hippocampal oscillations but
does not generates new dipoles. Further, these analyses indicate that the
oscillations investigated in this work are generated in the hippocampus, and not

volume conducted from other brain regions.

Figure 26. Triggered LFP averages and current source density (CSD) analysis from a 16-site
probe (100pm spacing) recorded from a freely moving animal subjected to 25mg/kg ketamine IP.
Dark lines indicate LFP averages triggered by the peaks of filtered LFP. Colour plots show the
associated CSD maps. Notice that the position of sinks and sources remain unaltered after drug

administration for all frequencies analysed. Estimated recording sites are indicated at the right.
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5. Discussion

In this study we showed that acute sub-anaesthetic doses of ketamine alter the
cross-frequency interaction between theta phase and the amplitude of two
higher frequency rhythms in the hippocampus: high-gamma and HFO. In
addition, we also found that ketamine increases gamma and HFO power,
increases oscillatory phase synchrony, and differentially modulates theta power

in a layer-specific manner.

Consistent with previous studies (Pinault, 2008; Hakami et al., 2009; Kittelberger
et al,, 2012), we found altered behaviour and increased hippocampal gamma
power during acute blockade of NMDAR. While low doses of ketamine cause
correlated increases in locomotor activity and total gamma power, higher doses
can induce different time-courses of behavioural and electrophysiological effects.
In fact, ketamine also increases gamma oscillations in sedated and anesthetised
animals (Hakami et al, 2009). These observations indicate that increase in
gamma power and hyperlocomotion are two independent effects of NMDAR
blockade. While hyperlocomotion induced by acute NMDAR blockade is
currently considered a model for positive schizophrenic symptoms with
predictive value (Adell et al., 2012), the dissociation between gamma activity and
hyper-locomotion suggests that these abnormal gamma oscillations may have

additional translational significance (Jones et al., 2012).

In agreement with recent findings (Kittelberger et al., 2012), here we found that

acute NMDAR blockade differently alters theta power depending on hippocampal

62



layer. These findings show that different theta dipoles have different sensitivities
to NMDAR blockade. Entorhinal cortex inputs give rise to the theta dipole in
stratum lacunosum-moleculare (Buzsaki, 2002). A greater theta activity in this
layer following NMDAR blockade may thus be associated with an overflow of

sensory information from the entorhinal cortex to the hippocampus.

We found that ketamine induced a network synchrony increase of multiple
frequency bands in the hippocampus, particularly in the gamma and HFO bands.
Neuronal synchrony has been proposed to play a role in dynamically selecting
and routing information within and across brain structures (Engel et al.,, 2001).
This hypothesis gave rise to the idea that abnormal synchrony would underlie
symptoms of cognitive disorders such as autism and schizophrenia (Uhlhaas and
Singer, 2006). However, whether schizophrenia is associated with increased or
decreased neuronal synchrony remains an open question (Uhlhaas and Singer,
2010). Previous studies found reduced inter-trial phase coherence (ITC) in
schizophrenic patients (Spencer et al, 2004; Light et al, 2006), typically
accompanying a decrease in stimulus-evoked gamma power (Light et al,, 2006).
It should be noted that ITC measures the level of phase resetting following a
sensory stimulus within a recording site, and not the level of phase locking
between LFP oscillations recorded from different sites, as studied here.
Regarding the latter, positive schizophrenia symptoms may be associated with
increased connectivity (Lee et al, 2006; Flynn et al., 2008). Recent evidence
suggests that although schizophrenic patients have reduced evoked gamma
power, they could have abnormally high levels of basal gamma power (Lee et al.,

2006; Spencer, 2011). If confirmed, these findings would solve current
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inconsistencies between animal models (which show increased levels of gamma
power and synchrony) and human studies [which point to reduced evoked
gamma power and synchrony; for discussion, see Spencer (2011)]. Altogether,
our and other results suggest that psychotic symptoms caused by NMDAR
hypofunction are associated with an over-processing of information through
functionally hyper-connected structures. Therefore, like in other brain disorders
such as Parkinson disease and epilepsy (Uhlhaas and Singer, 2006), pathological

hypersynchrony could also play a role in schizophrenia.

Here we showed that ketamine increases theta-HFO coupling during peak
locomotion at all doses studied, while its effect on theta-gamma coupling was
dose dependent. Importantly, none of these effects can be explained by changes
in theta power occurring during hyperlocomotion. Interestingly, ketamine also
leads to a significant increase in HFO activity in the nucleus accumbens (Hunt et
al, 2006), a limbic region implicated in schizophrenia that receives massive
connections from the hippocampus (O'Donnell and Grace, 1998). The cognitive
implications of increased HFO power and theta-HFO coupling remain to be better
understood, as well as the functional role of HFO per se (Hunt et al., 2006;
Scheffer-Teixeira et al., 2012; Tort et al., 2013). A recent study has shown that
physiological theta-HFO coupling significantly increases during REM sleep
(Scheffzuk et al.,, 2011). REM sleep is a brain state associated with incongruous
thoughts and dreams. Many similarities have been pointed out between REM
sleep and psychosis (Gottesmann and Gottesman, 2007), leading some to suggest
that psychotic symptoms would be associated with intrusion of a dreaming state

into an awake mind (Freud, 1950; Douglass et al., 1991). While these suggestions
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remain to be appropriately tested, the finding of enhanced theta-HFO coupling
during REM sleep (Scheffzuk et al, 2011) and following NMDAR blockade

(present results) supports such a view.

Theta-gamma coupling, on the other hand, increased with the lowest dose of
ketamine but was disrupted with the highest dose. Current theories on the
combined function of theta and gamma oscillations suggest that disrupting their
coupling would lead to deficits in brain functions such as working memory
(Lisman and Buzsaki, 2008). However, the functional implications of increased
theta-gamma coupling upon lower levels of NMDAR blockade are harder to
interpret. It may be that increased oscillatory power, synchrony and cross-
frequency coupling are all correlates of an aberrant state of brain
hyperexcitability and altered information flow, which could underlie

dysfunctions such as hallucinations and flight of ideas.

Recent findings suggest that dysfunction of GABAergic interneurons are likely to
underlie the electrophysiological alterations reported here (Nakazawa et al,,
2012). Accordingly, ablation of NMDAR from parvalbumin (PV) positive
interneurons in mice leads to enhancements of basal gamma activity (Korotkova
et al, 2010; Carlen et al, 2011). Moreover, ketamine does not induce
hyperlocomotion in these knockout mice (Carlen et al, 2011), suggesting a
critical involvement of the blockade of NMDAR in PV interneurons for the
manifestation of positive schizophrenic symptoms. NMDAR ablation in
corticolimbic interneurons has also been associated with the negative symptoms

of the disease (Belforte et al,, 2010). These findings help link together the NMDA
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hypofunction hypothesis of schizophrenia with the alterations of GABAergic
interneurons seen in post-mortem studies of schizophrenic subjects (Benes et al.,
2000; Woo et al,, 2004; Hahn et al,, 2006; Bitanihirwe et al., 2009). In addition to
PV+ interneurons, hypofunction of NMDAR in oriens lacunosum-moleculare
(OLM) interneurons could also be involved in the pathophysiology of
schizophrenia (Tort et al., 2007; Neymotin et al., 2011). These cells synapse on
distal portions of the apical dendrites of pyramidal cells, where projections from
the entorhinal cortex arrive (Tort et al, 2007). A hypofunction of OLM cells
would thus favour entorhinal cortex inputs (Leao et al., 2012), which could then
lead to increased theta oscillations in stratum lacunosum-moleculare, as observed
here. GABAergic interneurons are also likely to underlie coupling between theta
and gamma rhythms (Tort et al,, 2007; Wulff et al., 2009), and would thus further
mediate aberrant CFC patterns following NMDAR blockade. In all, a preferential
action of NMDA antagonists on inhibitory cells is compatible with increased
levels of excitation (Moghaddam et al, 1997; Vollenweider et al., 1997) and

altered neuronal oscillations.

Building a bridge between electrophysiological findings in animal models and
schizophrenic patients has proven to be a challenge (Uhlhaas and Singer, 2010).
A large part of the alterations described here, particularly at the HFO band,
would not have been noticed by scalp EEG because of its frequency band
limitations. Data obtained by invasive techniques, such as electrocorticograms,
are unfortunately scarce in schizophrenia. In addition, antipsychotic drugs by
themselves cause oscillatory changes (Jones et al., 2012), and are therefore

important confounding factors in clinical studies. Thus, while at variance with
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some previous human studies (Spencer et al., 2004; Light et al, 2006), our
results add to others (Lee et al,, 2006; Flynn et al., 2008; Spencer, 2011) in the
suggestion that some symptoms of the schizophrenia syndrome are mediated by
an aberrant state of brain hyperactivity, including increases in the activity of fast

oscillations, phase synchrony and cross-frequency coupling.
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6. Concluding remarks

In this thesis we presented our findings regarding the behavioural and the
electrophysiological outcome of sub-anaesthetic ketamine treatment in
laboratory rats. Our results add to the previous literature in describing
alterations in the delta, theta, gamma and HFO bands, as well as in cross-
frequency coupling between theta and high frequency oscillations in the
hippocampus. Of particular significance, we feel that our systematic analyses of
the varying effects of different doses of ketamine across the CA1 hippocampal
strata may aid in disentangling some previously incongruent findings from the
literature. For example, it seems that the power increase in the delta band
induced by ketamine are most likely a by-product of low behaviour activity and
probably a poor marker for schizophrenia symptoms; and it became apparent
that theta oscillations are differently affected depending on the hippocampal
layer studied, which may account for discrepancies between studies that
sometimes found and other times did not find alterations in the theta band upon
NMDAR blockade. Moreover, our result of increased locomotion and gamma
activity at different time-courses is in accordance with the literature, and draws
attention to the fact these phenomena are probably caused by different
mechanisms. Finally, our main contribution to the field is probably the detailed
description of altered hippocampal HFO and CFC between theta and HG and
between theta and HFO, filling a gap in our knowledge on the effects of NMDAR

blockade on the awake behaving rat.
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While it remains to be shown if the animal model of acute NMDAR hypofunction
recapitulates genuine network alterations responsible for the behavioural
anomalies found in schizophrenia, or is restricted to being a compendium of
pharmacological recollections on the hippocampal functioning of the mildly
intoxicated laboratory rat, we feel that our results will aid in the understanding
of this complex animal model of schizophrenia, may give some insights into the
cellular basis of psychosis and contribute to an overall better understanding of

schizophrenia.
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Annex A

CEUA-AASDAP: Parecer - 02/2011

Adriana Ragoni to me, Adriano, Arboes, Claudio, Marcos Apr 28

Prezados Prof. Adriano e Fabio,

A Comissfo de Etica no Uso de Animais em Pesquisa da AASDAP (CEUA-AASDAP)
analisou seu protocolo de pesquisa abaixo identificado, bem como os esclarecimentos
feitos posteriormente, e considerou que ele preenche as condigdes requeridas para ser
classificado como aprovado. Dessa forma, segue nosso parecer:

Protocolo 02/2011

Titulo: Estudo dos acoplamentos da atividade neural entre o Giro Denteado e a
regido CA hipocampal durante a formagdo de memorias espaciais e em estados
cognitivos alterados.

Parecer: Aprovado.

Atenciosamente, Adriana

+55 (84) 4008-0003/ 4008-0573
+55 (84) 4008-0554

www.nhatalneuro.org.br
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Annex B

Universifiade ngeral do Rio Grande do Norte
COMISSAO DE ETICA NO USO DE ANIMAIS - CEUA

PROTOCOLO N.°060/2011
Professor/Pesquisador: ADRIANO BRETANHA LOPESTORT

Natal (RN), 29 de fevereiro de 2012.

Prezado Professor/Pesquisador,

Vimos, através deste documento, informar que o projeto “ESTUDO DO PAPEL DOS
ACOPLAMENTOS ENTRE OSCILACOES CORTICAIS NA REALIZACAO DAS FUNCOES
COGNITIVAS”, protocolo n° 060/2011, apdés andlise das adequagdes, foi considerado
APROVADO por esta Comisséo.

Informamos ainda que, segundo o Cap. 2, Art. 13 do Regimento, é fungdo do
professor/pesquisador responsavel pelo projeto a elaboracdo de relatério(s) de
acompanhamento que devera(do) ser entregue(s) dentro do(s) prazo(s) estabelecido(s)
abaixo:

- Relatério Final: FEVEREIRO DE 2014 (30 dias ap6s a conclusdo do projeto).
Agradecemos a sua atengdo e nos colocamos a disposicdo para eventuais

esclarecimentos.

Cordialmente,

Elaine C. Gavioli

Coordenadora da CEUA
UFRN - Campus Universitario — Centro de Biociéncias Telefone: (84) 3215-3419 ramal 210
Av. Salgado Filho, S/N — CEP: 59072-970 — Natal/RN e-mail: ceua@reitoria.ufrn.br
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Annex C

Histological coronal sections of the hippocampi from six animals (A-F) implanted with
chronic bundles of eight vertically staggered electrodes. Notice lesion tracks of the
electrodes crossing the CA1 pyramidal layer into deeper hippocampal regions. Some
electrode tracks appear bent due to artifacts caused by fixative-free histological

procedures.
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Ketamine alters oscillatory coupling in the
hippocampus
Fdbio V. Caixeta'2, Alianda M. Cornélio’, Robson Scheffer-Teixeira', Sidarta Ribeiro! & Adriano B. L. Tort'

"Brain Institute, Federal University of Rio Grande do Norte, Natal, RN 59056-450, Brazil, 2Edmond and Lily Safra International
Institute of Neuroscience of Natal, Natal, RN 59066-060, Brazil.

Recent studies show that higher order oscillatory interactions such as cross-frequency coupling are
important for brain functions that are impaired in schizophrenia, including perception, attention and
memory. Here we investigated the dynamics of oscillatory coupling in the hippocampus of awake rats upon
NMDA receptor blockade by ketamine, a pharmacological model of schizophrenia. Ketamine (25, 50 and
75 mg/kg i.p.) increased gamma and high-frequency oscillations (HFO) in all depths of the CA1-dentate
axis, while theta power changes depended on anatomical location and were independent of a transient
increase of delta oscillations. Phase coherence of gamma and HFO increased across hippocampal layers.
Phase-amplitude coupling between theta and fast oscillations was markedly altered in a dose-dependent
manner: ketamine increased hippocampal theta-HFO coupling at all doses, while theta-gamma coupling
increased at the lowest dose and was disrupted at the highest dose. Our results demonstrate that ketamine
alters network interactions that underlie cognitively relevant theta-gamma coupling.

scillations in the activity of neuronal populations are associated with the coordination of distributed

neuronal groups believed to underlie cognitive processing'~. Disturbance in cortical oscillations has

been suggested as a possible neural basis for symptoms of mental disorders such as schizophrenia®®. In
particular, aberrant gamma-frequency oscillations (30-100 Hz) have been reported in schizophrenic patients®’,
but alterations in other frequency bands are also likely to play a role®.

Acute blockade of glutamate N-methyl-D-aspartate receptors (NMDAR) by ketamine in humans induces
negative and positive symptoms similar to those found in schizophrenia’®, and exacerbates its core symptoms
when administered to patients'. In animals, acute NMDAR blockade induces behavioural, biochemical and
electrophysiological alterations''"" that present predictive, constructive and face validity as a pharmacological
model for schizophrenia'®. Previous studies in rodents have shown that ketamine increases the power of
gamma'>"® and delta'” oscillations, and may differentially affect theta power depending on recording region'>'*".
Of note, some of the electrophysiological alterations induced by ketamine, such as aberrant gamma oscillations,
have been dissociated from its motor effects'.

Brain rhythms of different frequencies are not independent, but can rather interact in several ways®. Cross-
frequency coupling (CFC) among neuronal oscillations has been linked to brain functions such as detection of
sensory signals, reward signalling, decision-making, working memory, attention and learning (see ref. 21 for a
review). CFC patterns differ across brain areas®”* and change dynamically in a task-relevant manner in response
to sensory, motor and cognitive events****. Although CFC has been implied in several brain functions, few studies
have attempted to characterize CFC in schizophrenia® or in its animal models".

In this work we investigated the effects of acute NMDAR blockade by ketamine on the dynamics of spectral
content and oscillatory interactions in the hippocampus, a brain region that has long been associated with the
schizophrenia phenotype®®. We focused on cognitively relevant frequency bands: theta (5-10 Hz), gamma (30-
100 Hz) and high-frequency oscillations (HFO; 110-160 Hz). We found that ketamine leads to frequency- and
region-specific alterations of local field potential (LFP) power, altered phase synchrony, and aberrant cross-
frequency coupling of neural oscillations. Taken together, these results demonstrate that ketamine distorts
normal oscillatory interactions in the rat hippocampus.

Results

NMDAR blockade increases locomotion and high frequency oscillations. Consistent with previous reports
we found that systemic administration of ketamine increased locomotor activity (Fig. 1a, b) and gamma power
(Fig. 2) at all doses studied. While peak locomotion speed was similar for all doses (Fig. 1¢), higher ketamine doses

11,12,14
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Figure 1 | Acute injection of sub-anaesthetic doses of ketamine induces
hyperlocomotion in rodents. (a) Freely moving rats received intraperitoneal
(IP) injections of saline and ketamine (25 mg/kg —n = 6; 50 mg/kg—n = 7;
75 mg/kg —n = 5) at 60 and 120 min after the beginning of the recording
session, respectively, and were monitored for additional 180 min. In this
and all other figures, grey and black arrows denote saline and ketamine
injections, respectively. Locomotion speed was monitored at 30 frames per
second and averaged over 5-min blocks among all animals from each group.
Notice that ketamine induces an increase in locomotion speed at all doses.
(b—d) Total locomotion (b), peak speed (c), and latency to peak locomotion
speed (d) after ketamine injection are shown for each dose. Data are shown
as mean * SEM over animals.

were associated with greater latency to peak locomotor activity (16, 36
and 76 minutes, respectively; Fig. 1d), mainly due to transitory ataxia.
In Fig. 2a we show the gamma band power averaged across all
electrodes in a representative animal treated with ketamine. Peak
gamma power occurred during the first hour post-ketamine injec-
tion, and approached baseline levels three hours afterwards. In
Fig. 2b we show the time-course of gamma power variations in each
of the 8 electrodes in the same animal (Fig. 2b inset); notice that
gamma power increases along the CAl-dentate gyrus axis, as prev-
iously reported”. The increase in gamma power induced by ketamine
was apparent in all recording sites; in fact, baseline normalised
gamma power provided similar time-courses for all electrodes in
the bundle (data not shown). At the group level, in contrast to the
time-course of locomotor activity (Fig. la), gamma power peaked
within 5-10 minutes after ketamine injection at all doses studied
(Fig. 2¢). These results show that the time-course of locomotor and
electrophysiological alterations caused by NMDAR blockade may be
dissociated (see cross-correlations in Fig. 2c insets and ref. 14).

We found that ketamine also increased hippocampal HFO power,
with a similar time-course to the increase in gamma oscillations (see
Fig. 3a for a representative electrode and Fig. 3b for group results).
Incidentally, it has recently been shown that ketamine increases HFO
activity in motor cortex, nucleus accumbens, and other basal ganglia
nuclei’®*, suggesting that abnormally high levels of HFO may be a
widespread effect of NMDAR blockade.

NMDAR blockade modulates hippocampal theta oscillations in a
layer-dependent manner. Along with high-frequency alterations, we
found that low-frequency LFP signals were also modulated by
NMDAR blockade. In Fig. 4a we show the power spectral density

in the theta range of three electrodes recorded simultaneously from an
animal during pre- and post-injection of 50 mg/kg ketamine IP.
Notice in this example that while theta band power decreased after
ketamine injection in stratum pyramidale, it did not change in
stratum radiatum, and was markedly increased at the hippocampal
fissure. Notice further that theta peak frequency was shifted in all
recording sites from 6-8 Hz during drug-free locomotion periods
to 7-10 Hz following ketamine injection, probably due to increases
in locomotion speed. Fig. 4b shows group results for theta band power
modulation during peak locomotion induced by NMDAR blockade in
a subset of electrodes located in stratum oriens-alveus and pyrami-
dale (Electrodes #1-3) and in another subset located in stratum
lacunosum-moleculare, hippocampal fissure and dentate gyrus
(Electrodes #6-8). The mean power spectral density is displayed in
Supplementary Fig. S1 online. Ketamine differentially affected theta
band power in the two subsets of electrodes at all doses studied, and
this effect occurred specifically during hyperlocomotion (Fig. 4c).

A recent study showed that ketamine IP at the dose of 50 mg/kg -
but not 20 mg/kg - increases the power of hippocampal delta
(1-4 Hz) oscillations during a period of ~15 minutes following
the injection'” (see also ref. 19). Since a greater level of delta power
can potentially lead to a greater area under the curve of the power
spectral density in the theta range (spectral leakage®) even in the
absence of a theta peak, we next investigated whether putative
changes in delta power could account for the changes in theta power
reported above. As shown in Fig. 4d, delta power was highly modu-
lated by locomotion speed; in particular, delta power was high during
periods of low locomotion preceding saline and ketamine injections,
and also after the hyperlocomotion episode had ceased (Fig. 4d).
Thus, the apparent high levels of theta band power in these periods
(Fig. 4c) are actually due to spectral leakage from delta power and do
not correspond to a genuine theta activity. Consistent with a previous
report'’, the doses of 50 and 75 mg/kg transiently increased delta
power, which returned to basal levels before the peak of ketamine-
induced hyperlocomotion activity (Fig. 4d), i.e., when the layer-
dependent variations in theta power were most striking (Fig. 4c).
Moreover, contrary to theta, delta power time-course was qualita-
tively similar in all electrodes (Fig. 4d). Therefore, ketamine-induced
alterations in delta power cannot account for the dichotomy in theta
modulation across the CAl-dentate gyrus axis observed during
hyperlocomotion.

NMDAR blockade leads to increased phase synchrony in multiple
high-frequency bands. We next investigated the levels of phase
coherence across recording sites, and found that ketamine induced
transient hypersynchrony in a wide range of fast LFP oscillations
from 30 to 200 Hz (Fig. 5a). Phase coherence spectra were
typically multimodal, exhibiting peak values in the traditional
gamma range, as well as in frequencies above 100 Hz. The changes
in coherence induced by ketamine were observed among electrode
pairs located in multiple hippocampal depths (Fig. 5a). Interestingly,
electrode pairs located at stratum lacunosum-moleculare and dentate
gyrus presented coherence peaks in a faster gamma frequency than
electrode pairs located at stratum oriens-alveus and pyramidale.
Peaks in HFO phase coherence were particularly prominent for
electrodes pairs across hippocampal layers.

In Fig. 5b we show time-courses of mean phase coherence changes
in the gamma and HFO bands across all electrode pairs. Gamma
and HFO phase coherence increased immediately after ketamine
injection and only returned to baseline values after the hyperlocomo-
tion episode ended. Interestingly, the relative increase in phase coher-
ence induced by ketamine was much more prominent for HFO than
gamma oscillations. In all, these results show that ketamine alters
inter-site synchrony of multiple frequency bands in the hippocampus.

NMDAR blockade alters cross-frequency coupling. We next
examined the effects of ketamine on the coupling between low- and
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Figure 2 | Ketamine-induced increase in gamma power can be temporally dissociated from its effect on locomotor activity. (a) Representative power
spectra in an animal treated with 50 mg/kg ketamine IP (mean over all 8 electrodes; 5-Hz moving average smoothing). (b) Time-course of mean gamma
power (30-100 Hz) for all electrodes in the same animal as in (a). Inset shows histology with estimated electrode depths (indicated by green dots at the
right of the lesion). Grey and black arrows denote saline and ketamine injections, respectively. (c) Left: Group results of normalised gamma power

variations (blue) induced by three doses of ketamine (different rows, as labelled). Grey line depicts mean locomotion speed in arbitrary units (see Fig. la
for actual units). Insets show cross-correlograms between normalised gamma power and locomotor activity. Right: Mean normalised gamma power in 1-
hour blocks, as labelled. *p<<0.001 (repeated measures ANOVA) followed by Bonferroni post-hoc test. Data are shown as mean = SEM over animals.

high-frequency LFP oscillations. Typically, low frequency phase
modulates the amplitude of higher frequency oscillations®. This
type of oscillaory interaction is deemed to be involved in cognitive
processing (see ref. 21 for a review). Consistent with previous
reports*>***', we found prominent CFC in most CAl electrodes;
theta phase strongly modulated the amplitude of HFO in electrodes
located above the pyramidal layer (i.e., stratum oriens-alveus), while
the amplitude modulation of high-gamma (HG; 60-100 Hz) was

maximal in electrodes located in stratum lacunosum-moleculare
and hippocampal fissure*. Finally, in spite of the low-gamma (30-
60 Hz) power increase depicted in Fig. 2a, we did not find prominent
coupling between theta and low-gamma in CAl, as reported
previously™.

To illustrate the effect of acute NMDAR blockade on CFC, for each
example in Fig. 6 we show six comodulation maps computed for 5-
min time blocks before and after ketamine injection (as indicated by
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locations). Grey and black arrows indicate saline and ketamine injections, respectively. Mean locomotor activity is also shown in grey (arbitrary units).
Notice that different y-axis scales are used for each subset of electrodes to facilitate comparison. Data are shown as mean = SEM over electrodes.

| 3:2348 | DOI: 10.1038/srep02348 4



a Electrodes # 1-3 Electrodes # 6-8

Ketamine

Electrodes # 1-3 b

X
Electrodes # 6-8 == Gamma

1.4 ==HFO
=-Basal N == Locomotion
Saline
==Ket 1h ’
Ket 2h 1 S
== Ket 3h

Mean coherence
Ketamine

0 50 100 150 200 O 50 100 150 200 O 50 100 150 200

ke

0 50 100 150 200 0 50 100 150 200 O 50 100 150 200

N ™

Ketamine
75 mg/kg IP

Normalised coherence (ratio to basal)

0 50 100 150 200 0 50 100 150 200 O 50 100 150 200

Frequency (Hz)

0 60 120 180 240 300
Time (minutes)

Figure 5 | Ketamine induces hypersynchrony in multiple frequency bands in the hippocampus. (a) Phase coherence spectra before and after treatment

with different doses of ketamine (rows) for different electrode pair combinations (columns)

. (b) Time-course of normalised phase coherence in the

gamma and HFO bands (mean over all electrode pairs in all animals). Mean locomotor activity is also shown in grey (arbitrary units). Data are shown as
mean * SEM. Gamma and HFO coherence was significantly increased during the first hour post-ketamine at all doses, and also during the second hour at

the highest dose (p<<0.01; repeated measures ANOVA followed by Bonferroni post-hoc test). Ket =
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black and white dots in the top left panel, respectively). CFC strength
for all time blocks is shown in the top right panel of each example.
These results are representative for recording sites with theta-HG
(Fig. 63, ) and theta-HFO coupling (Fig. 6b, d) for the lowest (Fig. 6a,
b) and highest (Fig. 6¢, d) ketamine dose. Surprisingly, we found that
ketamine had a differential effect on theta-HG coupling depending
on dose: while the lowest dose increased theta-HG coupling (Fig. 6a),
the highest dose disrupted this oscillatory interaction (Fig. 6¢; see
also Fig. 7a for group results). On the other hand, ketamine increased
theta-HFO coupling at all doses (Fig. 6b, d and Fig. 7b).

Since CFC strength typically varies with theta power****', we next
investigated whether the results above could be related to ketamine
effect on theta oscillations. To that end, we plotted mean CFC
strength as a function of the theta/delta power ratio (Fig. 7a, b).
We note that due to the spectral leakage of delta power into the theta
rage that occurs during periods of immobility (c.f. section above), the
theta/delta ratio is a better measure of genuine theta activity in the
LFP than the mean power in the theta range. Moreover, the theta/
delta ratio is a spectral measure highly correlated with locomotion
speed (Supplementary Fig. S2 online), and thus also serves to invest-
igate whether changes in CFC strength are explained by changes in
locomotion. We found that ketamine altered CFC in a similar way as
described above even after controlling for this confounding factor
(see Fig. 7¢ for multiple regression analyses). These results therefore
show that acute NMDAR blockade alters CFC in a frequency-specific
and dose-dependent way.

NMDAR blockade does not alter the distribution of electrical
dipoles in the hippocampus. Finally, we performed current source
density (CSD) analysis in one additional animal. Baseline CSD plots
(Fig. 8, top row) for the different frequency ranges were similar to
those previously described”*’. We found that ketamine did not alter
the spatial distribution of sinks and sources pairs (Fig. 8, bottom

ketamine, HFO = high-frequency oscillations

row). These results indicate that NMDAR blockade alters pre-
existing hippocampal oscillations but does not generate new
dipoles. Further, these analyses indicate that the oscillations investi-
gated in this work are generated in the hippocampus, and not volume
conducted from other brain regions.

Discussion

In this study we showed that acute sub-anaesthetic doses of ketamine
alter the cross-frequency interaction between theta phase and the
amplitude of two higher frequency rhythms in the hippocampus:
high-gamma and HFO. In addition, we also found that ketamine
increases gamma and HFO power, alters oscillatory phase syn-
chrony, and differentially modulates theta power in a layer-specific
manner.

Consistent with previous studies , we found altered behaviour
and increased hippocampal gamma power during acute blockade of
NMDAR. While low doses of ketamine cause correlated increases in
locomotor activity and total gamma power, higher doses can induce
different time-courses of behavioural and electrophysiological altera-
tions. In fact, ketamine also increases gamma oscillations in sedated
and anesthetised animals'. These observations indicate that altera-
tions in gamma power and hyperlocomotion are two independent
effects of NMDAR blockade. While hyperlocomotion induced by
acute NMDAR blockade is currently considered a predictive model
of positive schizophrenic symptoms', the dissociation between
gamma activity and hyperlocomotion suggests that altered gamma
oscillations may have additional translational significance.

Theta oscillations are believed to serve as a temporal organizer for
a variety of functions, such as sensorimotor integration* and coor-
dination of cell assemblies by means of phase modulating gamma
oscillations’. Consistent with recent findings'®, here we found that
acute NMDAR blockade differently alters theta power depending on
hippocampal layer. These findings show that different theta dipoles

12,14,15
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(60-100 Hz), HFO = high-frequency oscillations (110-160 Hz), MI =

have different sensitivities to NMDAR blockade. Entorhinal cortex
inputs give rise to the theta dipole in stratum lacunosum-molecu-
lare®. A greater theta activity in this layer following NMDAR block-
ade may thus be associated with an overflow of sensory information
from the entorhinal cortex to the hippocampus.

Neuronal synchrony has been proposed to play a role in dynam-
ically selecting and routing information within and across brain
structures'. This hypothesis gave rise to the idea that abnormal syn-
chrony would underlie symptoms of cognitive disorders such as
autism and schizophrenia®. However, whether schizophrenia is
associated with increased or decreased neuronal synchrony remains
an open question®. Previous studies found reduced inter-trial phase
coherence (ITC) in schizophrenic patients®*, typically accompany-
inga decrease in stimulus-evoked gamma power®. It should be noted
that ITC measures the level of phase resetting following a sensory
stimulus within a recording site, and not the level of phase locking
between LFP oscillations recorded from different sites, as studied
here. Regarding the latter, positive schizophrenia symptoms may
be associated with increased connectivity”*®. Recent evidence sug-
gests that although schizophrenic patients have reduced evoked
gamma power, they could have abnormally high levels of basal
gamma power’>”. If confirmed, these findings would solve current
inconsistencies between animal models (which show increased levels
of gamma power and synchrony) and human studies (which point to

modulation index.

reduced evoked gamma power and synchrony; for discussion, see ref.
37). Altogether, our and other results suggest that psychotic symp-
toms caused by NMDAR hypofunction are associated with an over-
processing of information through functionally hyper-connected
structures. Therefore, like in other brain disorders such as
Parkinson disease and epilepsy*, pathological hypersynchrony could
also play a role in schizophrenia.

Theta-gamma coupling has been hypothesised to form a neural
coding system that allows the representation of multiple items in a
sequential order®®. Abnormalities in theta-gamma coupling have been
thus suggested as a possible electrophysiological substrate of disor-
dered thoughts and impaired working memory®*. Also, it should be
noted that recent CFC studies have demonstrated that theta modu-
lates multiple higher frequency bands, which occur within (30-
100 Hz) and beyond (>100 Hz) the traditional gamma band*>**.
For instance, theta preferentially modulates high-gamma (60-
100 Hz) in CAl and low-gamma (30-60 Hz) in CA3*>*%,
Additionally, theta phase also modulates higher frequency activity
circumscribed into the 110-160 Hz band in stratum oriens-alveus™>,
which we refer to as HFO. Interestingly, ketamine leads to a signifi-
cant increase in HFO activity in the nucleus accumbens®, a limbic
region implicated in schizophrenia that receives massive connections
from the hippocampus*'. This suggests that higher frequency oscilla-
tions above the gamma range may also be altered in schizophrenia.
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Figure 7 | Ketamine alters cross-frequency coupling (group results). (a) Scatter plots of theta-HG normalised coupling strength in 5-min epochs for all
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level is significantly altered by ketamine independent of changes in the theta/delta ratio (*p<<0.01). Only electrodes presenting theta-HG or theta-HFO
coupling in baseline comodulation maps were used in these analyses (see Methods and Supplementary Fig. S4 online). Total number of electrodes analysed
for theta-HFO coupling for each dose was 13 (25 mg/kg), 18 (50 mg/kg), and 10 (75 mg/kg), and for theta-HG coupling 15 (25 mg/kg), 16 (50 mg/kg)

and 10 (75 mg/kg). Ket =

Here we showed that ketamine increases theta-HFO coupling
during peak locomotion at all doses studied, while its effect on
theta-gamma coupling was dose dependent. Importantly, none of
these effects can be explained by changes in theta power occurring
during hyperlocomotion. The cognitive implications of increased

Theta

High gamma

Baseline

Ketamine 25mg/kg IP

100 ms 10 ms

Sink .l Source

Figure 8 | Ketamine does not alter dipole distribution in the
hippocampus. Triggered LFP averages and current source density (CSD)
analysis from a 16-site probe (100-pm spacing) recorded from an animal
subjected to 25 mg/kg ketamine IP. Dark lines indicate LFP averages
triggered by the peaks of filtered LFP signals. Colour plots show the
associated CSD maps. For each frequency (theta: 5-10 Hz; HG: 60—

100 Hz; HFO: 110-160 Hz), colour scaling is the same before and after
ketamine. Electrode 2 was used as the reference electrode in all analyses.
Notice that the position of sinks and sources remain unaltered after drug
administration for all frequencies analysed. Estimated recording sites are
indicated at the right.

ketamine, HG = high-gamma (60-100 Hz), HFO = high-frequency oscillations (110-160 Hz), MI =

modulation index.

theta-HFO coupling remain to be better understood, as well as the
functional role of HFO per se*****. A recent study has shown that
physiological theta-HFO coupling significantly increases during
REM sleep®. REM sleep is a brain state associated with incongruous
thoughts and dreams. Many similarities have been pointed out
between REM sleep and psychosis®, leading some to suggest that
psychotic symptoms would be associated with intrusion of a dream-
ing state into an awake mind****. While these suggestions remain to
be appropriately tested, the finding of enhanced theta-HFO coupling
during REM sleep® and following NMDAR blockade (present
results) supports such a view.

Theta-gamma coupling, on the other hand, increased with the
lowest dose of ketamine but was disrupted with the highest dose.
Current theories on the combined function of theta and gamma
oscillations suggest that disrupting their coupling would lead to def-
icits in brain functions such as working memory**. However, the
functional implications of increased theta-gamma coupling upon
lower levels of NMDAR blockade are harder to interpret. It may be
that increased oscillatory power, synchrony and cross-frequency
coupling are all correlates of an aberrant state of brain hyperexcit-
ability and altered information flow, which could underlie dysfunc-
tions such as hallucinations and flight of ideas.

Recent findings suggest that dysfunction of GABAergic interneur-
ons are likely to underlie the electrophysiological alterations reported
here*. Accordingly, ablation of NMDAR in parvalbumin (PV) pos-
itive interneurons in mice leads to enhancements of basal gamma
activity*®". Moreover, ketamine does not induce hyperlocomotion in
these knockout mice*’, suggesting a critical involvement of the block-
ade of NMDAR in PV interneurons for the manifestation of positive
schizophrenic symptoms. NMDAR ablation in corticolimbic inter-
neurons has also been associated with the negative symptoms of the
disease*®. These findings help link together the NMDA hypofunction
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hypothesis of schizophrenia with the alterations of GABAergic inter-
neurons seen in post-mortem studies of schizophrenic subjects*. In
addition to PV+ interneurons, hypofunction of NMDAR in oriens
lacunosum-moleculare (OLM) interneurons could also be involved
in the pathophysiology of schizophrenia®**'. These cells synapse on
distal portions of the apical dendrites of pyramidal cells, where pro-
jections from the entorhinal cortex arrive®. A hypofunction of OLM
cells would thus favour entorhinal cortex inputs®, which could then
lead to increased theta oscillations in stratum lacunosum-moleculare,
as observed here. GABAergic interneurons are also likely to underlie
coupling between theta and gamma rhythms***’, and would thus
further mediate aberrant CFC patterns following NMDAR blockade.
In all, a preferential action of NMDA antagonists on inhibitory cells
is compatible with increased levels of excitation®*** and altered neur-
onal oscillations.

Building a bridge between electrophysiological findings in animal
models and schizophrenic patients has proven to be a challenge’. A
large part of the alterations described here, particularly at the HFO
band, would not have been noticed by scalp EEG because of its
frequency band limitations. Data obtained by invasive techniques,
such as electrocorticograms, are unfortunately scarce in schizophre-
nia. In addition, antipsychotic drugs by themselves cause oscillatory
changes®, and are therefore important confounding factors in clin-
ical studies. Thus, while at variance with some previous human stud-
ies*, our results add to others™** in the suggestion that some
symptoms of the schizophrenia syndrome are mediated by an aber-
rant state of brain hyperactivity, including increases in the activity of
fast oscillations, phase synchrony and cross-frequency coupling.

Methods

Surgical implantation of electrodes. Animal care and surgery procedures were
approved by the Edmond and Lily Safra International Institute of Neuroscience of
Natal Committee for Ethics in Animal Experimentation (permit 02/2011). Eight male
Wistar rats (2-3 months old, 280-380 g) were used in the experiments. Seven animals
were chronically implanted in the left dorsal hippocampus with one electrode bundle
consisting of 8 vertically staggered tungsten microwires (50-pm diameter). Electrodes
were aligned and spaced by 250 pm, spanning from CAL1 stratum oriens-alveus to the
hilus of the dentate gyrus (deepest electrode in AP: —3.6 mm, ML: —2.5 mm, DV:
—3.5 mm). One additional animal was implanted with a 16-site probe across the left
hippocampus (NeuroNexus Technologies; site area: 703 pm?; separation: 100 pm;
impedance: 1-1.5 MQ; location: AP: —3.6 mm, ML: —2.5 mm). All recordings were
referenced to an epidural screw electrode implanted in the right parietal bone.

Experimental procedures. After recovering for 7-10 days, animals were individually
habituated to the recording room for 3 days. Experiments consisted of video and
electrophysiological recordings of freely moving rats in a rectangular arena (50 X 4 X
40 cm) placed in a dimly lighted room. Recordings consisted of 3 stages: animals were
first allowed to explore the arena for one hour (basal); then were injected with saline
and recorded for another hour (saline); finally, animals received a single ketamine
injection (Ketamina Agener®, 100 mg/ml, Agener Unido, Embu-Guagu, SP) of either
25 (n = 6 rats), 50 (n = 7 rats) or 75 mg/kg (n = 5 rats) and were recorded for
additional three hours (ketamine). All injections were intraperitoneal (IP).
Depending on the stability of the recordings, each rat received up to 3 different doses
separated by at least 3 days.

It should be noted that ketamine effects vary widely across species®: while 1-4 mg/
kg of intravenous (IV) ketamine induces deep anaesthesia in humans, 20 mg/kg of IV
ketamine induces only hypnosis in rats””. Used in isolation, the reported anaesthetic
dose of ketamine in rats is 200 mg/kg IP*. Also, IP administration is far less effective
than subcutaneous (SC) injections'”.

Electrophysiological recordings. Continuous recordings were performed using a
multi-channel acquisition processor (MAP, Plexon Inc). Local field potentials (LFPs)
were pre-amplified (1000X), filtered (0.7-300 Hz), and digitised at 1000 Hz.
Electrode placement in CA1 was confirmed by inspecting coronal brain sections
stained with cresyl violet, and by assessing responses evoked by perforant path
stimulation (single pulse, 500 pA) along with other standard electrophysiological
parameters such as presence of ripple oscillations and multi-unit activity at the
pyramidal cell layer, theta phase reversal across stratum radiatum, and maximal theta
power at the hippocampal fissure”.

Behavioural analysis. Animals were video-recorded at 30 frames/second. Tracking of
the animals position was made using MouseLabTracker (http://www.neuro.ufrn.br/
incerebro/mouselabtracker.php), an open-source MATLAB version of a previously

described software™. In order to avoid measuring small movements such as head and

tail movements only displacements =2.0 mm/frame were considered. Locomotor
activity was binned into 5-min blocks.

Data analysis. Analyses of electrophysiological data were performed in MATLAB
(MathWorks).

Filter settings and extraction of the instantaneous phase and amplitude. Filtering
was obtained using a linear finite impulse response filter by means of the eegfilt
function from the EEGLAB toolbox (http://sccn.ucsd.edu/eeglab/), which applies the
filter forward and then again backwards to ensure that phase delays are nullified. The
instantaneous amplitude and phase time series of a filtered signal were computed from
the analytical representation of the signal based on the Hilbert transform (hilbert
function, Signal Processing Toolbox).

Spectral analyses. Power spectra estimation was done by means of the Welch
periodogram method using the pwelch function from the Signal Processing Toolbox
(50% overlapping 4-s Hamming windows). The mean power over frequency ranges of
interest was calculated for each electrode individually, then averaged across electrodes
and animals. Phase coherence was calculated using the multitaper method by means
of the coherencysegc function from the Chronux toolbox* (http://chronux.org/) with
parameters TW = 3 and K = 5 tapers, and window length of 4 seconds. Phase
coherence was averaged from all electrode pairs in all animals. Power and phase
coherence time-courses were obtained by averaging their values in 5-min blocks.

Estimation of phase-amplitude coupling and comodulation maps. To assess
phase-amplitude CFC, we used the Modulation Index (MI) recently described*>*".
This index measures coupling strength between two frequency ranges of interest: a
phase-modulating (f,) and an amplitude-modulated (f4) frequency. The
comodulation map is obtained by expressing the MI for several frequency band pairs
(4-Hz bin width with 2-Hz steps for f,, and 10-Hz bin width with 5-Hz steps for f,) in
a bi-dimensional pseudocolour plot (see Supplementary Fig. S3 online for an
illustrative example). Comodulation maps were computed using 5-min long LFPs
recorded from single electrodes; only time windows associated with robust theta
oscillations were used. Mean CFC strength between two frequency ranges was
obtained by averaging the corresponding MI values; for example, mean theta-HG
coupling corresponds to the average of MI values in the (4-10 Hz) X (60-100 Hz)
region of the comodulation map, and similarly for theta-HFO coupling. We only
computed theta-HG and theta-HFO coupling strength for electrodes that had theta-
HG and theta-HFO coupling in the comodulation map, respectively (see
Supplementary Fig. S4 online). Recording sites that did not present clear CFC in the
comodulation map, or which the comodulation map revealed spike
contamination®**® (common in recordings from the CA1 pyramidal layer* and
dentate gyrus®), were not taken into account in further analyses (see Supplementary
Fig. S4 online for representative examples of discarded electrodes). Consistent with
recent reports*>*', theta-HFO coupling was mainly present in electrodes in stratum
oriens-alveus , and theta-HG coupling from the CA1 pyramidal layer to stratum
lacunosum-moleculare/hippocampal fissure.

Triggered LFP averages and current source density (CSD). Probe signals were
amplified (200X), filtered (1 Hz-7.5 kHz), and digitised at 25 kHz (RHA2116, Intan
Technologies). LFP averages were obtained by first filtering the LFP signal into the
frequency ranges of interest; the amplitude peaks of each band were then identified
and used for averaging 500-ms epochs centred at these timestamps. CSD analysis was
obtained by -A+2B-C for adjacent sites. We used 60-s periods of prominent theta
oscillations in these analyses.

Statistics. Group means were compared by f-test for independent samples or by
repeated measures ANOVA followed by Bonferroni post-hoc test. Multiple
regression was performed to study changes in CFC level corrected for changes in
locomotion and theta activity (as assessed by the theta/delta ratio; see Supplementary
Fig. S2 online).
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Supplementary Figure S1. Ketamine induced alterations of low frequency power depend on
anatomical location. Group average power spectra during baseline and during peak hyperloco-
motion induced by ketamine for electrodes located in stratum oriens-alveus and pyramidale
(top row) and in stratum lacunosum-moleculare, hippocampal fissure and dentate gyrus
(bottom row). Data are shown as mean + SEM over electrodes.
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Supplementary Figure S2. Theta/delta power ratio is associated with locomotor activity. Dark
lines indicate time-course of theta/delta ratio averaged for different ketamine doses. Grey line
depicts mean locomotion speed in arbitrary units (see Fig. 1a for actual units). Data are shown
as mean £ SEM over all electrodes.
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Supplementary Figure S3. Computing phase-amplitude comodulation maps. To compute
each entry of the comodulation map (top left), the raw local field potential (LFP, top right)
signal is band-pass filtered into two frequencies: a phase-modulating frequency (i.e. theta)
and an amplitude-modulated frequency (i.e. high-gamma). Next, the phase (third row) and
amplitude (fourth row, thick line) time series are calculated from each of the filtered signals
and used to compute phase-amplitude distribution-like plots (bottom left). In this example,
plot a shows the mean 80-Hz amplitude distribution over 20° phase bins of the 8-Hz oscilla-
tion, and b shows the mean 80-Hz distribution over 20° phase bins of the 16-Hz oscillation.
The modulation index (MI) for each of these frequency pairs (8 Hz & 80 Hz and 16 Hz & 80
Hz) is a measure of divergence of the amplitude distribution from the uniform distribution (see
ref. 22 for details). This procedure is repeated for several frequency pairs (2-20 Hz x 20-200
Hz), and the MI values for each pair are displayed in a pseudocolor comodulation map (top
left). Notice that a has stronger coupling (and, therefore, higher Ml values) than b. The exam-
ple shown in this figure was obtained from a CA1 recording during active exploration
(adapted, with permission, from ref. 23).
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Supplementary Figure S4. Representative examples of electrodes either included or excluded
from the cross-frequency coupling (CFC) strength analysis. (a) Examples of electrodes
included in the CFC analysis. Theta-HFO coupling strength was only considered for electrodes
that exhibited theta-HFO coupling in the comodulation map during baseline recordings, as is
the case of the left and middle panels. Theta-HFO coupling was most apparent in electrodes
located above the pyramidal layer (see refs. 23 and 39). Similarly, only electrodes that exhibited
theta-HG coupling in the comodulation map (middle and right panels) were used in the analysis
of theta-HG coupling strength. Theta-HG coupling was strongest in stratum lacunosum-
moleculare (right panel, see also ref. 23), but could also be seen at lower levels in electrodes
near the pyramidal layer along with theta-HFO coupling (middle panel). (b) Examples of elec-
trodes excluded from the CFC analysis. Electrodes located at the CA1 pyramidal layer and in
the dentate gyrus typically exhibited comodulation maps in which theta modulates a wide range
of higher-frequency oscillations (left panel). This type of coupling has recently been shown to
correspond to contamination of the LFP signal by multiunit activity (see refs. 30 and 39) and
was discarded from the CFC strength analysis. Some electrodes were also not considered in
the CFC strength analysis because they exhibited no coupling in the comodulation map (right
panel).



