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Overview

Neurons form transient, functionally specialized assemblies by coordinating their

activity within networks. Assembly activity is important for coding and information

processing in the brain; oscillations are assumed to entrain and provide temporal

structure to this. Recent work from different laboratories has uncovered cell type-

specific activity patterns during network oscillations, indicating that the cells may

differentially contribute to the generation of oscillation and thereby the coordina-

tion of cell assemblies. The purpose of this chapter is to summarize recent findings

from these works in in vitro preparations highlighting the importance of different

neuronal activity patterns of hippocampal principal cells and different subtypes of

interneurons. Special attention will be paid to the role of the firing properties of hip-

pocampal interneurons on the network oscillatory activity at the theta and gamma

frequency range. Models based on these ideas are found in “Gamma and Theta

Rhythms in Biophysical Models of Hippocampal Circuits” by Kopell et al., this

book.

In Vitro Models of Network Oscillations

Hippocampal Population Activity Patterns In Vivo and In Vitro

Hippocampal networks show rhythmic oscillations in various frequency ranges

in a behavior-dependent manner (Singer, 1999; Buzsaki and Draguhn, 2004). In

the freely moving rat, three types of hippocampal oscillatory activities have been

observed (Leung et al., 1982). Theta (5–10 Hz) and gamma (30–100 Hz) frequency

rhythms are observed in the rat during exploration and rapid eye movement sleep

(Fig. 1A). The frequency range of both rhythms is described differently in different
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studies. These two rhythms often coexist but can also occur separately (Fig. 1A,

for review see Whittington and Traub, 2003). Gamma and theta rhythms also occur

throughout the neocortex in vivo and have been proposed to constitute a fundamen-

tal mechanism underlying cognitive tasks such as feature recognition, associative

learning, and content-sensitive and context-sensitive processing of sensory infor-

mation. In addition, intermittent population bursts, sharp wave-associated field rip-

ples (100–300 Hz), are present in the CA3–CA1–subiculum–entorhinal cortex axis

during awake immobility, consummatory behaviors, and slow-wave sleep (Fig. 1B,

Vanderwolf, 1969; Buzsaki et al., 1983; Bland, 1986; Chrobak and Buzsaki, 1996,

Csicsvari et al., 1999).

Fig. 1 Hippocampal network oscillations in vivo A, B and in vitro C–E. A Theta-related and

gamma-related modulation of the field in the dentate gyrus (hilar region) during exploratory wak-

ing. B Sharp wave-associated field ripples in CA1 area during slow-wave sleep. Upper traces,

wide band recording, lower traces, band bath (40–150 Hz, A; 150–250 Hz, B) filtered gamma and

ripple activity. C Metabotropic glutamate receptor activation under conditions of reduced AMPA

receptor activation generates in CA1 area theta population activity. D Kainate receptor activa-

tion induces network oscillations at the gamma frequency range in CA3 area. E Spontaneously

occurring sharp wave-associated ripple oscillation in CA1 area in vitro. Upper trace, wide band

recording, lower trace, ripple band-pass (140–320 Hz) filtered activity. Panels are adapted from A,

Bragin et al. (1995); B, Csicsvari et al. (1999); C, Gillies et al. (2002); D, Gloveli et al. (2005b);

E, Both et al. (2008)

Various in vitro models have been developed to gain insight into the cellular

and synaptic mechanisms of theta, gamma, and ripple oscillations (Fig. 1C–E).

In vitro models of network oscillations, such as the carbachol (Fisahn et al., 1998;

Buhl et al., 1998), the kainate (Buhl et al., 1998), the metabotropic glutamate

receptor activation (Gillies et al., 2002), and the tetanically induced (Whittington

et al., 1997) gamma activity models, reproduce salient features of oscillatory activity

in slice preparations maintained in “interface” slice chamber. To determine activity
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pattern of individual neurons, sharp microelectrode or blind whole-cell patch-clamp

recordings have been obtained from principal cells or putative interneurons. In addi-

tion, an in vivo model, the juxtacellular recording technique, was developed to

conjointly record action potential series from single neurons and the extracellular

field potential during different forms of network activity in anesthetized animals

(Pinault, 1996; Klausberger et al., 2003, 2004). These in vitro and in vivo methods

have some clear advantages in studying network activity. However, the sparse dis-

tribution of interneurons makes them unlikely targets for these blind approaches.

Therefore, these investigations are very inefficient in mapping neuronal activity

patterns. Whole-cell patch-clamp recordings using infrared differential contrast

videomicroscopy (Dodt and Zieglgänsberger, 1994) have greatly facilitated selec-

tion and recordings from interneuron. However, this approach has been hampered

by the difficulty of generating population activity in the submerged-type slice cham-

bers. Recently, technical modification of the pharmacological paradigms, brief pres-

sure ejection of kainate (Gloveli et al., 2005a, b) or bath application of carbachol

(Hájos et al., 2004), permitted the reproduction of the network oscillatory activity

in submerged slices. Using these approaches, it was possible to record from visu-

ally identified pyramidal cells and interneurons during gamma and theta frequency

network oscillation in vitro.

Cell Types Involved in Rhythms

Morphological properties discriminate hippocampal pyramidal cells (PCs) from

inhibitory interneurons. In addition, further distinctions exist within both PCs and

interneurons. It is reasonable to postulate that hippocampal neurons with different

structural features are also likely to have different functions in the network.

Pyramidal cells. Despite the morphological similarities (pyramid-shaped somata,

apical and basal dendritic trees), PCs in CA1 and CA3 areas display some important

differences such as the existence of excitatory recurrent collaterals. The latter is

considered to be the hallmark of the CA3 but not the CA1 area. The pyramidal

cells of the CA3 area themselves are not homogeneous. Whereas most axon col-

laterals of the CA3a and CA3b neurons give rise to extensive recurrent collaterals

that are confined to the CA3 region, pyramidal cells in CA3c subregion are mostly

projection cells, with most of their axon collaterals terminating in the CA1 region

(Li et al., 1994; Wittner et al., 2007). It was hypothesized (Csicsvari et al., 2003)

that intrahippocampal gamma oscillations emerge in the recurrent collateral-rich

CA3a,b subregions; their activity recruits CA3c subregion, which, in turn, entrains

CA1 cells.

Interneuron types. In contrast to glutamatergic principal cells, GABAergic

interneurons of the hippocampus exhibit substantial diversity. In the CA1 area, for

instance, at least 21 classes of interneurons were described (for review see Klaus-

berger and Somogyi, 2008 [see “Morphology of Hippocampal Neurons” by Vida,

this book]). In contrast to principal cells, the vast majority of interneurons have
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locally restricted axons and lack spines. Interneurons can be broadly classified into

several classes on the basis of different criteria, such as action potential firing prop-

erties, somato-dendritic architecture and axonal ramification pattern, neurochemical

content, voltage- and ligand-gated conductances as well as plastic changes in exci-

tatory synaptic transmission (for reviews see Freund and Buzsáki, 1996; McBain

and Fisahn, 2001; Whittington and Traub, 2003). Functionally, at least three main

GABAergic cell types coexist in hippocampal networks: perisomatic inhibitory neu-

rons, dendritic inhibitory interneurons, and GABAergic cells specifically innervat-

ing other inhibitory interneurons (Miles et al., 1996). The most striking morpho–

functional dichotomy in the population of cortical interneurons is the targeting of

the dendritic versus the perisomatic domain of principal cells. Dendritic inhibi-

tion is likely to control the efficacy and plasticity of excitatory synaptic inputs of

principal cells, whereas perisomatic inhibition is ideally suited to control output,

synchronizing the action potential firing of large groups of principal cells (Freund

and Buzsáki, 1996). Further distinctions exist within the same class of interneu-

rons. Thus, different types of perisomatic targeting parvalbumin (PV)-expressing

interneurons innervate distinct subcellular domains of principal cells. Axo-axonic

cells (AACs) innervate exclusively the axon initial segment of PCs; in contrast,

basket cells (BCs) innervate the somata and proximal apical dendrites. In addi-

tion, two distinct populations of basket cells – PV-expressing and cholecystokinin

(CCK)-expressing interneurons – could be defined on the basis of their neuro-

chemical content (see “Morphology of Hippocampal Neurons” by Vida, this book).

Dendrite-targeting interneurons could also be subdivided into the distal (such as

oriens lacunosum-moleculare, O-LM, and radiatum lacunosum-moleculare – R-LM

cells) and proximal (such as trilaminar, bistratified, and radiatum cells) dendrite-

targeting cells. Interneurons belonging to distinct classes defined by their axonal

target domain on the pyramidal cell have clearly different intrinsic, synaptic, and

firing properties.

As an example, Fig. 2 illustrates the morphology and the physiological properties

of two types of interneurons: non-fast spiking distal dendrite-targeting O-LM cells,

which present one of the best studied interneuron classes in the hippocampus, and

fast-spiking proximal dendrite-targeting trilaminar cells. These cells differ in their

morphology, neurochemical marker contents, and intrinsic membrane properties

(see Fig. 2A, B). Clear differences were also detected in spontaneous EPSC proper-

ties between these two subtypes of interneurons – with slower kinetics in O-LM than

those in trilaminar interneurons (Fig. 2B). Furthermore, while the excitatory input

displayed a late-persistent firing in O-LM cells, fast-spiking trilaminar interneurons

displayed an onset-transient firing in response to stimulation of CA1 axons in the

alveus (Fig. 2B; Pouille and Scanziani, 2004).

These differences in morphological and electrophysiological properties of

interneurons indicate that they are likely to have specific roles in the network. In

fact, analysis of their spike timing during the oscillations suggests that a division of

labor exist among interneuron subtypes involved in hippocampal network oscilla-

tions (see Sections “Firing Patterns in Gamma Oscillations” and “Firing Patterns in

Theta Oscillations”).
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Fig. 2 Properties of distal (O-LM) and proximal (trilaminar) dendrite-targeting interneurons.

A Morphology of O-LM and trilaminar cells. Somata and dendrites are drawn in red, axons are in

black. The somata of O-LM cells are located in stratum oriens and have mainly horizontally run-

ning dendrites. The main axon of these cells crosses strata pyramidale and radiatum and branches in

stratum lacunosum-moleculare. O-LM cells innervate the distal dendrites of pyramidal cells which

are co-aligned with the entorhinal input (Sik et al., 1995; Maccaferri et al., 2000). A inset, O-LM

cells are immunopositive for the metabotropic glutamate receptor (mGluR1α) and the neuropeptide

somatostatin (SOM, Tukker et al., 2007) and express low levels of calcium binding protein PV

(Maccaferri et al., 2000; Klausberger et al., 2003). The trilaminar cells have similar horizontally

distributed dendrites in stratum oriens, but are clearly different from O-LM cells in respect of

axonal arborization (Sik et al., 1995). Sub – subiculum; str. or. – stratum oriens; str. pyr. – stratum

pyramidale; str. rad. – stratum radiatum; str. l-m. – stratum lacunosum-moleculare. B Intrinsic,

intrinsic membrane (i) and firing properties (ii) of O-LM and trilaminar cells during hyperpolariz-

ing and depolarizing current injection. O-LM cells demonstrate clear “sag” potential and non-fast

spiking pattern in marked contrast to trilaminar cells showing no “sag” and fast-spiking charac-

ter upon hyperpolarizing and depolarizing pulses. B Synaptic (i), spontaneous EPSC (sEPSC) in

O-LM and trailaminar interneurons. Forty individual traces are black and superimposed averaged

currents are red. B Synaptic (ii), cell-attached responses from an O-LM and trilaminar cells. Cur-

rent deflections indicate action potential firing in response to the stimulation of CA1 axons in the

alveus. Panels A and B, Intrinsic (i, ii) and Synaptic (i) are from Gloveli et al. (2005a); panel

B Synaptic (ii) is from Pouille and Scanziani (2004); inset A, (O-LM) is from Tukker et al. (2007)

Gamma Oscillations

Two forms of local network gamma frequency oscillations can be induced in vitro

in hippocampal slices (Table 1). Transient forms of gamma frequency oscilla-

tions (lasting for a few seconds or minutes) can be evoked in vitro by titanic

stimulation (Whittington et al., 1997) or through pressure ejection of glutamate
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Table 1 Properties of in vitro models of theta and gamma oscillations

Oscillation

type

Activated

by Blocked by Region
Mean freq.

(rec. temp.)
Main

references

Persistent θ mGlutR NMDAR,

GABAAR

CA1 7 Hz (35◦C) Gillies et al. (2002)

mAChR NMDAR,

GABAAR

CA1 9 Hz (35◦C) Gillies et al. (2002)

mGlutR,

mAChR

AMPAR CA3 8 Hz (33◦C) Cobb et al. (2000)

Konopacki et al. (1992)

KAR,

long.

slice

N.T. CA3 8 Hz (29◦C) Gloveli et al. (2005b)

Transient θ PuffKA,

long.

slice

GABAAR CA3 8 Hz (29◦C) Gloveli et al. (2005b)

Persistent γ KAR GABAAR CA3 35 Hz (35◦C) Fisahn et al. (2004)

37 Hz (34◦C) Gloveli et al. (2005b)

mAChR AMPAR,

GABAAR

CA3 32 Hz (30◦C) Pálhalmi et al. (2004)

CA3 39 Hz (34◦C) Fisahn et al. (1998)

Hájos et al. (2004)

mGluR AMPAR,

GABAAR

CA3 41 Hz (30◦C) Pálhalmi et al. (2004)

Transient γ Puff Glut. GABAAR CA1/DG 42/64 Hz

(36◦C)

Pöschel et al. (2002)

Puff KA GABAAR CA3 33 Hz (29◦C) Gloveli et al. (2005a)

Puff K+ GABAAR DG 67 Hz (34◦C) Towers et al. (2002)

AMPAR,

GABAAR

CA1 63 Hz (34◦C) LeBeau et al. (2002)

Abbreviations: R, receptor; m, metabotropic; KAR, kainate R; long., longitudinal; Puff, pressure

jection; N.T., not tested.

(Pöschel et al., 2002), high molarities of kainate (Gloveli et al., 2005a, b) or potas-

sium (LeBeau et al., 2002; Towers et al., 2002) (Table 1).

Another model of gamma frequency oscillations is known as “persistent gamma”

(lasting for hours). This kind of oscillation can be induced in the hippocampal CA3

area in vitro by bath application of agonists of muscarinic acetylcholine (mAChR)

(Fisahn et al., 1998; Fellous and Sejnowski, 2000; Shimono et al., 2000; Fisahn

et al., 2002) and kainite receptors (KAR) (Fisahn et al., 2004; Gloveli et al., 2005a,

b) (Table 1). mAChR agonist (carbachol)-induced and kainate-induced fast network

oscillations provide a useful model to explore the mechanisms underlying physio-

logical gamma frequency oscillations for the following reasons. The hippocampus

receives a dense cholinergic projection from the medial septum/diagonal band of

Broca, which plays an important role in the generation of hippocampal network

activity (Leung, 1985). In addition, kainate receptors are expressed by both prin-

cipal cells and interneurons of the hippocampus (Cossart et al., 1998; Frerking

et al., 1998; for review see Lerma, 2003). Moreover, these oscillations in vitro share

many of the features of intrahippocampal gamma oscillations in vivo, including the
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firing of pyramidal neurons at low frequencies (<5 Hz) phase-locked to the oscil-

lation, and the generation of oscillations in CA3 then propagating to CA1 (Fisahn

et al., 1998; Gloveli et al., 2005a). Finally, both in vivo and in vitro cholinergically

induced oscillations have similar current source density profiles, and the gamma

phase relationship between pyramidal cells and perisomatic innervating interneu-

rons is comparable (Csicsvari et al., 2003; Mann et al., 2005; Oren et al., 2006).

Both persistent and transient gamma oscillations can be evoked in different

hippocampal areas, including CA3, CA1, and DG (Table 1, Towers et al., 2002;

Pöschel et al., 2002; Gloveli et al., 2005a). However, there are regional differences

in frequency and power of the oscillations, suggesting the existence of different

rhythm-generating networks in the hippocampus. In line with this suggestion, both

persistent and transient forms of kainate-induced gamma oscillations demonstrate

faster gamma frequency oscillations in isolated CA1 area than those in CA3 area

(N. Maziashvili and T. Gloveli, unpublished observation, Middleton et al., 2008).

However, gamma oscillations in the same area (CA3 area) induced by different

pharmacological drugs (carbachol and DHPG) also show significant differences in

their properties (the peak frequencies, maximal power, and spectral width, Table 1,

Pálhalmi et al., 2004), suggesting involvement of different network mechanisms,

such as the recruitment of distinct types of interneurons. In addition, the gamma

oscillations evoked under different conditions differ in their dependence on excita-

tion and inhibition (Table 1). Thus, one form of transient oscillations, “Interneuronal

network gamma” (ING) (Whittington et al., 1995), are based on mutual inhibition

between the interneurons (for computational models see Wang and Buzsáki, 1996;

White et al., 1998; Vida et al., 2006) whereas “pyramidal-interneuronal network

gamma” (PING) (Whittington et al., 1997) is based on reciprocal interneuron–

pyramidal cell interaction (see “Gamma and Theta Rhythms in Biophysical Models

of Hippocampal Circuits” by Kopell et al., this book). It seems likely that all of

these forms are relevant in vivo, possibly reflecting region and state dependence of

mechanisms underlying hippocampal gamma oscillations.

Firing Patterns in Gamma Oscillations

A key requirement for the generation of network oscillations is rhythmic and syn-

chronized activity of large sets of neurons. An important step in understanding the

role of hippocampal neurons in network oscillations is to examine their spike pat-

terns during these oscillations.

Principal cells. Analysis of firing properties of electrophysiologically and mor-

phologically identified pyramidal cells in CA3 area has recently been performed

in vitro for KAR (Gloveli et al., 2005a, b) and mAChR (Fisahn et al., 1998; Hájos

et al., 2004) agonist-induced gamma frequency oscillations. Both KAR and mAChR

activation (by kainate and carbachol, respectively) revealed low-frequency, <5 Hz,

firing of pyramidal cells (Table 2, Fisahn et al., 1998; Hájos et al., 2004; Gloveli

et al., 2005a). These results are in agreement with in vivo observations demon-

strating similar low-frequency firing of PCs (Csicsvari et al., 2003). Moreover,
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PC firing is phase-locked to the field oscillations (Table 2). In carbachol-induced

gamma oscillations, PCs fired action potentials around the negative peak of the field

recorded in the pyramidal cell layer (Fig. 3a, d, Hájos et al., 2004). Both in vivo and

in vitro observations suggest that during gamma frequency oscillations, PCs of CA3

area drive local interneurons in a feedback manner (Fisahn et al., 1998; Csicsvari

et al., 2003; Pálhalmi et al., 2004; Hájos et al., 2004). If PC–interneuron interac-

tions generate gamma oscillations, the firing of PCs should precede interneuron

discharge so that PC can recruit interneuron activity in the next gamma cycle (Oren

et al., 2006). Consistent with this suggestion, interneuron responses were indeed

preceded by PC firing (Fig. 3d, Hájos et al., 2004).

Table 2 Firing properties of some hippocampal neurons during gamma frequency oscillations

in vitro

Neuron type Activated by

Mean firing

frequency

(Hz)

Spikes/gamma

cycle

Angle of

spikes relative

to the field
Main

references

Pyramidal KAR 3.5 ± 0.6 0.18 ± 0.05 N.T. Gloveli

et al. (2005a)

mAChR 2.82 ± 0.7 0.09 ± 0.02 58.1 ± 5.30 Hájos

et al. (2004)

Fisahn

et al. (1998)

O-LM KAR 8.3 ± 2.1 0.26 ± 0.04 N.T. Gloveli

et al. (2005a)

mAChR 12.9 ± 1.8 0.4 ± 0.07 88.1 ± 6.10 Hájos

et al. (2004)

Trilaminar KAR 32.1 ± 2.8 1.82 ± 0.07 N.T. Gloveli

et al. (2005a)

mAChR 18.2 ± 2.7 0.6 ± 0.09 96.8 ± 2.20 Hájos

et al. (2004)

Bistratified KAR 35.0 ± 2.5 1.04 ± 0.08 N.T. Gloveli

et al. (2005a)

Basket KAR 33.6 ± 2.6 1.28 ± 0.06 N.T. Gloveli

et al. (2005a)

mAChR 18.1 ± 2.7 0.62 ± 0.09 93 ± 2.10 Hájos

et al. (2004)

R-LM mAChR 13.2 ± 3.9 N.T. Hájos

et al. (2004)

Radiatum mAChR 2.3 ± 0.6 0.07 ± 0.02 128.4 ± 12.40 Hájos

et al. (2004)

Abbreviations: O-LM, oriens lacunosum-moleculare; R-LM, radiatum lacunosum-moleculare;

N.T., not tested.

During in vitro gamma frequency oscillations induced by kainate, the interneu-

rons receive a high-frequency barrage of compound EPSPs, modulated at gamma

frequency, which are temporally correlated with extracellular population activity

(Gloveli et al., 2005a). Since the slice is deafferented, it is likely that the action

potential-dependent excitatory events are mediated by local excitatory input from

neighboring pyramidal neurons. Given the relatively low PC somatic spike rate with
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respect to the frequency of EPSPs invading interneurons, the question remains as

to how PCs generate these rhythmic burst of events and reliably discharge interneu-

rons. Interneurons may receive a rhythmic barrage of gamma frequency EPSPs for

the following reasons. First, in the active network, multiple pyramidal cells are likely

to fire on any given oscillatory cycle. Due to the convergence of numerous pyramidal

cell axons onto a single postsynaptic interneuron it follows that each interneuron is

also likely to receive multiple unitary excitatory inputs on each successive gamma

wave. Second, there are suggestions that activity in pyramidal cell axons may ortho-

dromically excite interneurons, without pyramidal cell somata necessarily firing

(Traub et al., 2003). Computational models of carbachol (Traub et al., 2000) and

kainate-induced gamma oscillations (Fisahn et al., 2004) emphasize the importance

of ectopic axonal action potentials for the generation of hippocampal gamma oscil-

lations. The coexistence of phasic, high-frequency oscillations in principal cell axon

populations and field potential gamma frequency oscillations was demonstrated in

kainate model (Traub et al., 2003).

Interneuron types. During gamma frequency oscillation in vivo and in vitro,

the different classes of interneurons fire action potentials at different times and

inhibit distinct subcellular domains of PCs (Fig. 2–4). During pharmacologically

induced gamma frequency oscillations in vitro, perisomatic-targeting PV-expressing

basket cells generate a predominantly gamma frequency output (Fig. 3B, Gloveli

et al., 2005a; Hájos et al., 2004). Moreover, the firing of perisomatic basket cells

is tightly coupled to the oscillation (Fig. 3B, D). The anatomical and physiological

properties make these neurons ideally suited for generating local gamma rhythms.

In contrast, spiking of other PV-expressing perisomatic-targeting interneurons, axo-

axonic cells, was found to be only moderately coupled to the field gamma in anes-

thetized animals (Tukker et al., 2007).

There are no in vitro data available on the activity of CCK-expressing basket

cells. In vivo results indicate that, in contrast to PV-expressing BCs, these interneu-

rons fire earlier than pyramidal cells and out of phase with PV-expressing interneu-

rons during the gamma oscillations in anesthetized animals (Tukker et al., 2007).

Therefore, CCK-expressing basket cells are likely to interfere with gamma syn-

chronicity (Freund and Katona, 2007; Galarreta et al., 2008).

While PV-expressing perisomatic inhibitory interneurons are thought to play a

major role in gamma oscillations (Hájos et al., 2004; Gloveli et al., 2005a), other

classes of fast-spiking interneurons, such as bistratified and trilaminar cells, may

also be important for this rhythm (Gloveli et al., 2005a). Bistratified cells were so

named because the axonal arbor is found in two strata: oriens and radiatum (Buhl

et al., 1994). In addition to pyramidal cells they also innervate interneurons includ-

ing basket cells (Halasy et al., 1996). During the gamma oscillations in vitro bis-

tratified cells discharge at high frequency, phase-locked to the field gamma (Gloveli

et al., 2005a; Hájos et al., 2004; Tukker et al., 2007). Therefore, they are also likely

to be involved in the generation of the gamma oscillatory activity. Interestingly,

the most prominent interneuronal output seen during pharmacologically induced

gamma oscillations in vitro was associated with trilaminar interneurons (Gloveli

et al., 2005a; Hájos et al., 2004). These fast-spiking cells project to three layers
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Fig. 3 Morphological and firing properties of hippocampal neurons during pharmacologically

induced gamma oscillations. Reconstructions of representative biocytin-filled pyramidal (Ai), PV-

positive basket (Bi), and trilaminar (Ci) cells. The soma and dendrites are drawn in red, whereas

the axons are in black. CA3, CA3 area; str. or., stratum oriens; str. pyr., stratum pyramidale; str. rad.,

stratum radiatum; str. l.-m., stratum lacunosum-moleculare. During kainate-induced field oscilla-

tory activity (Aii; Bii) pyramidal cells fire sporadically (Aiii), whereas basket cells discharged

with single spikes interrupted by irregularly occurring doublets of action potentials, phase-locked

to the field gamma activity (Biii). Trilaminar cells produced spike doublets (Ciii) on every gamma

cycle (Cii). (D, left) Time sequence of firing of different neuron types during carbachol-induced

oscillatory cycle (top trace). Pyramidal cells fired at the negative peak of the oscillation followed

by the interneurons. Gaussian functions were fitted to the spike time distribution for each type of

neuron, and the average mean and SD were used to represent each cell class as a Gaussian function.

(D, right) Schematic diagram of the connectivity among phase-coupled neuron types in the CA3

hippocampal circuitry taking part in the gamma oscillation. Panel Aii–C, adapted from Gloveli

et al. (2005a); D, adapted from Hájos et al. (2004)

of CA3 area, the strata oriens, pyramidale, and radiatum. Additionally, axon col-

laterals of trilaminar cells were seen projecting to area CA1 and into the subicu-

lum, and possibly to other brain areas as well (Somogyi and Klausberger, 2005).

These cells generated highly regular, short latency spike doublets (Fig. 3C, Gloveli

et al., 2005a). Their axonal arborization indicates that these interneurons innervate

somatic and dendritic compartments of pyramidal cells, locally as well as in distant

regions. Thus, via these cells, gamma rhythms generated locally in area CA3 could

be efficiently transmitted to distal sites “downstream” in the hippocampal process-

ing pathway.

Interneurons located in the stratum radiatum (with both the dendrites and axonal

arborization localized in the stratum radiatum) have the lowest firing rate among

all dendrite-targeting interneurons with weak coupling to the gamma oscillations

in vitro (Table 2, Hájos et al., 2004). Although R-LM cells (with dendritic tree

in stratum radiatum and axon restricted to stratum lacunosum-moleculare) fire at

higher frequency than other radiatum cells, they also do not show significant phase-

related firing (Hájos et al., 2004).
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Theta Oscillations

A prominent network pattern in the hippocampus of all mammals studied to date,

including humans (Arnolds et al., 1980; Tesche and Karhu, 2000), is a slow oscilla-

tion in the theta frequency band (5–10 Hz). Theta oscillations are most consistently

present during various types of locomotor activities (Vanderwolf, 1969) and rapid

eye movement (REM) sleep (Jouvet, 1969). In general, theta waves are absent in

the immobile animal (Bland, 1986; for review see Buzsáki, 2002). To explain the

generation of these oscillations, various external pacemakers have been proposed

(for review see Buzsáki, 2002). One classical hypothesis is that cholinergic excita-

tion from the septum and the diagonal band of Broca activates inhibitory interneu-

rons, which in turn induce rhythmic IPSPs on the soma of pyramidal cells (Petsche

et al., 1962). Alternatively, the entorhinal cortex may entrain hippocampal areas

at theta frequency. In rodents, hippocampal theta activity has maximal power in

the CA1 region and the synaptic currents underlying these oscillations are mainly

generated by the entorhinal input (for review see Buzsáki, 2002). However, recent

in vitro experimental data and computational analysis indicate that theta activity can

be generated intrinsically in the CA1 (Gillies et al., 2002; Rotstein et al., 2005) and

CA3 (Gloveli et al., 2005b) areas of the hippocampus. In fact, Cobb et al. (1995)

demonstrated that individual GABAergic interneurons can effectively phase sub-

threshold membrane potential oscillations and spontaneous firing in pyramidal cells

at theta frequencies. Alternating inhibition and post-inhibitory “rebound” activa-

tion underlies the entrainment of pyramidal cells (Cobb et al., 1995). Intrinsic

GABAergic mechanisms are thus sufficient to generate theta activity in cortical

networks.

Various in vitro models of the theta oscillatory activity have been developed

based on either mAChR (Konopacki et al., 1992; Fisahn et al., 1998), metabotropic

glutamatergic-receptor (mGluR) (Gillies et al., 2002) or kainate receptor activation

(Gloveli et al., 2005a, b). Coactivation of mGluRs and metabotropic cholinergic

receptors has also been reported to generate robust theta frequency oscillations in

the hippocampus in vitro (Cobb et al., 2000).

Metabotropic GluR activation generates prominent, inhibition-based, atropine-

resistant theta population oscillations under conditions of reduced AMPA receptor

activation in the hippocampal CA1 area (Gillies et al., 2002). This field oscillation

was independent of muscarinic cholinergic receptor drive, but strongly dependent

on NMDA receptor and GABAA receptor activity (Table 1, Gillies et al., 2002).

The mechanism of generation of theta frequency population activity in this model

appeared to involve intrinsic theta frequency membrane potential oscillations in a

subset of stratum oriens interneurons. The blockade of AMPA receptors was a crit-

ical requirement of the experimental conditions needed to see this population theta

activity. Many of the properties of theta frequency oscillations in this reduced model

match those seen in area CA1 in vivo (Gillies et al., 2002). In particular, the resulting

population theta rhythm resembled atropine-resistant theta oscillations recorded in

vivo (Buzsáki et al., 1986) and may be generated by a subset of stratum oriens

interneurons displaying intrinsic membrane potential oscillations at theta frequency
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(Gillies et al., 2002). In addition, the coherent theta oscillations may come from the

interaction of other GABAergic interneurons with the O-LM cells (see “Gamma and

Theta Rhythms in Biophysical Models of Hippocampal Circuits” by Kopell et al.,

this book).

In the CA3 area, theta oscillations can be induced by application of kainate.

A necessary prerequisite to ensure precisely synchronized theta activity was spe-

cific orientation of the slices: theta frequency population activity was detected pre-

dominantly in longitudinal hippocampal slice preparation (Gloveli et al., 2005b).

These data demonstrate that theta activity can be generated intrinsically both in the

CA1 and in the CA3 areas of the hippocampus. While there are several differences

between these models a common feature is their dependence on GABAergic inhibi-

tion (Table 1).

Firing Patterns in Theta Oscillations

Principal cells. In a model of atropine-resistant theta oscillations following mGluR

activation, with AMPA receptor activation blocked, pyramidal cell somatic firing

was seen in only few cells recorded, but could be elicited with injection of tonic

depolarizing current (0.1–0.2 nA). In these conditions, pyramidal cells fired one

spike per field theta (∼7 Hz) cycle during the trough of the field oscillation (Gillies

et al., 2002). Consistent with this finding, pyramidal neurons in the CA1 region

showed subthreshold resonance and firing preference at theta frequencies (range

2–7 Hz) (Pike et al., 2000).

Interneuron types. Ample evidence supports the critical involvement of hip-

pocampal interneurons in theta oscillations. The best documented is the involve-

ment of stratum oriens distal dendrite-targeting O-LM interneurons (Fig. 2, Fig. 4A)

in generation of theta rhythm. This cell type was found to participate in hip-

pocampal theta activity both in vivo (Buzsáki, 2002; Klausberger et al., 2003)

and in vitro (Pike et al., 2000; Gillies et al., 2002; Hájos et al., 2004; Gloveli

et al., 2005a, b). In particular, involvement of O-LM cells was investigated in vitro

in kainate and mAChR-mediated network oscillatory activity. In kainate-induced

oscillations O-LM cells fired at the theta frequency range during both theta and

gamma population activity (Fig. 4B, Gloveli et al., 2005b). O-LM cells show promi-

nent membrane potential oscillations in the theta frequency range (Maccaferri and

McBain, 1996). In contrast, hippocampal fast-spiking cells preferentially resonate

in the gamma range (Pike et al., 2000). Furthermore, O-LM cells have longer mem-

brane time constants than the gamma-preferring interneurons and a considerably

longer afterhyperpolarization (AHP). Changes in AHP profiles in interneurons have

been shown to have dramatic effects on firing patterns (e.g., see Savić et al., 2001).

Thus O-LM cells and gamma-preferring interneurons discharge at different frequen-

cies and participate preferentially in theta or gamma activity, respectively (Gloveli

et al., 2005a). The theta frequency discharge of O-LM interneurons (Fig. 4B, C,

Gloveli et al., 2005b) will provide a robust theta frequency rhythmic inhibitory out-

put to the apical dendrites of PCs.
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Fig. 4 Morphological and firing properties of O-LM interneurons. A Neurolucida reconstruction of

biocytin-filled O-LM cell in area CA3 from transverse, longitudinal, and coronal slices. The soma

and dendrites are drawn in red, whereas the axon is in green. Note different axonal ramification

pattern in stratum lacunosum-moleculare in different slice preparations. Hippocampal layers are

depicted schematically. CA3, CA3 area; str. or., stratum oriens; str. pyr., stratum pyramidale; str.

rad., stratum radiatum; str. l.-m., stratum lacunosum-moleculare. B Typical example of extracellu-

lar field potential (fp) and concomitant current clamp (−60 mV) recordings in an O-LM cell after

induction of oscillatory activity with kainate in different slices. C Corresponding power spectra

(60-s epoch) from field (black) and current clamp (red) recordings. D–F O–LM firing in vivo is

specifically associated with different types of brain state and network activity. Filtered extracellu-

lar network oscillations (top) and extracellularly recorded action potentials (bottom). Note that the

O-LM cell firing is not phase-coupled to gamma cycle, but fired rhythmically on the trough of theta

oscillations and was silent during sharp-wave-associated ripples. Calibrations: D 0.1 mV (upper

trace); 0.2 mV (lower trace) and 0.1 s; E, F, 0.3 mV (lower traces), 0.2 mV (upper theta trace),

0.05 mV (upper sharp-wave-ripple trace) and 300 ms (theta), 50 ms (sharp-wave-ripple). Adapted:

Panels A–C from Gloveli et al. (2005b), Dugladze et al. (2007), Tort et al. (2007); Panel D from

Tukker et al. (2007); Panels E and F from Klausberger et al. (2003)
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In addition to distal dendrite inhibiting O-LM cells, the dendrite domains of

principal cells are innervated by other types of interneurons, whose involvement

in the hippocampal oscillations has not been addressed in vitro. This includes, for

example, recently described interneuron type in CA1 area in anesthetized animal,

Ivy cells, expressing neuropeptide Y (NPY), and the neuronal nitric oxide (NO).

The soma of these cells is located in stratum pyramidale and axonal collaterals

innervate two strata: oriens and radiatum. Ivy cells discharged at low frequency

during theta as well as gamma and ripple oscillations in anesthetized animals

(Fuentealba et al., 2008). Another GABAergic interneuron type, neurogliaform cells

that share some similarity with Ivy cells, such as dense axonal fields, low-frequency

discharge, and slow synaptic transmission (Vida et al., 1998; Price et al., 2005;

Szabadics et al., 2007), are located in stratum lacunosum-moleculare and innervate

the apical dendrite tuft of CA1 pyramidal cells co-aligned with the entorhinal input

(Price et al., 2005). This cell type provides both fast GABAA receptor-mediated

and slow GABAB receptor-mediated (Price et al., 2005; Szabadics et al., 2007)

inhibition and therefore represents a potential candidate to be involved in both

theta and gamma frequency oscillations. However, there is very little informa-

tion about the activity pattern of this interneuron type and their role in network

oscillations.

Nested Theta and Gamma Oscillations

Theta and gamma oscillations often occur simultaneously and show interaction.

Amplitude of gamma oscillations is modulated with the phase of the theta rhythm. In

addition, the frequencies of the two oscillations are also correlated, providing addi-

tional evidence of their interrelated function (Bragin et al., 1995). The coordinated

nature of the two rhythms, and the observation that gamma power is stronger during

theta-associated behavior (Leung et al., 1982; Bragin et al., 1995), implies that the

neuronal generators of the two rhythms interact (and may be also overlap). This

nested activity pattern is hypothesized to play a critical role in memory encoding

and retrieval (Lisman and Idiart, 1995; Lisman, 2005).

Recently, combined anatomical and physiological studies have provided evi-

dence that in vitro gamma and theta rhythms are supported by neuronal circuits

arranged orthogonally along the transverse and longitudinal axes, respectively

(Table 1, Gloveli et al., 2005b). In hippocampal coronal slice preparation with

intermediate orientations (between the transverse and longitudinal axis), both theta

and gamma population rhythms were manifest (Fig. 4B, C, Gloveli et al., 2005b).

The reason for that is a differential preservation of rhythm-generating microcircuits

in transverse, longitudinal, and coronal slice preparation. Analysis of the three-

dimensional axonal arborization patterns of different hippocampal CA3 interneu-

rons recorded in transverse slices show that PV-expressing perisomatic-targeting

interneurons, along with trilaminar and bistratified cells, show a clear tendency to

arborize widely within the transverse plane (Gloveli et al., 2005a, b). In contrast,
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distal dendrite-targeting O-LM cells arborized most extensively in the longitudi-

nal plane forming two or three clusters in this direction (see Fig. 4A, Gloveli

et al., 2005b). In longitudinal slices, the preservation of these projections facili-

tated the generation of theta rhythms (Fig. 4B, C) with robust coherence over large

distances (Gloveli et al., 2005b; Tort et al., 2007). Thus, orthogonal arrangement of

rhythm-generating microcircuits alongside the longitudinal and transverse axis, and

distinct firing patterns of certain classes of interneurons during the theta and gamma

frequency oscillations (Gloveli et al., 2005b; Tort et al., 2007), enables the hip-

pocampus to produce different (solely or combined) population activity (for related

simulation see “Gamma and Theta Rhythms in Biophysical Models of Hippocampal

Circuits” by Kopell et al., this book).

Sharp-Waves Ripple Activity

The high-frequency oscillations termed ripples (100–300 Hz) are typically associ-

ated with sharp-wave activity (Buzsaki et al., 1992; Wilson and McNaughton, 1994;

O’Neill et al., 2006). The hippocampal sharp-wave-ripple (SPW-R) complex is

thought to play an important role in synaptic plasticity and the transfer of new

memory trace from the hippocampus to the neocortex (Buzsáki, 1989).

The mechanisms of these fast oscillatory patterns in the hippocampus and neo-

cortex are not fully understood (Buzsaki et al., 1992; Ylinen et al., 1995; Draguhn

et al., 1998). Both in vivo and in vitro studies suggest that SWP-Rs arise in the

recurrent collateral system of the CA3 area (similar to gamma oscillations), propa-

gate toward CA1, and leave the hippocampal formation via the subiculum and the

EC (Chrobak and Buzsaki, 1996; Csicsvari et al., 2000; Maier et al., 2003; Both

et al., 2008). During this state, the hippocampus seems to be less controlled by

input from the EC; rather, it generates output signals itself (Chrobak and Buzsaki,

1996).

SPW-R complex can be induced in vitro by electrical stimulation, pharmaco-

logically, or can occur spontaneously with properties similar to the events seen

in vivo (Maier et al., 2003; Nimmrich et al., 2005; Behrens et al., 2005). Several

local network mechanisms underlying these patterns have been identified within

CA1, including strong inhibition of non-participating pyramidal cells during SPW-R

(Ylinen et al., 1995; Maier et al., 2003) and electrical coupling of CA1 pyramidal

cells (Draguhn et al., 1998; Schmitz et al., 2001; Nimmrich et al., 2005). Con-

comitant extracellular and intracellular recordings of SPW-R complexes show that

pyramidal cells display EPSP-IPSP sequences, IPSP-EPSP sequences, and promi-

nent IPSPs, but never isolated EPSPs (Behrens et al., 2005). These results suggest

that inhibitory inputs are strong during the development of ripple complexes. Con-

sistent with this finding, fast-spiking basket and bistratified interneurons strongly

increase their firing rate during ripple oscillations in vivo (Ylinen et al., 1995;

Klausberger et al., 2004). Another fast-spiking cell type, axo-axonic interneurons

fire before the ripple episode but are silenced during and after it (Klausberger
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et al., 2003). In contrast, non-fast-spiking O-LM cell firing is suppressed during

ripples (Klausberger et al., 2003). Gap junctions also seem to be important for

ripples, since the blockade of gap junctions with carbenoxolone attenuated ripple

occurrence (Behrens et al., 2005; LeBeau et al., 2003). Interestingly, SPW-R can

be induced with stimulation protocols known to induce LTP, a model of learning

and memory, suggesting that this pattern is associated with changes in functional

connectivity (Behrens et al., 2005).

Cellular and Synaptic Mechanisms Involved in Oscillations

Intrinsic properties. The voltage-gated ion channels strongly contribute to pyrami-

dal cell excitability. These channels influence intrinsic properties of the neuron,

such as the action potential threshold, spike AHP and afterdepolarization (ADP),

and action potential firing mode. Na+ and A-type K+ channels are expressed in

both CA1 and CA3 PCs whereas hyperpolarization-activated cation channels (HCN

channels) are expressed in CA1 PCs, but are almost absent from CA3 PCs (for

review see Spruston, 2008). The HCN channels in PCs have important influences

also on synaptic integration. Deactivation of these channels reduces EPSP dura-

tion and results in a slight hyperpolarization following EPSPs (Magee, 1999).

Conversely, activation of HCN channels reduces IPSP duration and produces a

slight depolarization following the IPSP (Williams and Stuart, 2003, for review see

Spruston, 2008). This interaction of HCN channels and synaptic conductances may

represent elementary mechanisms for rhythmogenesis at the cellular and subcellular

levels.

Another feature relevant for the firing pattern of pyramidal cells in the hippocam-

pus is their ability to generate subthreshold membrane potential oscillations (MPOs)

in the theta frequency range and their resonance properties (Leung and Yu, 1998;

Pike et al., 2000). These properties of hippocampal pyramidal cells are likely to

contribute to theta activity (Leung and Yu, 1998). In hippocampal pyramidal cells

the electrical resonance at theta frequencies is generated by M-current, h-current,

and persistent Na+ current (Hu et al., 2002).

How the different firing patterns of certain GABAergic interneurons are gener-

ated remains largely unknown. Intrinsic membrane properties of these cells may

be important for hippocampal network oscillations. For instance, O-LM cells have a

longer membrane time constant and a considerably longer (5-fold to 10-fold slower)

AHP than the gamma-preferring interneurons (Gloveli et al., 2005a), restricting

their firing to low, theta frequencies (see Savić et al., 2001). In addition, O-LM

cells show prominent slow subthreshold membrane potential oscillations and the

resonance properties in the theta frequency range (Maccaferri and McBain, 1996;

Pike et al., 2000).

Hyperpolarization-activated cationic currents (Ih) and IA currents which have

been detected in hippocampal interneurons may influence not only the intrinsic and

firing properties but also their synchronization. Ih currents are activated at voltages

close to rest (Gu et al., 2005). Different subunit composition (HCN1–4) that is
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co-expressed in hippocampal GABAergic interneurons (Notomi and Shigemoto,

2004) influences not only the kinetics but also the voltage dependency of Ih acti-

vation (see Chen et al., 2002). Besides O-LM and other types of non-fast-spiking

interneurons, Ih channels are expressed in the somato-dendritic region, axon, and

presynaptic elements of fast-spiking basket cell in the hippocampus (Aponte et al.,

2006). In contrast, hippocampal lacunosum-moleculare and radiatum interneurons

display subthreshold MPOs generated by an interplay of Na+ and 4-AP-sensitive

A-type K+ currents, independent of Ih currents and muscarine-sensitive K+ cur-

rents, IM (Bourdeau et al., 2007).

Synaptic properties. The properties of excitatory events discriminate hippocam-

pal principal cells from inhibitory neurons (Miles, 1990; Jonas et al., 1993; Geiger

et al., 1997; Toth et al., 2000). It appears that excitatory synapses onto interneurons

not only tend to have a larger number of AMPA receptors (Nusser et al., 1998),

thereby increasing the quantal amplitude, but the postsynaptic receptors also appear

to have a different molecular composition (Geiger et al., 1995), which, in turn,

endows them with faster kinetics (Geiger et al., 1997). Further discrimination in the

properties of excitatory input was found between different interneuron types. Differ-

ent classes of hippocampal interneurons with distinct axonal ramification patterns

and efferent target profiles show clear differences in both amplitude and kinetics of

EPSCs/Ps during gamma frequency network oscillations (Gloveli et al., 2005a). For

instance, the amplitudes of excitatory drive are considerably larger in fast-spiking

BCs and trilaminar cells than in O-LM cells (Fig. 2B), suggesting that the inten-

sity of synaptic drive may play a role in generating their different outputs (Gloveli

et al., 2005a).

Similar to the kinetics of excitatory postsynaptic currents at PC–BC, unitary

inhibitory postsynaptic currents at BC–BC synapses demonstrated very fast kinet-

ics (Bartos et al., 2001, 2002). In addition to IPSCs with fast kinetic properties

(GABAA,fast) mediated by perisomatic synapses, IPSCs with slowly rising and

decaying kinetic (GABAA,slow) mediated by dendritic synapses were also detected in

CA1 area (Banks et al., 2000). Interplay of CA1 interneurons, mediating GABAA,slow

and GABAA,fast, may contribute to theta and gamma rhythms occurring separately

or as a nested gamma/theta rhythm (Banks et al., 2000).

Thus, different intrinsic membrane properties together with different kinetics of

excitatory and inhibitory inputs govern the specific roles of hippocampal cells in

shaping distinct network oscillatory activity.

Neuromodulatory Control of In Vitro Oscillations

Sources of neuromodulators in the brain are the four aminergic systems: the

dopaminergic, histaminergic, serotonergic, and noradrenergic systems. All four of

the associated modulators (dopamine, histamine, serotonin, and noradrenalin) are

released from small groups of neurons, which have projection patterns to most of

the brain, including the hippocampus. Effects of these neuromodulators have been

tested in vitro on theta and gamma oscillatory activity.
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The hippocampus receives dopaminergic input from the ventral tegmental area.

Activation of D1-like dopamine receptors strongly depresses cholinergic gamma

oscillations in area CA3 of rat hippocampus, and this effect is most likely medi-

ated via impairment of interneurons involved in generation and maintenance of the

carbachol-induced network rhythm (Weiss et al., 2003).

Histamine 3 (H3) receptors seem likely to play an important role in regulation

of hippocampal theta oscillation. Systemic administration of the H3 receptor antag-

onists (ciproxifan and thioperamide) enhances the power of spontaneous theta in

anesthetized rats. Since H3 receptors are located at axon terminals of histamine-

containing neurons and function as autoreceptors (Arrang et al., 1983), their block-

ade could enhance histamine release and subsequently promote hippocampal theta

oscillation. Regulation of hippocampal theta oscillations by H3 receptors may rep-

resent one of the probable mechanisms involved in histamine-induced modulation

of higher brain functions, such as attention and learning (Hajós et al., 2008).

Serotonergic neurons of the midbrain raphe have been implicated in the con-

trol of affective and cognitive functions and in modulating the neural activities of

networks across the sleep–wake cycle. The midbrain raphe nuclei form a strong

serotonergic projection to the hippocampus. Recent in vivo findings suggest that

a subpopulation of raphe neurons discharged action potentials that were phase-

locked to the hippocampal theta rhythm (Kocsis et al., 2006). Hippocampal PCs

and interneurons show different expression of metabotropic 5-HT receptor sub-

types, such as 5-HT1A, 5-HT1B, 5-HT2 (Ropert and Guy, 1991; Schmitz et al., 1995;

Shen and Andrade, 1998), which may result in a differential modulation of intrin-

sic and synaptic properties of these cells in response to serotonin (for review see

Schmitz et al., 1998). Serotonin input may influence the hippocampal network also

via ionotropic 5-HT3 receptors, which are expressed by several classes of GABAer-

gic interneurons (Tecott et al., 1993; Ropert and Guy, 1991; Morales et al., 1998).

These cells include CCK-containing basket cells, an interneuron type that has been

proposed to hamper the gamma rhythm (see Section “Firing Patterns in Gamma

Oscillations”, Freund and Katona, 2007; Galarreta et al., 2008), as well as calbindin-

containing and calretinin-containing GABAergic cells (Morales and Bloom, 1997).

In contrast, serotonergic fibers do not contact the PV-containing GABAergic basket

cells, which are responsible for some gamma frequency oscillations (see Section

“Firing Patterns in Gamma Oscillations”). Therefore, the rhythmic serotonergic

input may modulate, but not drive, hippocampal network oscillations at gamma

frequency range.

The brain noradrenergic (NE) neurons, located in the pontine nucleus of locus

coeruleus (LC), are presumed to play a role in regulation of the circadian sleep–wake

cycle and alertness (Aston-Jones and Cohen, 2005). Several experimental findings

suggest involvement of these neuromodulators on the hippocampal network activity.

Local injection of glutamate in the LC results in multiple actions on the hippocam-

pus, which include an increase in theta rhythm (Brown et al., 2005). Activation of

LC–NE neurons by local application of a cholinergic agonist (bethanechol) induces

theta oscillation of MS/DB neurons and theta-wave oscillation of hippocampal EEG

in anesthetized rats (Berridge and Foote, 1991). Furthermore, the selective NE
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reuptake inhibitor reboxetine modulates hippocampal theta activity in a state-

dependent manner, i.e., can either increase or decrease theta amplitude depending

on the behavioral state of the animal (Kocsis et al., 2007).

Pharmacological agents which are used with in vitro models of oscillation, such

as KAR, mGluR, and mAChR agonist, also have a direct modulatory effect on hip-

pocampal neurons in a manner that is remarkably cell specific. Various types of

interneurons express KARs (Cossart et al., 1998, 2002; Frerking et al., 1998; Mulle

et al., 2000; Lerma, 2003). Kinetics of KA-mediated EPSCs is slower than that

of AMPAR (Frerking et al., 1998; Cossart et al., 2002), which could enable these

two receptor types to generate oscillations with different dominating frequencies

(Frerking and Ohliger-Frerking, 2002). Consistent with this, O-LM interneurons,

which receive a large input mediated by KARs (Cossart et al., 2002), show post-

synaptic KAR-mediated action potential firing at 10 Hz during theta stimulations,

in contrast to perisomatic, bistratified, or septum/back-projecting cells (Goldin

et al., 2007). Activation of mGluRs in the hippocampus has a range of effects

(Anwyl, 1999) which include decreases in IM and IAHP currents. Therefore, acti-

vation of these receptors increases the excitability of hippocampal cells. mGluR

subtypes are differentially expressed in specific hippocampal interneurons resulting

in their different responsiveness to agonists. Thus, O-LM cells express a large num-

ber of group I mGluRs and are very sensitive to agonists, in marked contrast to other

stratum oriens interneurons, including basket cells that express only a small number

of this receptor subtype and are less sensitive (van Hooft et al., 2000). Also mAChR

agonists may act on different GABAergic inhibitory interneurons that possess the

muscarinic receptors (Pitler and Alger, 1992). Activation of these receptors may

increase the excitability of interneuronal activity. In particular, muscarinic recep-

tor agonist-carbachol blocks several potassium conductances, including IAHP and

IM in a concentration-dependent manner (Madison et al., 1987). This depolarizes

the pyramidal cells, unmasking subthreshold membrane potential oscillations in the

theta frequency range (Leung and Yim, 1986; Fellous and Sejnowski, 2000). In

addition, muscarinic receptor activation consistently enhanced firing frequency and

produced large, sustained ADPs of O-LM but not other stratum oriens interneurons

(Lawrence et al., 2006).

In summary, the effects of state-dependent activation of different neuromodu-

lators can be markedly different on hippocampal network activity and depend on

the expression and distribution of receptors across the cellular components of the

network.

Oscillations in Disease

Schizophrenia

A number of studies have shown changes in gamma frequency EEG activity in

schizophrenia. Reduced gamma activity was found in stimulus-dependent responses
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in the auditory and visual cortices of schizophrenic patients (for review see Kehrer

et al., 2008), and there is also evidence for a change in neuronal synchrony dur-

ing high-frequency oscillations (Spencer et al., 2004). Interestingly, the amounts

of RNA and immunoreactivity for PV are reduced in postmortem tissue from the

frontal cortex and the hippocampus, pointing to a reduction in perisomatic inhibitory

interneuron population (Zhang and Reynolds, 2002). The loss of these interneu-

rons could directly explain the observed changes in gamma oscillations (Lewis

et al., 2005; Vierling-Claassen et al., 2008). Although most clinical studies have

found reductions in gamma band activity in schizophrenics (e.g., Slewa-Younan

et al., 2001), there appears to be a symptom-specific pattern in the alterations in

gamma activity indicating that increases in amplitude and power are associated with

positive symptoms, particularly hallucinations and reality distortions, whereas neg-

ative symptoms, such as psychomotoric deficits, are linked to decreased gamma

activity (Baldeweg et al., 1998; Bucci et al., 2007). Similar to clinical observa-

tions, in in vitro NMDA-hypofunction models of schizophrenia, both increased

(Kehrer et al., 2007; Pinault, 2008) and decreased gamma activities (Cunningham

et al., 2006) have been demonstrated (for review see Kehrer et al., 2008; Roopun

et al., 2008).

Alterations of cortical interneurons in schizophrenia, especially parvalbumin and

somatostatin-containing interneurons, are well documented. These alterations are

likely to have significant effects on the network oscillatory activity and therefore

on cognitive processes (Gonzalez-Burgos and Lewis, 2008; Morris et al., 2008).

The axo-axonic subclass of GABAergic interneurons containing the calcium bind-

ing protein parvalbumin has attracted the most scrutiny in studies of schizophre-

nia (Behrens et al., 2007; Sakai et al., 2008; Wang et al., 2008). Although the

altered network activities were recently reported in vivo and in vitro (see e.g.,

Cunningham et al., 2006; Behrens et al., 2007; Braun et al., 2007; Gonzalez-Burgos

and Lewis, 2008; Spencer, 2008), further investigation needs to be undertaken to

address possible model-specific and region-specific alterations in the gamma net-

work oscillatory activity in different animal models of schizophrenia. Establishing

the contingencies of increased versus decreased gamma band activity is of high

importance since aberrant network oscillatory activity may underlie the cognitive

decline observed in schizophrenic patients and offer vital clues to the relationship

between positive and negative symptoms in schizophrenia at a network level (Cho

et al., 2006; Bucci et al., 2007; Ford et al., 2007).

Mesial Temporal Lobe Epilepsy (mTLE)

Epileptic seizures are less frequent in conditions during which theta frequency

occurs (e.g., wakefulness or REM sleep, Montplaisir et al., 1987) and thus the theta

rhythm appears to indicate a hippocampal functional state in which generation of

seizures is hindered (Colom et al., 2006).

In epileptic mice, the power of low-frequency theta oscillations has been reported

to be reduced (Arabadzisz et al., 2005; Dugladze et al., 2007). Apart from
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suppression of the theta oscillatory activity, as a potential anticonvulsant factor

(Colom et al., 2006), a strong enhancement of the gamma activity (Dugladze

et al., 2007) may underlie emergence of epileptiform activity. Observations in

humans support this scenario: spatially localized increase in the power of gamma

frequency oscillations has been observed preceding seizures in human TLE patients

(Fisher et al., 1992). In addition, gamma oscillatory activity and increases in firing

rate of the interneuronal network have been suggested as mechanisms of seizure

occurrence in patients with drug-resistant TLE (Bragin et al., 2007). Consistent

with this suggestion, intracellular recordings in kainate model of mTLE reveal an

increased firing frequency of both pyramidal cells and dendrite-inhibiting interneu-

rons in the ventral hippocampal CA3 area of epileptic mice (Dugladze et al., 2007).

The involvement of the perisomatic targeting interneurons remains, however, to be

investigated.

The epileptic tissue may also generate a specific rhythm, transient high-frequency

oscillations (HFOs) in the 200–500 Hz frequency band known as fast ripple

(Bragin et al., 1999). In fact, fast ripples may represent a specific marker for the area

of the brain in which seizures begin (Bragin et al., 2002). The frequency of these

oscillations is about twice as fast as the maximum rate at which most neurons in the

hippocampus can fire action potentials. This fact raises the question of how these

oscillations are generated. Analysis of the firing properties of hippocampal neu-

rons during HFOs in vitro low-Mg2+ model of epileptiform activity showed that the

pyramidal cells fired at the rising phase of the highest frequency portion of the field

oscillation. In addition, distal dendrite-targeting interneurons (R-LM cells) fired at

the start of the epileptiform bursts (on average 140 Hz) but stopped firing before

its end (Spampanato and Mody, 2007). However, neither the principal cells nor the

distal dendrite-targeting interneurons (R-LM and O-LM cell) fired action potentials

at high frequencies (200–600 Hz) seen in the field oscillations (Spampanato and

Mody, 2007). Another study (Foffani et al., 2007) suggested that these synchronous

population oscillations could be generated as a consequence of the out-of-phase

activities of two independent oscillators, each operating at half the frequency of the

ensemble. In line with this suggestion, it was found that hippocampal pyramidal

cells fired short bursts of action potentials at frequencies up to 300 Hz (Kandel and

Spencer, 1961) and some interneurons could sustain frequencies of 400 Hz (Foffani

et al., 2007).

Thus, numerous studies suggest that alterations in inhibition-based network

oscillations may underlie the pathophysiology in schizophrenia and mTLE, which

are associated with impaired information processes.

Perspectives

The spatiotemporal patterns of activity during network oscillations would ideally be

explored in vivo (Bragin et al., 1995; Penttonen et al., 1998; Csicsvari et al., 2003;

Buzsáki et al., 2003). However, it is reasonable to use relevant in vitro models to test

hypotheses for the basic mechanisms involved. The replication of an endogenous
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brain pattern in vitro allows for the investigation of a number of important cellular

and synaptic mechanisms that are difficult or even impossible to explore in vivo.

In addition, using transgenic, fluorescent EGFP-expressing mice under the control

of different gene promoters (Oliva et al., 2000; Meyer et al., 2002) enables the

identification and selection of different interneurons in the acute slice preparation.

The firing properties of single cells in the active network and the contribution of

excitation and inhibition to the generation of network oscillatory activity can be

systematically examined in different models of in vitro oscillations (Table 1), which

may reflect region and state dependence of mechanisms underlying network oscil-

lations in vivo. Although there are some differences between the data obtained from

in vitro and in vivo observations, these observations show substantial homology.

The development of new transgenic methods for activating, inactivating, and label-

ing neurons and synapses (Marek and Davis, 2003; Polleux, 2005) will certainly

facilitate progress in this area. Furthermore, several recently developed methods

in vitro may help to overcome the limitations in vivo. These include the follow-

ing: simultaneous patch-clamp recording from several cells in a brain slice (Miles

and Poncer, 1996; Markram et al., 1997); recording of sufficiently large numbers

of cells at once using optical methods; stimulation/suppression of different cellular

compartments using uncaging of different substances or optically activated channels

(Callaway, 2002; Boyden et al., 2005; Deisseroth et al., 2006; Zhang et al., 2007).
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Wang X-J, Buzsáki G (1996) Gamma oscillation by synaptic inhibition in a hippocampal interneu-

ronal network model. J Neurosci 16:6402–6413.

Wang CZ, Yang SF, Xia Y, Johnson KM (2008) Postnatal phencyclidine administration selec-

tively reduces adult cortical parvalbumin-containing interneurons. Neuropsychopharmacology

33:2442–2455.

Weiss T, Veh RW, Heinemann U (2003) Dopamine depresses cholinergic oscillatory network activ-

ity in rat hippocampus. Eur J Neurosci 18:2573–2580.



276 T. Gloveli et al.

White JA, Chow CC, Ritt J, Soto-Treviño C, Kopell N (1998) Synchronization and oscillatory

dynamics in heterogeneous, mutually inhibited neurons. J Comput Neurosci 5:5–16.

Whittington MA, Traub RD (2003) Interneuron diversity series: inhibitory interneurons and net-

work oscillations in vitro. Trends Neurosci 26:676–682.

Whittington MA, Stanford IM, Colling SB, Jefferys JG, Traub RD (1997) Spatiotemporal patterns

of gamma frequency oscillations tetanically induced in the rat hippocampal slice. J Physiol

502:591–607.

Whittington MA, Traub RD, Jefferys JGR (1995) Synchronized oscillations in interneuron net-

works driven by metabotropic glutamate receptor activation. Nature 373:612–615.

Williams SR, Stuart GJ (2003) Voltage- and site-dependent control of the somatic impact of den-

dritic IPSPs. J Neurosci 23:7358–7367.

Wilson MA, McNaughton BL (1994) Reactivation of hippocampal ensemble memories during

sleep. Science 265:676–679.
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