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By distinguishing groups of dopamine neurons that differ in their projection patterns and intrinsic properties,
Lammel and colleagues report in this issue of Neuron that mesocorticolimbic dopamine neurons of the
ventral tegmental area (VTA) form a distinct subclass of dopamine cells.
Dysregulation of dopamine systems un-

derlies a variety of disorders, ranging from

Parkinson’s disease to drug addiction. Un-

derstanding the physiology of these dopa-

mine neural networks is a key first step in

determining the etiology of these diseases.

In the midbrain, dopaminergic neurons are

broadly classified anatomically into the

Substantia Nigra pars compacta (SNc)

(A9) and the ventral tegmental area (VTA)

(A10). Projections from different dopamine

cells innervate the striatum, cortical re-

gions such as the prefrontal cortex, and

limbic structures such as the nucleus

accumbens (NAc) and amygdala. In very

broad terms, cells of the VTA innervate

mesocorticolimbic structures and cells of

the SNc innervate the dorsal striatum.

This is an oversimplification since substan-

tial anatomical overlap of these networks is

known to exist (Bjorklund and Dunnett,

2007; Ikemoto, 2007).

To identify dopamine cells that form

specific networks, it is important (1) to

be able to relate the targets of individual

dopamine cells to specific behaviors

(Ikemoto, 2007), and (2) to catalog the

properties of the individual groups of

dopamine cells that project to those tar-

gets. Recent work has begun to assign
intrinsic and pharmacological properties

to dopamine cells according to the targets

they innervate (Ford et al., 2006; Liss et al.,

2005; Margolis et al., 2006). However, to

date these studies have not provided an

overall explanation of how the intrinsic

properties of dopamine cells may mediate

differences in firing patters of individual

cells and the release of dopamine in

various projection areas (Garris and

Wightman, 1994).

In this issue of Neuron, Lammel et al.

(2008) make an important step by examin-

ing how the properties of individual dopa-

mine cells relate to the neural networks

they reside within. By making use of retro-

grade tracers, they identify specific groups

of projecting dopamine neurons. Through

an exhaustive study, combining anato-

mical, electrophysiological, immunohisto-

chemical, and laser-dissected individual

mRNA-expression profiling based exami-

nations, they identify two populations of

mesocorticolimbic dopamine cells that

segregate according to their projection

targets.

The cell bodies of dopamine neurons

that project to the medial prefrontal cortex

(mPFC), medial accumbens shell, accum-

bens core, or amygdala originate in the
Neuron
medial posterior portion of the VTA. Do-

pamine cells that projected to the lateral

shell of the NAc were only observed in

more lateral portions of the VTA, partially

overlapping with SNc cells that project

to the dorsal striatum. These two groups

of dopamine cells (mPFC, accumbens

medial shell, and core and amygdala-pro-

jecting cells versus lateral shell and stria-

tal-projecting cells) also varied in their ex-

pression levels of mRNA for key markers

of dopamine cells. Markers included

mRNA for tyrosine hydroxylase (TH), do-

pamine transporter (DAT), and vesicular

monoamine transporter 2 (VMAT2). The

abundance of these markers covaried in

the two groups of neurons, being lower

in the group of neurons located in the

medial aspect of the VTA and higher in

neurons that projected to the lateral as-

pect of the NAc shell and dorsal striatum.

Thus, two broad groups of dopamine cells

were defined based on both anatomical

and biochemical characteristics.

The two groups of dopamine cells were

further distinguished based on the intrinsic

electrophysiological properties. Classical

electrical properties of dopamine neurons

in brain slice preparations include slow

pacemaker firing, the presence of HCN
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(h) channel-mediated, hyperpolarization-

induced ‘‘sagging’’ of membrane poten-

tial, and a maximal firing rate of about

10 Hz (Grace and Bunney, 1984). Neurons

that projected to the dorsal striatum and

lateral shell of the NAc displayed these

characteristics; however neurons in the

medial aspect of the VTA were distinctly

different: the group of cells projecting to

mPFC, medial shell, core, and amygdala

exhibited properties that distinguished

them from the classically described prop-

erties of dopamine cells. These cells

lacked the HCN channel-dependent sag

in membrane potential, had a higher basal

firing rate, and upon depolarization could

sustain firing rates nearly twice that (20–

30 Hz) of classically defined dopamine

cells. The action potentials in this group

of cells were also more prolonged and

the following after-hyperpolarization was

smaller than that observed in classically

defined dopamine cells. Thus, two groups

of dopamine cells were described that

exhibit different anatomical, electrophysi-

ological, and molecular properties.

A third unique group of dopamine cells

was also identified. One hallmark of dopa-

mine cells is the presence of D2 dopamine

autoreceptors. Somatodendritic release of

dopamine is known to activate D2 autore-

ceptors, resulting in a hyperpolarization of

the membrane potential (Bjorklund and

Lindvall, 1975; Lacey et al., 1987). In this

study the dopamineneurons thatprojected

to the mPFC were found to be unrespon-

sive to the inhibitory effects of dopamine.

With the combination of immunohisto-

chemistry and single-cell RT-PCR, this

group of mPFC-projecting cells was found

to express low levels of both D2 receptors

and the potassium channels (GIRK2) that

mediate the dopamine-dependent inhibi-

tion. This observation provides the mole-
632 Neuron 57, March 13, 2008 ª2008 Elsev
cular and cellular results that confirm the

original suggestion that dopamine cells

projecting to the mPFC were markedly in-

sensitive to dopamine (Chiodo et al., 1984).

The identification of two groups of mes-

ocorticolimbic cells has important ramifi-

cations for unraveling the function of

dopaminergic networks. Determining that

subsets of cells express low DAT levels

and high firing rates hints as to how these

mesocorticolimbic neurons may mediate

prolonged dopamine release observed

at their targets (Garris and Wightman,

1994). Furthermore, determining that

mesoprefrontal-projecting cells express

low levels of D2 receptors and GIRK chan-

nelsmayexplain the lackofdopamineauto-

inhibition in these cells, a property that al-

lows them to maintain their high firing rates.

While recent work has also addressed

differences in groups of projecting dopa-

mine cells (Ford et al., 2006; Liss et al.,

2005; Margolis et al., 2006), the exhaus-

tive approach used by Lammel et al. de-

fines groups of dopamine cells based on

multiple criteria and is an important step

toward furthering our understanding of

the differences that exist within dopamine

cells of the midbrain. Does this study sig-

nify the end in the search to relate intrinsic

properties of dopamine neurons to their

output? No, but it does mark a big step

in the evolution of the understanding of

the heterogeneity of cells within the VTA.

The firing pattern of VTA dopamine cells

is dependent on a mix of excitatory and

inhibitory afferent inputs that arise from

within and outside the VTA. A key exten-

sion will be to identify how the intrinsic

properties of VTA dopamine cells mesh

with the widely varied afferent inputs.

Additionally, putting the role of novel, glu-

tamateric VTA cells (Chuhma et al., 2004;

Yamaguchi et al., 2007) into context
ier Inc.
within these dopaminergic circuits will

prove a challenge in the future.

The work of Lammel et al., through their

systematic identification of anatomical

and intrinsic properties of mesocortico-

limbic dopamine cells, reminds us of the

importance of being able to distinguish

the individual properties of different

subgroups of dopamine cells if we wish

to gain new insight into how dopamine

modulates multiple behaviors.
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