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Introduction
For more than one hundred years, scientists have been developing and

applying a wide range of approaches to understand the relationship between

brain activity and behaviour. Indeed, this question constitutes one of the holy

grails of modern neuroscience research. For this section of Current Opinion in
Neurobiology, we have solicited a series of articles that represent the enormous

breadth and depth of the approaches being brought to the study of behavior.

These investigations range from the study of the molecular machinery that

regulates circadian rhythms to the study of the cognitive control of emotional

information. Throughout this wide range of articles, two clear themes are

present. The first theme highlights the crucial insights we have gained from

work linking molecular and gene networks to specific systems that underlie

behavior. The second theme highlights the important advances that have

been made in understanding the brain basis of memory and cognition through

parallel studies in human and animal model systems.

Cellular and molecular approaches
One of the striking developments in neurobiology over the past several

decades has been the identification and characterization of the biochemical

and gene networks that underlie specific features of behavior and behavioral

modifications such as those that occur through learning. This section

includes three articles that emphasize key findings over the past several

years, which have exploited the technical advantages of the marine mollusk

Aplysia and of the fruit fly Drosophila. For more than thirty years, work on

these two invertebrates has helped enormously to provide key insights into

the neurobiology of behavior, and, as the three articles in this section

highlight, they have continued to do so. Two of the articles, one by Stough,

Shobe and Carew and the other by Liu and Davis, review new developments

in the understanding of the different temporal domains of memory and how

the different domains can be localized in different brain regions. The third

article, by Hardin, provides new insights into the gene and protein network

underlying the generation of circadian rhythms.

Memory has been traditionally divided into short-term and long-term

domains. Short-term memory lasts up to several minutes and relies on

modification of pre-existing proteins, whereas long-term memory can last

up to a lifetime and relies on synthesis of new proteins. In their article,

Stough, Shobe and Carew review recent studies of sensitization in Aplysia,

which have revealed the existence of two forms of intermediate-term

memory that are distinct from short-term and long-term memory, both

temporally and mechanistically. One form of intermediate-term sensitiza-

tion and the synaptic facilitation associated with it lasts from 30 min to 3 h

after training (depending on the training protocol), and, similar to long-term

memory, it is blocked by inhibitors of protein synthesis. However, in
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contrast to long-term memory, this intermediate form of

memory is resilient to inhibitors of gene transcription.

Therefore, intermediate-term memory in Aplysia relies on

translation (protein synthesis), but not on transcription

(mRNA synthesis). In addition, intermediate-term synap-

tic facilitation, induced by repeated serotonin (5-HT)

exposures, requires the activity of key enzymatic pro-

teins: protein kinase A (PKA) and mitogen-activated

protein kinase (MAPK). The second form of intermedi-

ate-term memory and synaptic facilitation does not

depend on translation or transcription, and the synaptic

facilitation associated with it involves protein kinase C

(PKC) and MAPK. The study of intermediate-term mem-

ory is not limited to Aplysia. Stough et al. go on to review

examples of middle-term memory in Drosophila and in

the honeybee Apis. These studies have revealed a striking

conservation of molecular cascades responsible for inter-

mediate-term memory formation across these species.

As Stough et al. emphasize, the value of this comparative

approach lies in the appreciation that organisms that

have vastly different selection pressures utilize common

molecular cascades in the service of memory formation.

Three kinases, PKA, MAPK and PKC, have emerged

as crucial regulators of transcriptionally independent

memory formation.

In their article, Liu and Davis take the story of the

different temporal domains of memory one step further

by exploiting the technical advantages of Drosophila to

examine the anatomical loci of the different temporal

domains of memory. Traditionally, a focus of memory

research in Drosophila has been the mushroom bodies.

However, as reviewed by Liu and Davis, recent studies

indicate that other structures such as the antennal lobe are

crucial as well, and that these other structures have

unique roles in the different temporal domains of mem-

ory. The development of two new techniques has allowed

this phenomenal new progress to be made in Drosophila,

the small CNS neurons of which have been resistant to

probing with traditional microelectrode techniques. One

technique makes possible the recording of neural activity

from specific neurons during learning, whereas the second

technique allows for the block of synaptic transmission.

The breakthrough in recording came with the develop-

ment and application of functional optical imaging that

employs protein-based optical reporters expressed in

specific neurons with the GAL4-UAS expression system.

The reporters are designed to emit stronger fluorescence

when intracellular calcium levels are elevated and hence

can be used to view activity in specific neurons. The

breakthrough in blocking synaptic transmission and

hence in the ability to examine the causal role of specific

neurons in learning and the different phases of memory

came with the placement of the mutant shibire gene under

the control of the UAS promoter so that it could be

expressed in specific cell types. At high temperature
www.sciencedirect.com
(>29 8C), the mutant gene leads to a rapid and reversible

block in synaptic transmission. Liu and Davis review

studies that apply this technique to reveal that synaptic

transmission from the mushroom body neurons is

required only during retrieval for normal behavioral mem-

ory performance, whereas synaptic transmission from

dopaminergic neurons is required at the time of acquisi-

tion, and synaptic transmission from dorsal paired medial

neurons is required during the consolidation period. Such

experimental results are helping to identify the types of

neurons that participate in olfactory learning and when

their participation is required.

Circadian rhythms seem distant from memory systems,

but some interesting similarities exist at the mechanistic

level. These include the engagement of protein kinases

and the regulation of transcription. There are also some

obvious differences. For memory systems, transcription

of memory genes is regulated by signaling pathways

activated by learning, whereas, for circadian rhythms,

transcription of multiple genes, the protein products of

which oscillate, are regulated by these gene products,

thereby producing feedback loops that in principle could

sustain transcriptional oscillations. Pioneering studies by

Seymour Benzer and his colleagues in the 1970s intro-

duced Drosophila as a model system for the analysis of

circadian rhythms by identifying the first clock gene

period ( per). Subsequent studies indicated that this gene

was part of a negative feedback loop that was causally

involved in circadian rhythmicity.

Since these early studies, many other oscillatory genes

have been discovered and some have been attributed to

being part of the core clock mechanism. However,

the proliferation of potential core clock genes has raised

the issue of whether all of these genes are essential for the

core clock mechanism, and, given the number of genes

and proteins that have been identified, can the gene and

protein networks for circadian rhythms possibly be con-

served across species? With so many possible players,

even the notion that transcriptional regulation is essential

for circadian rhythmicity has been challenged. Paul

Hardin addresses these issues with a focus on several

elegant studies in Drosophila and also reviews recent work

in cyanobacteria and mammals. Although there are some

differences in the specifics, in general mechanisms in

mammals and Drosophila appear to be highly conserved.

Although many genes oscillate, two conserved feedback

loops appear to keep circadian time by mediating rhyth-

mic transcription in opposite phases of the circadian cycle.

Surprisingly, recent work in cyanobacteria indicates that

rhythmic transcription is not essential for circadian time-

keeping. As Hardin explains, these results and others

have led to a detailed assessment of the necessity of

the transcriptional feedback loops in animals. Indeed,

one of the two feedback loops is not necessary for circa-

dian timekeeping in animals. Interestingly, the feedback
Current Opinion in Neurobiology 2006, 16:668–671
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loop that is necessary is the one that involves the per gene.

Important questions for the future involve identifying

the function of those oscillatory genes that are not part

of the core clock mechanism in animals, and understanding

the molecular logic that would lead to the design of

a core clock mechanism from transcription or post-

transcriptional regulatory mechanisms.

Cognitive neuroscience approaches
In the cognitive realm, the development of parallel

human and animal models systems has become a power-

ful tool for studying a wide range of higher cognitive

functions from relational memory and consolidation pro-

cesses based in the medial temporal lobe to the regulation

of emotion. Five cognitive neuroscience based articles in

this section provide beautiful illustrations of the power of

the parallel human and animal model approaches.

Davachi provides a comprehensive review of the human

functional magnetic resonance imaging (fMRI) literature

concerning the patterns of brain activity seen during

encoding of items, context and relational episodes in

the human medial temporal lobe (i.e. the region including

the hippocampus entorhinal, perihinal and parahippo-

campal cortices). She describes evidence that the peri-

rhinal cortex and posterior parahippocampal cortices

contribute to domain-specific item and domain-specific

spatial contextual encoding, respectively, whereas the

hippocampus participates in domain-general relational

encoding of episodic memory. These data speak to a

current controversy in the literature between the view

that the medial temporal lobe memory system plays a

unitary role in episodic memory and a dual process view

that suggests that the hippocampus and surrounding

cortex have clearly dissociable roles in memory. The

fMRI data suggest a modified version of the unitary view,

in which all the structures of the medial temporal lobe

support episodic memory but with different brain regions

contributing to different aspects of the memory trace (i.e.

item and context information). The findings from fMRI

studies naturally lead to the question of the nature of the

signals that underlie encoding in the different MTL

structures. To address this question directly, Shapiro

et al. offer a review of the neurophysiological correlates

of episodic memory in the rat hippocampus.

Shapiro et al. review several key findings that link neu-

rophysiological correlates in the rat hippocampus with

key elements of episodes. In one informative study, rats

performed a hippocampal-dependent task in a plus maze

in which they were trained to go from either a North or

South start arm to find food at the end of the East or West

goal arm. This study reported hippocampal cells that

signaled retrospective information about the immediately

preceding spatial location, the present spatial location

(classic hippocampal place cell activity) and the imminent

future location (prospective signal). This running record
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of past, present and future spatial locations might encode

the specific elements of a given episode by linking events

into temporally extended sequences. Thus, these single

unit neurophysiological data taken together with the

fMRI data are starting to provide a strong foundation

for understanding the patterns of neural activity that

underlie episodic memory. Future studies should include

neurophysiological studies designed to compare and con-

trast these episodic signals in the hippocampus with

putative domain-specific item and contextual information

proposed to be processed by the perirhinal and parahip-

pocampal regions, respectively.

Hasselmo adds yet another element to the equation as he

describes the powerful effects of acetylcholine (ACh) on

memory encoding in the medial temporal lobe. Summar-

izing a wide range of studies from slice experiments, lesion

studies, pharmacological studies and modelling, he shows

that ACh has a strong modulatory effect on the structures of

the medial temporal lobe. For example, modeling studies

suggest that ACh might enhance encoding by increasing

the strength of afferent input relative to feedback, whereas

slice experiments have shown striking persistent spiking

activity in the entorhinal cortex that are dependent upon

ACh. Moreover, a convergence of studies has shown that

ACh can enhance long-term potentiation measured

throughout the medial temporal lobe. These studies show

that the role of ACh cannot be overlooked when consider-

ing encoding mechanisms in the medial temporal lobe.

Whereas the Davachi, Shapiro and Hasselmo articles

largely deal with the encoding functions of the medial

temporal lobe, the review by Ellenbogen et al. tackles

another crucial aspect of memory, namely the relationship

between successful consolidation of hippocampal-depen-

dent memory and sleep. They suggest that strong evi-

dence supports the idea that sleep plays either a

permissive or an active role in memory consolidation.

One key piece of evidence that supports both these

theories is the finding from animal studies that recent

memories are replayed during sleep [1–3]. No definitive

evidence supports one of these theories over the other.

However, the authors suggest that evidence that sleep

leads to improved performance on memory recall and

renders memory resistant to subsequent interference

argues more strongly for the idea that sleep plays an

active role in memory consolidation. One potential

approach to test this theory in the future would be to

use the rat model systems in which hippocampal-depen-

dent learning, physiological replay during sleep and

retrieval after the sleep session can all be monitored

and systematically manipulated.

Finally, Quirk and Beer review the role of the prefrontal

cortex and prefrontal amygdala interactions in emotional

regulation across both humans and rats. Again, the authors

highlight the power of parallel studies in animals and
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humans taking advantage of the different levels of ana-

lyses afforded by each experimental system. Emotional

regulation, is defined in human cognitive psychology as

the set of control processes used for manipulating when,

where and how emotions are experienced and expressed

and is commonly studied by asking subjects to either

suppress or reinterpret emotions generated by evocative

pictures. In rats, extinction of fear conditioning has been

used to study emotional regulation. These studies have

shown that the ventromedial prefrontal cortex is essential

for the long-term retention and recall of extinction infor-

mation. Moreover, further studies have shown that inter-

fering with protein synthesis or MAP kinase does not

affect short-term extinction but impairs consolidation of

extinction. Consistent with these findings in rats, fMRI

studies of human in extinction paradigms also activate the

ventromedial prefrontal cortex. This animal model sys-

tem of emotional control is especially exciting because of

the implications for better understanding and treating

common and debilitating deficits in emotional regulation

such as those that occur in post-traumatic stress disorders.
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Conclusions
We hope this section succeeds in highlighting the wide

range of exciting studies being done to understand the

link between brain and behavior. These articles review a

range of powerful molecular, biochemical, behavioral,

physiological and imaging techniques that have been

brought to bear on this problem. They suggest that we

are well on our way to having a more fully integrated

understanding across different levels of analysis from

genes to behavior as well as across species of a wide

range of higher cognitive functions.
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