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Abstract

Higher-order executive tasks such as learning, working memory, and behavioral flexibility depend

on the prefrontal cortex (PFC), the brain region most elaborated in primates. The prominent

innervation by serotonin neurons and the dense expression of serotonergic receptors in the PFC

suggest that serotonin is a major modulator of its function. The most abundant serotonin receptors

in the PFC, 5-HT1A, 5-HT2A and 5-HT3A receptors, are selectively expressed in distinct

populations of pyramidal neurons and inhibitory interneurons, and play a critical role in

modulating cortical activity and neural oscillations (brain waves). Serotonergic signaling is altered

in many psychiatric disorders such as schizophrenia and depression, where parallel changes in

receptor expression and brain waves have been observed. Furthermore, many psychiatric drug

treatments target serotonergic receptors in the PFC. Thus, understanding the role of serotonergic

neurotransmission in PFC function is of major clinical importance. Here we review recent findings

concerning the powerful influences of serotonin on single neurons, neural networks, and cortical

circuits in the PFC of the rat, where the effects of serotonin have been most thoroughly studied.
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Introduction

The PFC is an associational cortical area that comprises the most anterior structures of the

frontal lobes. It has been defined across species according to its reciprocal anatomical

connections with the mediodorsal nucleus of the thalamus, although its exact anatomical

boundaries are variable across mammalian species [1–3]. The PFC plays a central role in

top-down control of many higher-order executive tasks. It is involved in learning [4,5],

memory [6], categorization [5,7], inhibitory control [8,9] and cognitive flexibility [10–12],

among others. In order to accomplish these tasks, the PFC is densely interconnected with

numerous cortical and subcortical structures, such as the thalamus and the brainstem [1,3].

Importantly, it receives remarkably dense inputs from the neuromodulatory centers of the

brainstem and forebrain, including the serotonergic nuclei in the raphe nuclei. Specifically,

serotonin (5-hydroxytryptamine, 5-HT) neurons in the dorsal and median raphe nuclei send
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axons to the several subregions of the rodent PFC: the cingulate, prelimbic, and infralimbic

cortices [13]. Early anatomical studies utilizing retrograde and anterograde tracing methods

revealed that all of these cortices send projections back to the raphe nuclei, providing the

substrate for feedback control of cortical 5-HT release [14–16]. Electrophysiological studies

have confirmed the functionality of these bidirectional projections in vivo, yielding insights

into the relative conduction velocities of descending glutamatergic axons originating in the

PFC and ascending serotonergic axons from the raphe nuclei [17–21]. The robust anatomical

and functional interconnections between the PFC and the raphe nuclei further suggest that 5-

HT plays an important role in regulating executive function. Yet, despite many years of

research, the mechanisms by which 5-HT facilitates higher-order cognition remains poorly

understood.

Two observations help explain why defining the role of 5-HT in PFC function has been so

challenging: 1) the PFC is an extraordinarily complex cellular microcircuit comprising

numerous specialized neuron subtypes, and 2) the expression of serotonergic receptors

among these cellular components is highly selective and sophisticated. Excitatory neurons in

the PFC are primarily glutamatergic pyramidal neurons. Although similar in many regards,

cortical pyramidal neurons are not homogenous, but have been subdivided into discrete

subtypes based on morphological, physiological, and axonal target projections [22–30].

More importantly, subtypes of pyramidal neurons are very selective in their connectivity and

form multiple parallel excitatory pathways within the cortical circuit that target specific

cortical and subcortical structures via long-distance axonal projections [23,27–29,31]. In

addition to excitatory pyramidal neurons, the PFC also contains a diverse complement of

inhibitory GABAergic interneurons that are also selective in forming connections with each

other and with networks of pyramidal neurons. Cortical interneurons are classified into

subtypes based on their morphology, chemical neuroanatomy, and electrophysiological

properties [32–36]. While a detailed description of cortical neuron diversity is beyond the

scope of this review, we will discuss several pyramidal and interneuron subtypes modulated

by 5-HT.

The rat medial PFC consists of 5 layers (a discrete layer 4 is lacking), in which populations

of excitatory and inhibitory neurons are organized in precise arrangements. Layer 1 is the

most superficial and is dominated by neuropil composed of the apical dendritic tufts of

cortical pyramidal neurons, and the axons from local and long-distance cortical and

subcortical inputs. Layer 1 also contains the somata of several types of slow-spiking

GABAergic interneurons that provide feed-forward inhibition onto pyramidal neuron

dendrites. Layers 2 and 3 contain the somata of small pyramidal neurons and several types

of interneurons, including both slow- and fast-spiking interneurons. Layers 5 and 6, on the

other hand, contain the somata of large pyramidal neurons and several interneuron subtypes,

of which fast-spiking interneurons are the most abundant. 5-HT influences cortical

information processing by activating multiple receptor subtypes selectively expressed by

specific subclasses of pyramidal neurons and interneurons. Because the cellular organization

of the PFC is complex and the expression patterns of 5-HT receptors not fully characterized,

elucidating the functional impact of serotonergic modulation of cortical neurons and

networks has been difficult. In the following sections we explore how selective expression

of single or multiple 5-HT receptor subtypes differentially modulates the activity of cortical

neuron subpopulations. We also tackle the crucial question of how these receptors regulate

network activity, as reflected in changes in the amplitude and frequency of neural

oscillations generated when populations of neurons fire in a synchronous manner.
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Expression of Serotonin Receptors in the Prefrontal Cortex

5-HT is an evolutionarily ancient neurotransmitter, and is implicated in a large variety of

behavioral processes. Based on pharmacological, structural, and transductional

characteristics, 5-HT receptors are classified into seven subfamilies, 5-HT1 to 5-HT7, which

comprise 14 receptor subtypes associated with unique genes. With the exception of 5-HT3

receptors, which are ligand-gated cation channels, 5-HT receptors couple to G-proteins to

exert their effects on neuron activity [37]. The PFC is highly enriched with 5-HT1A and 5-

HT2A receptors [38,39]. 5-HT1A receptors are generally considered inhibitory, whereas 5-

HT2A receptors are excitatory (see below). In the rat, 60% of prefrontal pyramidal neurons

express 5-HT1A or 5-HT2A receptors, particularly in layer 5 [38–47]. Interestingly, around

80% of these neurons co-express both receptors [17,46,48], despite the opposing influences

they exert on neuronal excitability (Table 1). While the functional interaction of 5-HT1A

and 5-HT2A receptors within single neurons is not yet fully understood, differential

distribution of these receptors in cellular compartments is thought to play a critical role. 5-

HT1A receptors are densely expressed on the axon initial segment of pyramidal neurons

where they act to suppress action potential generation [44,49–52]. On the other hand, 5-

HT2A receptors are abundant in apical dendrites [44,53], where they may amplify the

impact of excitatory synaptic currents [54] (Figure 1). Recently, it was revealed that

prefrontal pyramidal neurons also express 5-HT2C receptors, but the degree of co-

expression with 5-HT1A and 5-HT2A receptors is still unknown [48].

Inhibitory interneurons in the cortex express 5-HT1A, 5-HT2A, or 5-HT3A receptors

[40,41,46–48,55–60] (Figure 1 and Table 1). Double and triple in situ hybridization

histochemistry have revealed that, unlike pyramidal neurons, two separate populations of

parvalbumin-expressing fast-spiking interneurons express either 5-HT1A or 5-HT2A

receptors, but not both together, and not 5-HT3 receptors [58]. These interneurons are

present in layers 2, 3 and 5, but are particularly abundant in layer 5, where each receptor

subtype is expressed by ~50% of interneurons [48]. Thus, fast-spiking interneurons

expressing either 5-HT1A or 5-HT2A mRNAs are enriched in layer 5, just as are pyramidal

neurons expressing these receptors. In addition, several populations of slow-spiking

interneurons express 5-HT3A receptors [58,59,61–63]. These interneurons are particularly

abundant in layer 1, where they are expressed by 40% of inhibitory cells [59,64], and in

layers 2 and 3 [55,61]. In the rat, these neurons also express cholecystokinin (CCK),

vasoactive intestinal peptide (VIP), or neuropeptide Y [55,61]. A similar segregation of 5-

HT2A- and 5-HT3-expressing interneurons is present in the non-human primate cortex [56].

It is noteworthy that 5-HT3A-expressing interneurons are located primarily in superficial

cortical layers, whereas 5-HT1A- and 5-HT2A-expressing interneurons dominate deeper

layers (Figure 1). This complementary distribution of receptors may allow 5-HT to

independently regulate the excitability of different pyramidal neuron compartments to fine-

tune synaptic integration and action potential generation.

5-HT receptors are also expressed at axon terminals in the cortex, where they can regulate

impulse-dependent release of glutamate and GABA [60,65–75]. Although presynaptic

regulation of transmitter release in the central nervous system is generally thought to involve

5-HT1B receptors [76,77], the receptor subtype(s) responsible for presynaptic serotonergic

regulation of transmitter release in the PFC is not well established. Pharmacological data

exist indicating the involvement of 5-HT1A, 5-HT1B, and/or 5-HT2 receptors, yet

conclusive data regarding the presynaptic localization of 5-HT receptors in cortex is lacking.

To date, the only ultrastructural data available from the rat PFC indicate that a minority of 5-

HT2A receptors are localized to axon terminals, and those presynaptic receptors appear to

regulate the release of monoamines, rather than glutamate or GABA [78]. Interestingly,

serotonergic fibers are present in all cortical layers of the rat frontal cortex, but synaptic
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specializations are associated with only about 25% of 5-HT release sites, suggesting that the

vast majority of 5-HT release is non-synaptic [79]. Similar results have been found in the cat

[80] and primate [81] cortex. Those 5-HT release sites that are associated with synaptic

specializations occur predominantly onto GABAergic interneurons in superficial cortical

layers [82–84]. This pattern of serotonergic innervation suggests that the bulk of 5-HT

signaling to pyramidal neurons and deep-layer interneurons (mostly parvalbumin-positive

and somatostatin-positive interneurons) is via volume transmission from non-synaptic 5-HT

release sites, while serotonergic input to certain interneuron subtypes in superficial layers

[83] is synapse-specific. This selectivity in synapse formation makes conceptual sense

because the ionotropic 5-HT3 receptors expressed by some superficial interneurons are

capable of responding rapidly to synaptic release of transmitter [60,85]. Thus, it appears that

serotonergic input to the medial PFC may tonically regulate the excitability of pyramidal

neurons and interneurons in deep cortical layers, while generating phasic excitation in

interneurons in superficial layers.

Serotonin Modulates Neuronal Activity in the Prefrontal Cortex

Effects of 5-HT on cortical neurons in vitro

As noted above, most adult pyramidal neurons in the rat PFC co-express both 5-HT1A and

5-HT2A receptors. Together, these receptors are responsible for the range of physiological

responses to 5-HT observed in pyramidal neurons in vitro (Figure 2 and Table 1). Activation

of 5-HT1A receptors, which are linked to Gi/o-type G-protein alpha subunits, generate

inhibitory responses in pyramidal neurons via the activation of GIRK channels [86–88]. On

the other hand, 5-HT2A receptors couple to Gq-type alpha subunits to promote neuronal

excitation by mechanisms that are not fully characterized. Activation of 5-HT2A receptors

reduce resting potassium conductances [89–91], which may contribute to depolarization of

layer 5 pyramidal neurons. In addition, remarkable similarities between 5-HT2A-mediated

afterdepolarizations (ADPs) that follows spike trains [92], and the ADPs mediated by

metabotropic muscarinic [93,94] and glutamate receptors [95,96], suggest these excitatory

responses may share a common mechanism that enhances neuron excitability. Indeed, a

similar convergence of these transmitter systems generates excitation in human cortical

pyramidal neurons [97]. While not well studied in regard to 5-HT, ADPs generated by Gq-

linked acetylcholine and glutamate receptors are mediated by a calcium-sensitive

nonspecific cation conductance [93,98–100]. The resulting calcium-dependent inward

current, coupled with Gq-mediated inhibition of calcium-dependent potassium conductances

[89–91], may therefore be responsible for increased action potential output in the presence

of 5-HT. The calcium dependency of these mechanisms may explain why direct serotonergic

excitation of layer 5 pyramidal neurons requires increases in intracellular calcium [91].

Because the endogenous transmitter, 5-HT, activates both 5-HT1A and 5-HT2A receptors, it

is difficult to predict the net effect of 5-HT on individual pyramidal neuron activity.

However it is clear that the majority of adult pyramidal neurons are functionally inhibited by

5-HT in a 5-HT1A-dependent manner [87–89,91,101,102], suggesting that 5-HT1A

receptors play a dominant role in regulating pyramidal neuron activity. However, a minority

of adult pyramidal neurons is excited by 5-HT in a 5-HT2A-dependent manner [89,102], and

5-HT2A receptor activation leads to an increase in spontaneous excitatory synaptic

transmission in pyramidal neurons [102,103]. The ability of 5-HT2A receptor activation to

depolarize layer 5 pyramidal neurons from their resting membrane potential is limited, and

typically only a few millivolts of depolarization is observed [68,89,91,92,104]. However, 5-

HT2A activation can enhance action potential generation in response to other sources of

excitatory input [89,91]. This increase in the “gain” of pyramidal neurons likely acts

synergistically with 5-HT2A receptor-dependent enhancement of excitatory synaptic
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transmission [54,60,88,105] to enhance synaptically driven action potential generation in

layer 5 pyramidal neurons.

5-HT also modulates the excitability of GABAegic interneurons in the cortex, primarily

through activation of 5HT1A, 5-HT2A, and 5HT3 receptors expressed on different

interneuron subpopulations (see above and Table 1). However, there are only limited data

regarding physiological responses of interneurons to 5-HT in the slice, with much of it

restricted to neurons from immature (< 3-week-old) animals and non-prefrontal cortical

areas [40,60,63,85,106]. In immature somatosensory cortex, Foehring et al. (2002) [85]

described 5-HT2A/C-mediated excitatory responses occurring in most layer 2/3

interneurons, and in a population of layer 1 interneurons having descending axonal

projections. Similarly, Weber et al. (2010) [40] reported 5-HT2A-dependent excitation in a

subpopulation of fast-spiking interneurons in the medial PFC. On the other hand, most layer

1 interneurons with horizontal axonal projections were inhibited via 5-HT1A receptors.

However a more recent study by Lee et al. (2010) [63] found in the juvenile somatosensory

cortex that many slow-spiking interneurons in superficial cortical layers are excited by 5-

HT3A receptors. In layer 5 of immature visual cortex, Xiang and Prince (2003) [106] found

that 81% of low-threshold-spiking (likely somatostatin-expressing) and about 32% of fast-

spiking (likely parvalbumin-expressing) interneurons were inhibited by 5-HT1A receptors,

while another 40% of fast-spiking interneurons were excited via ionotropic 5-HT3 receptors

(but see [107]). In the immature PFC, Zhou and Hablitz (1999) [60] found evidence for 5-

HT2A and 5-HT3 receptor dependent increases in interneuron activity, largely as reflected

in increased spontaneous, but not miniature, inhibitory synaptic transmission onto

interneurons and pyramidal neurons. However, few direct effects of 5-HT on interneuron

excitability were reported. Thus, our current knowledge of serotonergic regulation of

specific interneuron classes in the adult neocortex is incomplete, and additional studies

looking at serotonergic actions in identified interneuron subtypes will be necessary to

characterize serotonergic regulation of inhibition in the adult PFC.

As mentioned above, 5-HT receptors are also expressed at presynaptic locations where they

can modulate the impulse-dependent release of neurotransmitters, including glutamate and

GABA. 5-HT1B receptors suppress glutamate release from corticostriatal terminals [74],

suggesting that 5-HT may also regulate glutamate release from these same neurons at

cortico-cortical synapses. Indeed, Troca-Marin and Geijo-Barrientos (2010) [65] found that

5-HT can suppress glutamate release from callosal projection axons. However involvement

of 5-HT1B receptors was not specifically tested and clear identification of the receptor

subtypes involved was lacking. Perhaps of more significance, serotonergic suppression of

callosal fiber transmission was not universal, with synapses onto some neurons left

unaffected by 5-HT. This suggests that serotonergic modulation of synaptic transmission

may be highly selective to combinations of specific pre- and postsynaptic elements. It is also

possible that serotonergic suppression of transmitter release in the cortex may be

developmentally regulated. 5HT1B receptors are transiently expressed at thalamocortical

terminals in the somatosensory cortex during the first two weeks of life [108,109], and the

resulting serotonergic suppression of glutamate release at these synapses is critical for barrel

field formation [71,110]. Whether thalamocortical transmission in the PFC is also

developmentally regulated by 5-HT is not known. Finally, 5-HT can also suppress GABA

release at central synapses [111–119], including in the cerebral cortex [60,73], yet little is

known about whether serotonergic suppression of GABA release is selective to specific

synaptic connection types.

Effects of 5-HT on cortical neurons in vivo

One way to investigate the actions of endogenous 5-HT in vivo is to stimulate electrically

the raphe nuclei – a procedure that induces measurable increases of prefrontal 5-HT release
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[120,121] – while simultaneously recording the activity of individual neurons of the PFC.

We have conducted such experiments in chloral hydrate anesthetized rats, where 5-HT

evokes in pyramidal neurons a variety of responses similar to those observed in vitro:

inhibitions (66%), excitations (13%), and biphasic responses (20%) comprising an excitation

preceded by a short-latency inhibition [20,122] (Figure 3). Taking into account the

overwhelming proportion of inhibitory responses found in the slice and the intact brain, it is

clear that the preferential actions of 5-HT on prefrontal pyramidal activity are inhibitory.

Pharmacological blockade of serotonergic responses with the 5-HT1A receptor antagonist

WAY100635 or the 5-HT2A receptor antagonist MDL100907 confirms that the decreases

and increases of activity are mediated by 5-HT1A and 5-HT2A receptors, respectively, and

that biphasic responses likely correspond to pyramidal neurons co-expressing both receptors

[17,19,20,123]. It is noteworthy that the amount of biphasic responses (20%) recorded in

vivo is smaller than the reported proportion of pyramidal neurons co-expressing 5-HT1A

and 5-HT2A receptors (45–50%). It may be that 5-HT1A receptor-mediated inhibition can

dominate weaker 5-HT2A receptor-mediated excitation when both receptors are co-

expressed. Three different features of serotonergic receptor expression may account for this.

First, as described earlier, 5-HT1A receptors are localized on the soma and axon initial

segment of pyramidal neurons, locations that maximize their ability to limit action potential

generation, while 5-HT2A receptors are located more distal from the axon, in the apical

dendrite. A second possibility is that stimulation in the dorsal raphe may activate non-

serotonergic inhibitory afferents to the PFC. Indeed, GABA projection neurons have been

found in the dorsal raphe nucleus [124], and some inhibitory responses recorded in PFC

neurons have a fast component blocked by the GABAA receptor antagonist picrotoxinin

[20]. The involvement of direct GABAergic projections to the PFC is also suggested by the

short latency (≤ 9 ms) of some inhibitions recorded in prefrontal pyramidal neurons, because

signal propagation in unmyelinated serotonergic fibers is much slower (>15 ms; [20]). A

third possibility is that 5-HT may activate prefrontal interneurons via 5-HT3 receptors to

initiate short-latency feed-forward inhibition [58].

We recently found that subgroups of prefrontal fast-spiking interneurons are modulated by

5-HT1A and 5-HT2A receptors in vivo [48]. Akin to previous studies, we stimulated

electrically the dorsal raphe nucleus and recorded the responses of parvalbumin-expressing

fast-spiking interneurons of the PFC. We observed 5-HT1A-mediated decreases and 5-

HT2A-mediated increases of activity in 61% and 10% of the recorded cells, respectively

(Figure 3). However, unlike pyramidal neurons, we found very few biphasic responses

(6.5%). This may be due to the fact that separate populations of fast-spiking interneurons

express 5-HT1A and 5-HT2A receptors [48]. Again, a predominance of 5-HT1A-mediated

inhibitions indicates that 5-HT exerts a potent suppression of the activity of cortical fast-

spiking interneurons, similar to that observed in pyramidal neurons. The impact of inhibition

of fast-spiking interneurons on network activity would be further enhanced by 5-HT-

dependent suppression of GABA release at their synapses with pyramidal neurons [73].

Slow-spiking interneurons were also identified in superficial layers of the PFC that are

excited by 5-HT through 5-HT3A receptors [59]. As expected for a ionotropic receptor, the

latency and duration of the 5-HT3A-mediated excitations were shorter than the excitations

elicited by G-protein-coupled 5-HT2A receptors in pyramidal and fast-spiking neurons of

the same area (Figure 3). Thus, not only is the expression pattern of 5-HT2A- and 5-HT3A-

positive interneurons complementary, but the timing of their activation by 5-HT is finely

tuned as well.

In addition, the administration of the 5-HT2A/C receptor agonist DOI (1-[2,5-dimethoxy-4-

iodophenyl-2-aminopropane]) in vivo increases and decreases the firing rate of distinct

subpopulations of pyramidal neurons [19,125,126]. Increases of activity might follow direct

stimulation of 5-HT2A/C receptors, whereas the decreases likely involve activation of
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nearby interneurons expressing 5-HT2A receptors (previous studies have failed to show

expression of 5-HT2C receptors by cortical interneurons [48]). The increases in activity of

pyramidal cells were reversed in most neurons by the 5-HT2A receptor antagonist

MDL100907 [19,44]. However, in a small population of neurons MDL100907 failed to

reverse DOI’s induced excitation, suggesting that 5-HT2C receptors may excite a

subpopulation of pyramidal neurons, in accordance with their pattern of expression in the

PFC [48].

In summary, 5-HT acting at 5-HT1A receptors is a potent inhibitor of both pyramidal neuron

and fast-spiking interneuron activity in the PFC. This is evident when the dorsal raphe is

electrically stimulated with paired pulses that induce enormous 5-HT release in the cortex

[120]. In this condition, 5-HT significantly increases the duration of 5-HT1A-mediated

inhibitions and can even convert some excitations into inhibitions [20]. Hence, greater 5-HT

release in the PFC preferentially induces inhibition of activity. However, the overall effects

of 5-HT release on the cortical microcircuit will be complex and difficult to predict. Direct

inhibition of pyramidal neuron excitability coexists with enhanced activity of 5-HT2A- and

5-HT3A-expressing interneurons targeting apical dendritic compartments, and decreased

excitability and GABA release from 5-HT1A-expressing fast-spiking interneurons targeting

pyramidal neuron somata. Clearly, more work is needed to elucidate how 5-HT shapes

information flow through neural circuits within the PFC. One approach to this challenging

problem is to examine how 5-HT alters the activity of neural networks. In the following

section we describe our recent advances in this field.

Serotonin Modulates Network Activity in the Prefrontal Cortex

Neural networks can be defined as populations of neurons that fire synchronously,

independent of their anatomical inter-connectivity. As such, they oscillate, generating small

electrical waves that can be detected outside the skull through EEGs or intracerebrally

through local field potentials (LFPs). Neural network activity can generate oscillations of

different frequencies, typically from 0.1 Hz up to 100 Hz. Some of these oscillations have

been recorded in the PFC during diverse behavioral tasks. For instance, slow waves (< 2 Hz)

are thought to be critical for memory consolidation [127–131], whereas alpha (10–14 Hz)

and gamma waves (30–80 Hz) are involved in attention [132–136] and memory [137–139].

In recent years, an enormous literature on neural oscillations has been published. However

virtually nothing is known about the involvement of 5-HT in their generation or modulation.

To address this question we examined the effects of endogenous 5-HT (released after

electrical stimulation of the dorsal raphe) on neural oscillations recorded in the PFC of

anesthetized rats. Under chloral hydrate anesthesia, the predominant oscillatory activities

recorded through intracortical field potentials are slow waves (< 2 Hz), that resemble the

slow rhythms of natural slow-wave sleep. Slow waves are generated by synchronized

neuronal ensembles that oscillate between periods of activity (UP states) and silence

(DOWN states). UP and DOWN states reflect alternating periods of membrane

depolarization and hyperpolarization synchronized within large neuronal networks [140–

142]. Stimulation of the dorsal raphe nucleus at a frequency similar to the awake discharge

rate of serotonergic neurons (1 spike/s) increased the frequency of slow waves. UP and

DOWN states appeared more irregular and of shorter duration and the peak of the power

spectra (that marks the predominant frequency) increased significantly from 0.74 to 0.94 Hz

(Figure 4A and 4B). This suggests that 1 Hz stimulations in the dorsal raphe impose their

frequency onto the cortical network. Increasing the release of 5-HT into the cortex by

augmenting the intensity of stimulations (but not changing the frequency) reliably increased

the frequency of slow oscillations to 1 Hz [48]. This indicates that the amount of 5-HT

released, and not merely the frequency of stimulation, is enough to modulate the frequency
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of slow waves. 5-HT induced this increase in frequency by promoting rapid initiation of UP

states. Thus, the activity of serotonergic neurons in the raphe nuclei may directly regulate

the frequency of cortical slow oscillations by promoting UP states. Moreover, during raphe

stimulations, both the amplitude of slow waves and the duration of DOWN states were

reduced compared to pre- and post-stimulation epochs, and thus the duration of UP-state

potentials was greater. Since UP states are generated by the synchronous depolarization of

large ensembles of cortical neurons, these results suggest 5-HT may have a net excitatory

effect on cortical networks in vivo. Indeed, high frequency stimulation of the dorsal raphe

nucleus (100 Hz), which induces a massive release of 5-HT in the cortex, completely

suppressed cortical slow waves by eliminating DOWN states altogether [48]. These results

support the proposed role of 5-HT in modulating the transition between sleep and

wakefulness [143,144]. Furthermore, the administration of the 5-HT2A/C receptor

antagonist ritanserin reduced slow waves, while the 5-HT1A or 5-HT2C receptor

antagonists WAY100635 and SB242084 did not (Figure 4C). This implicates 5-HT2A

receptors in the regulation of slow waves. Blockade of 5-HT2A receptors desynchronized

slow oscillations by reducing the number, duration, and amplitude of DOWN states, which

resulted in a significant increase in UP state potentials similar to that observed after raphe

stimulation [48]. In sum, 5-HT modulates the frequency and amplitude of slow waves in the

PFC via activation of 5-HT2A receptors, and its overall effects are excitatory.

During natural sleep and anesthesia, gamma oscillations are present along with slow waves

[145]. During alertness, gamma rhythms play a role in numerous cognitive tasks such as

attention, sensory processing, and memory [133,134,137,146–148]. By contrast, the

functions of these oscillations during sleep are unknown. It has been recently demonstrated

that gamma oscillations are generated by the synchronous discharge of fast-spiking

interneuron networks [149,150], which exerts potent inhibition onto pyramidal neurons and

other interneurons, including fast-spiking neurons [33,34,151,152]. In fact, gamma

oscillations generated in hippocampal slices in vitro are mainly derived from synchronized

rhythmic IPSCs in pyramidal neurons produced by perisomatic fast-spiking interneurons

[153,154]. Therefore, we propose that 5-HT may regulate gamma rhythms through fast-

spiking interneurons expressing 5-HT1A and 5-HT2A receptors, provided that these two cell

subpopulations are predominantly localized in layer 5, close to the soma of pyramidal

neurons. There are a number of observations that support this. First, we recently discovered

that 5-HT exerts a strong modulation of gamma oscillations in the PFC of anesthetized rats

via 5-HT1A and 5-HT2A receptors [48]. Specifically, we found that blockade of 5-HT1A

receptors increases, whereas blockade of 5-H2A receptors decreases, the amplitude of

gamma waves. Second, blockade of 5-HT1A receptors increases the spiking of 5-HT1A-

expressing fast-spiking interneurons, while sharpening the synchronization of these neurons

to gamma cycles. Moreover, blockade of 5-HT2A receptors desynchronizes 5-HT2A-

expressing fast-spiking interneurons from gamma waves. Thus, stimulation of cortical 5-

HT1A receptors by endogenous 5-HT may desynchronize gamma oscillations by reducing

the activity and synchronization of 5-HT1A-expressing fast-spiking interneurons, whereas

stimulation of cortical 5-HT2A receptors may potentiate gamma oscillations by enhancing

the synchronization of 5-HT2A-expressing fast-spiking interneurons. Third, high-frequency

stimulation of the dorsal raphe nucleus reduces the amplitude of gamma waves in the PFC

and, as mentioned earlier, 5-HT predominantly inhibits cortical fast-spiking interneuron

activity. And fourth, fast-spiking interneurons in the PFC do not express 5-HT2C receptors

and, consequently, blockade of these receptors does not alter the amplitude of gamma

oscillations. Finally, the interplay between pyramidal neurons and fast-spiking interneurons

further enhances gamma oscillations. Thus, during anesthesia-induced sleep-like states, 5-

HT may down regulate gamma oscillations simply by inhibiting the overall activity of most

pyramidal and fast-spiking neurons. Altogether, 5-HT is a strong modulator of prefrontal
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gamma oscillations, with its major effect being reduction of their amplitude, likely through

inhibition of 5-HT1A-expressing fast-spiking interneurons.

The Paradox: Serotonin Opposing Actions on Prefrontal Pyramidal

Networks

In previous sections we have described in some detail the impact of 5-HT on individual

neurons and on neural oscillations in the rodent PFC. Converging data suggest that 5-HT

predominantly reduces activity of pyramidal neurons via stimulation of 5-HT1A receptors.

By contrast, 5-HT simultaneously excites the membranes of large ensembles of these

neurons through 5-HT2A receptors so that there is a switch from DOWN-hyperpolarizing to

UP-depolarizing states. The paradox emerges when we consider that 5-HT is inhibiting the

activity of individual neurons but exciting the network as a whole. Key to understanding this

complex phenomenon is that 5-HT may be acting upon 5-HT1A receptors on the soma and

axon initial segment of pyramidal neurons to prevent generation of action potentials while

promoting the increase of excitatory postsynaptic potentials (EPSCs) on their apical

dendrites via 5-HT2A -and perhaps 5-HT2C- receptors. Importantly, recent studies suggest

that oscillations recorded through local field signals are independent of action potential

generation, and rather indicate synchronous postsynaptic potentials in soma [153,154] or

dendrites [155,156] of a large number of neurons. We propose that 5-HT plays a dual action

on cortical pyramidal networks by enhancing synaptic inputs onto the dendrites while down-

regulating action potential output at the axon.

It is well known that interneurons are potent modulators of pyramidal neuron output, and

that single interneurons can innervate many pyramidal neurons simultaneously. Thus, it is

fair to assume that interneurons may participate in the generation of UP and DOWN states

by inhibiting large populations of pyramidal cells synchronously. Nevertheless, a role for

inhibitory interneurons in the proposed dual model of 5-HT actions is unclear. On the one

hand, superficial layers of the cortex rich in pyramidal neuron dendrites contain 5-HT3A-

expressing interneurons, whose activation by 5-HT should indeed decrease excitability of

distal pyramidal dendrites. On the other hand, it is less clear to what pyramidal neuron

compartments 5-HT1A- and 5-HT2A-expressing fast-spiking interneurons interact with. In a

configuration consonant with our model, 5-HT2A-containing interneurons would

preferentially innervate the soma and axon of pyramidal neurons, whereas 5-HT1A-

containing interneurons would innervate pyramidal neuron dendrites (Figure 1). Clearly,

additional work is needed to elucidate the exact role of 5-HT-modulated interneurons on the

cortical microcircuit.

Future Directions

Serotonin Actions on Prefrontal Cortex Activity During Different Behavioral States

We have reported the influences of 5-HT on neurons in PFC slices and in the PFC of rats

anesthetized with choral hydrate. Although the anesthetized preparation shares many

electrophysiological properties with natural slow-wave sleep, it is important to note that

chloral hydrate acts as a GABA agonist and reduces glutamatergic neurotransmission

[157,158], putatively inducing confounding effects on the results. Thus, to better determine

the role of 5-HT in PFC function it is imperative that the actions of 5-HT are examined

during natural sleep and alertness. It has been known for decades that the serotonergic

system is implicated in the regulation of the sleep-wake cycle [144,159,160], but it is

currently unknown how 5-HT differentially modulates prefrontal microcircuits during

distinct arousal states. One reason for this is the challenges of performing stable

electrophysiological recordings in non-anesthetized animals during cognitive tasks. To

overcome this problem we have taken an indirect approach that involves adjusting the level
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of anesthesia in our experiments. We allowed short-lasting epochs of light anesthesia that

promoted cortical desynchronization, periods of time with absence of slow waves that

resemble awake states, yet occur while rats are still unconscious. This manipulation let us

examine the firing patterns of cortical neurons during sleep-like states (deep anesthesia) and

wake-like states (light anesthesia), where neuron activity may resemble more to that

occurring during cognitive tasks. We identified two populations of fast-spiking interneurons

based on their activity during cortical UP states, and on differences in their spiking during

sleep-like and wake-like states. One population preferentially discharged action potentials

during the first half of UP states (‘early’ cells) and decreased spiking during wake-like

states. The second population behaved in the opposite manner: it fired action potentials

during the second half of UP states (‘late’ cells) and increased dramatically the activity

during wake-like states [21]. So, it is likely that this latter population is responsible for

generating the gamma oscillations associated with cognitive processing during wakefulness.

‘Early’ and ‘late’ pyramidal neurons were also found, although their low firing rate made it

difficult to quantify changes in activity between sleep-like and alert-like states (Puig and

Kawaguchi, unpublished results). Collectively, these data suggest that distinct populations of

prefrontal neurons display opposing but complementary discharge patterns during sleep and

alertness. Whether these neuron populations play different roles in sleep processes and

cognitive tasks will need to be tested in non-anesthetized animals during natural sleep-wake

cycles.

We assessed the effects of 5-HT on the ‘early’ and ‘late’ fast-spiking interneuron

populations during sleep-like and wake-like states [48]. Although 5-HT inhibited most fast-

spiking neurons during both states, there was a remarkable increase in the proportion of

excited cells during wake-like states. Consistently, the ‘late’ population (which is more

active during alertness) showed greater serotonergic excitation. Thus, 5-HT may activate a

larger population of fast-spiking interneurons during alertness, perhaps to facilitate a

balanced ratio of inhibition to excitation to fine tune gamma oscillations during cognitive

tasks. Again, future research could test this directly by comparing the proportion of

excitatory and inhibitory responses elicited in fast-spiking interneurons by endogenous 5-HT

in awake animals. If the hypothesis holds, it would suggest 5-HT exerts a potent inhibition

on prefrontal circuits during sleep but a more balanced excitation/inhibition during alertness.

This could have profound implications for our understanding of how 5-HT modulates

cognitive tasks encoded in the PFC.

Serotonin Modulation of Prefrontal Cortex Function

Previous studies have shown that prefrontal 5-HT may play a role in short-term memory

[161,162], attention [163,164], and cognitive flexibility [10,165]. In addition, optimized 5-

HT levels appear to be critical for behavioral inhibition, as elevated or reduced 5-HT in the

PFC is followed by increased impulsivity [166–169]. However, although these studies point

to a prominent role of 5-HT in cognition, the cellular basis for this modulation has remained

largely undetermined.

A seminal work by Williams et al. (2002) [161] revealed that 5-HT2A receptors modulate

delay activity or ‘memory fields’ of neurons in the dorsolateral PFC of monkeys performing

a spatial working memory task. Interestingly, in this study the authors recorded regular-

spiking pyramidal neurons and putative fast-spiking interneurons and reported that both cell

types displayed 5-HT2A-modulated tuning. Two distinct, and not mutually exclusive, neural

mechanisms could account for this: 1) 5-HT2A-expressing pyramidal neurons and fast-

spiking interneurons directly modulate short-term memory processes, and 2) network

activity in the PFC exerts this control. The participation of 5-HT1A receptors in short-term

memory processes, however, has been more controversial. Separate studies have reported

both memory improvements and impairments following 5-HT1A receptor blockade
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[170,171]. In these studies, no electrophysiological recordings were implemented and

different SSRIs were either pre- or co-administered together with the 5-HT1A blocker,

making it difficult to interpret the results at the cellular level.

Prefrontal 5-HT is also involved in the regulation of attention. Specifically, acute serotonin

depletion in humans improves attentional control [164]. The systemic administration of the

5-HT1A/2A receptor agonist psilocybin to healthy volunteers impaired attentional tracking

abilities during a multiple-object tracking task [163], an effect that was independent of 5-

HT2A receptors. This implicates 5-HT1A receptors in the control of attention in humans. In

rats, where more invasive experiments can be implemented, both stimulation of 5-HT1A

receptors or blockade of 5-HT2A receptors in the PFC abolished attentional impairments

induced by the NMDA receptor antagonist CPP [172,173]. So, an overall reduction in

prefrontal activity dependent on 5-HT neurotransmission is beneficial for attention. This

suggests that an inadequate serotonergic inhibitory tone of prefrontal areas may underlie

some attentional deficits.

Previous studies have also implicated 5-HT in the regulation of both cognitive flexibility and

impulsivity (see ref. [174] for a review). Clarke et al. (2004 and 2005) [10,165] have shown

that local depletions of 5-HT in the PFC increase perseverative (or compulsive) behavior in

monkeys. It seems like prefrontal 5-HT2A, but not 5-HT2C, receptors may be involved in

the control of cognitive flexibility, as measured by increased perseverance [173] and

impairments in reversal learning [175,174]. 5-HT exerts a strong modulation of impulsivity

as well. Global 5-HT depletion increases impulsivity, as reflected by premature responding

[167,169]. Recent work has reported that impulsivity is modulated by 5-HT1A, 5-HT2A and

5-HT2C receptors. Stimulation of 5-HT1A or blockade of 5-HT2A receptors in the PFC

decrease impulsivity [173,176,177], suggesting that a downregulation of cortical activity

may effectively promote behavioral control. Intriguingly, blockade of 5-HT2C receptors,

which presumably reduces cortical activity as well, increases impulsivity to levels similar to

5-HT depletion [167]. In this study though, the administration of the antagonist was

systemic, so subcortical effects cannot be ruled out.

Altogether these studies reveal that prefrontal 5-HT exerts a complex modulation of

cognitive functions. First, a decreased 5-HT tone in the PFC is beneficial for attention, but

detrimental for cognitive flexibility and impulsivity. Moreover, drug treatments that

enhance/restore attention and decrease impulsivity involve a reduction of prefrontal activity

via stimulation of 5-HT1A receptors or blockade of 5-HT2A receptors. This indicates a

deficient 5-HT inhibition of prefrontal activity during impairment of these tasks. A deeper

knowledge of the cortical microcircuits underlying executive functions will be necessary to

understand how alterations in prefrontal 5-HT neurotransmission lead to cognitive

impairments and perhaps psychiatric disorders.

Conclusions

Despite decades of intense research, the role of 5-HT in PFC function is still largely

unresolved. This may be due to the complex microcircuit of the PFC and sophisticated

patterns of expression for 5-HT receptor subtypes among distinct populations of prefrontal

neurons. From previous investigations we can conclude that 5-HT primarily inhibits most

pyramidal and fast-spiking neurons via 5-HT1A receptors, while exciting smaller

populations of these neurons via 5-HT2A receptors. Intriguingly, although 5-HT actions on

neuronal activity are overwhelmingly inhibitory, many pyramidal neurons co-express 5-

HT1A and 5-HT2A receptors, and about half of fast-spiking interneurons express 5-HT2A

receptors. Determining the role of 5-HT2A receptors in modulating the activity of these

neurons, and hence the cortical circuit in general, remains an important priority. It is likely

Puig and Gulledge Page 11

Mol Neurobiol. Author manuscript; available in PMC 2012 December 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



that selective expression of 5-HT2A receptors in functionally distinct neuron subgroups may

help explain their ultimate role in cortical function. Similarly, the exquisite expression

pattern of 5-HT1A, 5-HT2A and 5-HT3A receptors in separate populations of fast-spiking

and slow-spiking interneurons located in distinct cortical layers points to selective and

independent serotonergic control of the excitability of specific neuronal compartments

within pyramidal neurons. These sophisticated mechanisms of control likely facilitate the

precise activity patterns required during cognitive tasks, as reflected in serotonergic

modulation of neural oscillations in the PFC. Recent studies have revealed that both neural

oscillations and GABAergic neurotransmission may be altered in the PFC of patients with

severe psychiatric illnesses. Comprehensive studies on the brain mechanisms underlying

serotonergic modulation of neural oscillations and GABA neurotransmission will provide

valuable information regarding why many psychiatric treatments are largely ineffective at

improving cognition.
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Figure 1. Localization of 5-HT receptors within the prefrontal cortex microcircuit

Many pyramidal neurons in deep layers co-express 5-HT1A and 5-HT2A receptors. In

addition, distinct populations of local inhibitory interneurons that express 5-HT receptors

innervate different compartments of the pyramidal tree: 5-HT1A- and 5-HT2A-expressing

fast-spiking interneurons are preferentially located in deep layers where they contact

pyramidal neurons at the soma and proximal dendrites; slow-spiking interneurons that

express 5-HT3A receptors are located in superficial layers where they innervate pyramidal

neurons at the distal dendrites. Modified from references 21,178.
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Figure 2. Three 5-HT response types are observed in layer 5 pyramidal neurons from the mouse
prefrontal cortex slice

(A) In most layer 5 pyramidal neurons, focal application of 5-HT (100 μM, green), but not

drug-free saline (blue), generates a long-lasting inhibition of action potential firing (top). A

plot of instantaneous spike frequency for each action potential is shown below. (B) In a

minority of layer 5 pyramidal neurons, focal 5-HT application increases action potential

generation. (C) Some layer 5 pyramidal neurons display biphasic responses to 5-HT. In all

examples shown, DC somatic current injection was used to depolarize neurons and induce

action potential generation. Dashed lines show the level of zero Hz. Scale bars in A apply to

data in B and C. Unpublished data courtesy of Daniel Avesar and Allan T. Gulledge.
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Figure 3. 5-HT inhibits and activates distinct populations of prefrontal neurons in vivo

Peri-stimulus histograms depicting the firing rate of pyramidal neurons, fast-spiking and

slow-spiking interneurons recorded in the prefrontal cortex of anesthetized rats during

electrical stimulation of the dorsal raphe nucleus (time 0), which induces release of 5-HT in

the prefrontal cortex. Note that 5-HT1A-mediated inhibitions are shorter in fast-spiking

interneurons compared to pyramidal neurons and that 5-HT3A-mediated excitations have a

shorter delay and duration than 5-HT2A-mediated excitations. Modified from references

17,48,59,178.
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Figure 4. 5-HT modulates slow waves in prefrontal cortex

(A) Stimulation of the dorsal raphe nucleus (DRN) increases the frequency of cortical slow

waves (< 1 Hz). Top, Local field potential (LFP) signal depicting an epoch of

desynchronization (absence of slow waves) preceding anesthesia-induced slow-wave sleep

(SWS), during which the DRN was stimulated electrically at 1 Hz. Boxes 1 and 2 are

expanded in (B). Bottom, Change in power (root mean square of the amplitude) of slow

waves over time (red indicates high power, blue low power). White dashed line marks the

frequency of stimulation. Note that the predominant band (~ 0.7 Hz) increases in frequency

towards the frequency of stimulation during DRN stimulation. (B) Top, expanded 10-second

traces from (A). Vertical lines correspond to times of DRN stimulation. Power spectra for 1

min segments that contain the 10 s traces in boxes 1 and 2 are shown on the far right.

Bottom, LFPs were processed off-line for an accurate measure of UP-state duration. A

threshold was set (red line) to discriminate UP states [21,141]. Note the increase in UP-state

potentials during the stimulations (arrow). (C) Effect of WAY (WAY100635, 5-HT1A

receptor antagonist), RIT (ritanserin, 5-HT2A/2C receptor antagonist) and SB (SB242084,

5-HT2C receptor antagonist) on the power of slow waves in the rat prefrontal cortex. The
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power of slow waves decreases after injection of RIT but not SB or WAY, indicating a

modulation by 5-HT2A receptors. Modified from reference 48.
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Table 1

Serotonergic regulation of neuron excitability in the neocortex

Cell type Pharmacology 5-HT effects in vitro* 5-HT effects in vivo*

Pyramidal 5-HT1A Inhibition87,88,89 Inhibition17,20,123

5-HT2A Excitation89,90,91 Excitation17,19

5-HT1A + 5-HT2A Biphasic responses89 Biphasic responses17

FS Interneuron 5-HT1A Inhibition106,107 Inhibition48

5-HT2A Excitation40,106 Excitation48

SS Interneuron 5-HT1A Inhibition106 N/A

5-HT2A Excitation60,85,106 N/A

5-HT3A Excitation60,63,85 Excitation59

FS, fast-spiking; SS, slow-spiking.

*
Note that the effects of 5-HT in these preparations have been examined in distinct stages of development: immature cortex in in vitro experiments

and adult cortex in in vivo experiments. References indicated.
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