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Dopaminergic neurons of the ventral tegmental area (VTA) play a critical role in motivation and reinforcement of goal-directed behaviors. Furthermore, excitation of these neurons has been implicated in the addictive process initiated by drugs such as morphine that act
at the -opioid receptor (MOR). In contrast, -opioid receptor (KOR) activation in the VTA produces behavioral actions opposite to those
elicited by MOR activation. The mechanism underlying this functional opposition, however, is poorly understood. VTA neurons have
been categorized previously as principal, secondary, or tertiary on the basis of electrophysiological and pharmacological characteristics.
In the present study using whole-cell patch-clamp recordings, we demonstrate that a selective KOR agonist (U69593, 1 M) directly
inhibits a subset of principal and tertiary but not secondary neurons in the VTA. This KOR-mediated inhibition occurs via the activation
of a G-protein-coupled inwardly rectifying potassium channel and is blocked by the selective KOR antagonist nor-Binaltorphimine (100
nM). Significantly, regardless of cell class, KOR-mediated inhibition was found only in tyrosine hydroxylase-immunoreactive and thus
dopaminergic neurons. In addition, we found a subset of principal neurons that exhibited both disinhibition by a selective MOR agonist
([D-Ala 2, N-Me-Phe 4, Gly-ol 5]-enkephalin) (3 M) and direct inhibition by KOR agonists. These results provide a cellular mechanism for
the opposing behavioral effects of KOR and MOR agonists and shed light on how KORs might regulate the motivational effects of both
natural rewards and addictive drugs.
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Introduction

- and -Opioid receptor (KOR and MOR) agonists have opposing actions in a number of systems in the brain, including those
mediating reward, motivation, and pain modulation (Pan, 1998).
The ventral tegmental area (VTA) is a critical site for opioid
effects on motivation. Intra-VTA injections of MOR agonists
elicit conditioned place preference (CPP): rats spend more time
in a context paired with MOR agonist administration than in a
saline-paired environment (Phillips and LePiane, 1980; BalsKubik et al., 1993; Nader and van der Kooy, 1997). Conversely,
intra-VTA microinjections of KOR agonists produce conditioned place aversion (CPA) (Bals-Kubik et al., 1993).
There is evidence that an increase in dopamine (DA) release
from VTA neurons contributes to the positive motivational actions of MOR agonists. VTA dopaminergic neurons project
densely to the nucleus accumbens (NAc), and dialysis studies
show that VTA microinjections of the MOR selective agonist
[D-Ala 2, N-Me-Phe 4, Gly-ol 5]-Enkephalin (DAMGO) increase
DA release in the NAc (Latimer et al., 1987; Leone et al., 1991;
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Spanagel et al., 1992; Devine et al., 1993). Furthermore, DA action in the NAc is critical for MOR agonist-elicited behavioral
effects. In opiate-exposed rats, CPP produced by intra-VTA morphine is blocked by systemic dopamine antagonists (Nader and
van der Kooy, 1997), and MOR agonist-induced CPP is blocked
by 6-OHDA destruction of NAc DA terminals (Shippenberg et
al., 1993). The requirement for DA in expression of morphine
CPP supports the hypothesis that enhanced firing of VTA dopaminergic neurons contributes to the positive motivational actions of MOR agonists.
Do KOR agonists contribute to aversion by decreasing the
firing rate of VTA dopaminergic neurons? KORs are functionally
expressed in the VTA (Speciale et al., 1993; Arvidsson et al., 1995;
Mansour et al., 1996), and dynorphin, an endogenous opioid
peptide with high selectivity for the KOR, is present in projections to the VTA from several structures strongly implicated in
motivation and reinforcement, including the NAc, amygdala,
and hypothalamus (Fallon et al., 1985; Meredith, 1999). Although KOR agonists inhibit DA release from cultured VTA neurons (Ronken et al., 1993; Dalman and O’Malley, 1999), this
decrease in DA release does not distinguish an effect at the cell
body from one on the terminals of the cultured neuron. Because
microinjections of KOR agonists directly into the NAc in vivo
produce place aversions and inhibit DA release (Bals-Kubik et al.,
1993), several investigators have proposed that the aversive action of systemically administered KOR agonists is mediated pri-
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marily by their direct inhibition of DA release from the terminals of VTA neurons
in the NAc (Xi and Stein, 2002). However,
this hypothesis does not explain how microinjection of a KOR agonist directly into
the VTA produces aversion, nor does it address the function of dynorphinergic projections to the VTA. A necessary first step
toward resolving these questions is to determine the direct actions of KOR agonists
on the different classes of neurons in the
VTA, including the subset that release DA.
Here we report that KOR agonists directly
inhibit a subset of DA-containing neurons
in the VTA.

Materials and Methods
Slice preparation and electrophysiology. Male
Sprague Dawley rats, 20 –36 d old, were anesthetized with isoflurane, and the brains were
removed. Horizontal brain slices (150 –250 m
thick) containing the VTA were prepared using
a Vibratome (Leica Instruments, Nussloch,
Germany). Slices were submerged in Ringer’s
solution containing (in mM): 119 NaCl, 2.5 KCl,
1.3 MgSO4, 1.0 NaH2PO4, 2.5 CaCl2, 26.2
NaHCO3, and 11 glucose saturated with 95%
O2–5% CO2 and allowed to recover at 35°C for
at least 1 hr.
Individual slices were visualized under a
Zeiss Axioskop with differential interference
contrast optics and infrared illumination.
Whole-cell patch-clamp recordings were made Figure 1. VTA neurons can be classified using electrophysiological and pharmacological means. A, A typical principal neuron
at 31°C using 2.5– 4 M⍀ pipettes containing (in exhibits an I current sag in response to hyperpolarizing voltage steps (left), has a long action potential (center), and is disinhibited
h
mM): 123 K-gluconate, 10 HEPES, 0.2 EGTA, 8 by the MOR agonist DAMGO (3 M) (right). B, A typical secondary neuron lacks an I , has a short action potential, and is
h
NaCl, 2 MgATP, and 0.3 Na3GTP, pH 7.2, os- hyperpolarized by DAMGO (3 M). C, A typical tertiary cell exhibits an I , has a long action potential, and is inhibited by DAMGO
h
molarity adjusted to 275). Biocytin (0.1%) was (3 M).
added to the internal solution for experiments
in which cells were filled for later tyrosine hyin H2O; TTX (5 mM) was diluted in DMSO. Agonists, antagonists, ATP, and
droxylase (TH) staining.
GTP were obtained from Sigma (St. Louis, MO) or Tocris (Ballwin, MO).
Recordings were made using an Axopatch 1-D (Axon Instruments,
Immunohistochemistry. Immediately after recording, slices were fixed
Union City, CA), filtered at 2 kHz, and collected at 5 kHz using IGOR Pro
for 2 hr in 4% formaldehyde. Slices were preblocked for 2 hr in PBS with
(Wavemetrics, Lake Oswego, OR). Liquid junction potentials were not
0.2% Triton X-100, 0.2% BSA. and 5% normal goat serum. Rabbit
corrected during current- or voltage-clamp recordings. Ih currents were
anti-TH antibody (1:100) was then added, and the slices were agitated at
recorded by voltage clamping cells and stepping from ⫺60 to ⫺40, ⫺50,
4°C for 48 hr. Finally, slices were agitated with FITC anti-rabbit second⫺70, ⫺80, ⫺90, ⫺100, ⫺110, and ⫺120 mV. Cells were recorded in
ary antibody (1:100) and Texas Red avidin (11.0 l/ml) at 4°C overnight.
current-clamp mode (I ⫽ 0) for experiments measuring spontaneous
Cells were visualized with a Zeiss LSM 510 META microscope.
firing rates. In some experiments, 500 nM tetrodotoxin (TTX) was added
Biocytin, BSA, and normal goat serum were obtained from Sigma .
to the bath solution to block neural activity after a stable 10 min baseline
Texas Red avidin was obtained from Jackson ImmunoResearch (West
was observed, and U69593 and DAMGO were subsequently added to this
Grove, PA), and rabbit anti-TH antibody and FITC anti-rabbit secondTTX solution. Current–voltage data were collected in voltage clamp by
ary antibody were obtained from Chemicon (Temecula, CA).
stepping from a holding potential of ⫺60 to ⫺40 mV and ramping down
to ⫺140 mV over a 2 sec interval. Dose–response data were collected with
Results
repeated applications of increasing doses of U69593 in each cell and are
In these experiments, we studied postsynaptic KOR-mediated
reported as the percentage of the inhibition produced by a maximal dose
actions in vitro using current-clamp recordings of neurons in
of 5 M in each responding cell.
horizontal rat brain slices of the VTA. We classified neurons acFor data analysis, instantaneous firing rate was computed as the incording to their electrophysiological and pharmacological propverse of the interspike interval after each action potential. Results are
erties. Principal cells exhibit an Ih and long action potentials (Fig.
presented as means ⫾ SEM where appropriate. For each cell, the statis1 A). Secondary cells lack an Ih, have shorter action potentials
tical significance of drug effects was tested with the paired Student’s t test,
(Fig. 1 B), and are generally considered to be GABAergic intercomparing the last 4 min of baseline with the last 4 min of drug
neurons in both the VTA (Johnson and North, 1992a) and the
application.
neighboring substantia nigra zona compacta (Grace and Onn,
All drugs were applied by bath perfusion. Stock solutions were made
1989; Lacey et al., 1989). Secondary cells are also inhibited by
and diluted in Ringer’s immediately before application. U69593 stock
MOR agonists (Fig. 1 B) (Lacey et al., 1989; Johnson and North,
was diluted in 50% EtOH to a concentration of 1 mM; nor1992a,b). Although there is a consensus that most VTA principal
Binaltorphimine (nor-BNI) (10 mM) and DAMGO (1 mM) were diluted
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Table 1. Principal and tertiary VTA neurons have similar electrophysiological properties but respond differently to - and -opioids
Cell type

Mean firing rate
(Hz)

Ih size (pA)

Principal (n ⫽ 47)
Secondary (n ⫽ 9)
Tertiary (n ⫽ 25)

1.3 ⫾ 0.2
3⫾1
1.2 ⫾ 0.2

⫺240 ⫾ 30
1⫾2
⫺280 ⫾ 40

Inhibited by
U69593 onlya

Inhibited by
DAMGO onlya

Inhibited by U69593
and DAMGOa

Disinhibited by
DAMGO onlya

Inhibited by U69593 and
disinhibited by DAMGOa

12
X
X

X
9
9

X
0
16

10
X
X

12
X
X

Summary of current-clamp recordings in both spontaneously firing and quiescent VTA neurons. Each drug was bath applied independently for 5 min. Note: By definition, all secondary and tertiary cells were inhibited by DAMGO. Neuronal
properties that are not compatible with our cell type definitions are denoted by “X.” (See Results.)
a
Effect criterion is paired t test of baseline to the last 4 min of drug application within each cell. p ⬍ 0.05.

Figure 3. Spontaneous activity of principal and tertiary neurons is inhibited by U69593.
Distributions of inhibition by U69593 (1 M) in all spontaneously active principal ( A), secondary
( B), and tertiary ( C) neurons. A significant change in the firing rate attributable to drug compared with baseline within each cell is indicated by a darkened bar. p ⬍ 0.05.

Figure 2. -Opioids in the VTA are inhibitory through activation of KOR. A, The firing rate of
spontaneously active principal neurons (n ⫽ 26) is inhibited by bath application of U69593 (1
M) but not DAMGO (3 M). B, In a single cell, the U69593-evoked (5 M) inhibition is completely blocked during reapplication of U69593 (5 M) in the presence of the KOR-selective
antagonist nor-BNI (100 nM). C, Nor-BNI (100 nM) blocked the U69593 (5 M) inhibition in all
tested cells (n ⫽ 4; error bars indicate SEM). D, Dose–response curve for U69593 inhibition
(n ⫽ 4 for each point; error bars indicate SEM).

neurons are dopaminergic, Cameron et al. (1997) and Jones and
Kauer (1999) have shown that a significant proportion of Ihexpressing VTA neurons are not immunoreactive for the enzyme
TH. Furthermore, Cameron et al. (1997) identified a third class of
neurons in the VTA that they call “tertiary” cells. Tertiary cells
have soma morphology and action potential shape (Fig. 1C) very
similar to those of principal cells, but tertiary neurons are inhibited by MOR agonists and serotonin and fewer than one-third of
tertiary cells are TH(⫹) (Cameron et al., 1997). We classified
Ih-expressing neurons as principal neurons if MOR agonists either
had no effect or disinhibited the cells (Fig. 1A) and as tertiary if MOR
agonists were inhibitory (Fig. 1C). We found no differences between
tertiary and principal neurons for resting membrane potential,
mean firing rate, or size of the Ih current (Table 1).
Principal neurons had an initial membrane potential of
⫺44.4 ⫾ 0.8 mV, and most (26 of 47) exhibited spontaneous
activity. The KOR agonist U69593 inhibited 16 of 26 spontaneously active principal neurons (1 M) (Fig. 2 A). About one-third

(8 of 21) of the principal neurons that were not firing spontaneously were hyperpolarized by U69593 (3.0 ⫾ 0.8 mV). Consistent
with the finding of Johnson and North (1992b) that MOR agonists disinhibit principal cells in the VTA in vitro, we observed an
increase in spontaneous firing rate and depolarization in a subset
(22 of 47) of principal neurons after application of DAMGO (3
M) (Table 1). This disinhibition has been attributed to a MOR
agonist-induced inhibition of spontaneously active GABAergic
interneurons that allows principal neurons to fire more (Johnson
and North, 1992b). Thus, our data suggest that at least some
critical intra-VTA circuitry is preserved in these slices.
We found no evidence for desensitization of the action of
U69593 on the timescale of these experiments. A KOR-mediated
inhibition of similar magnitude was evoked repeatedly in a single
cell after ample washout time had elapsed (two applications of 5
min each per cell; n ⫽ 3). Furthermore, cells maintained stable
inhibitions during extended applications of U69593 (t ⬎ 20 min;
n ⫽ 6). In KOR agonist-sensitive cells, the KOR selective antagonist nor-BNI (100 nM) completely blocked the effect of a subsequent application of U69593 (5 M; n ⫽ 4), confirming that the
observed inhibition depends on the activation of KORs (Fig.
2 B, C). The U69593-mediated inhibition was dose dependent,
and dose–response experiments in KOR agonist-responsive neurons yielded an EC50 of 42 nM (Fig. 2 D).
Secondary neurons, which lack an Ih current and hyperpolarize in response to MOR agonists, could also be distinguished by
their smaller size and relatively brief action potential. Secondary
neurons were unaffected by U69593 (spontaneously active cells:
mean change 0.2 ⫾ 0.3 Hz, n ⫽ 6; quiescent cells: mean change
0.8 ⫾ 2.1 mV, n ⫽ 3) (Fig. 3B, Table 1), confirming previous
findings (Lacey et al., 1989; Johnson and North, 1992a). On the
other hand, a significant proportion of tertiary cells, which have
an Ih and hyperpolarize in response to MOR agonists, were responsive to KOR activation. Nine of 16 spontaneously firing ter-
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tiary neurons were inhibited by U69593 (Fig. 3C), and 7 of 9
nonfiring tertiary neurons were hyperpolarized by U69593
(2.9 ⫾ 0.9 mV) (Table 1).
The observation that DAMGO induces disinhibition in principal neurons indicates that some local circuitry is intact in the
slice. Thus, to confirm that the inhibitory action that we observed
was caused by a direct effect of the KOR agonist on the postsynaptic membrane of the recorded cell, it was necessary to measure
the U69593 inhibition while blocking neural activity. In the presence of TTX (500 nM), 4 of 10 neurons with an Ih (5 primary, 4
tertiary, 1 not classified) hyperpolarized when U69593 was added
to the bath solution (5.0 ⫾ 0.9 mV) (Fig. 4 A). Additionally, the
TTX itself had a depolarizing effect on the baseline membrane
potential (5.3 ⫾ 0.4 mV after 5 min of bath application; p ⫽ 0.01).
This TTX-elicited depolarization implies that in this VTA slice
preparation there is spontaneous activity of neurons that releases
a hyperpolarizing neurotransmitter such as GABA or dopamine
that acts on primary and tertiary neurons.
To test whether KOR activation inhibits these neurons by
enhancing the G-protein-coupled inwardly rectifying potassium
(GIRK) channel, we applied a voltage ramp (step from ⫺60 to
⫺40 mV, ramp down to ⫺140 mV) before and during exposure
to U69593. The current–voltage plot for the U69593-sensitive
component of this voltage ramp showed a reversal potential of
⫺93 mV, close to the calculated K ⫹ reversal potential (n ⫽ 7)
(Fig. 4 B) and had a diminished slope for positive current, suggesting that the KOR is associated with a GIRK channel.
Because some principal and most tertiary neurons are nondopaminergic (Cameron et al., 1997) and a significant proportion of both cell types was not affected by KOR agonists, immunohistochemical identification of dopaminergic neurons is an
essential step for interpreting the KOR agonist effect on VTA
neurons. To determine whether the principal and tertiary cells
inhibited by U69593 are indeed dopaminergic, biocytin was
added to the internal pipette solution, and after recording, the
brain slices were fixed and stained for TH. Seventeen biocytinfilled VTA neurons were electrophysiologically defined, processed for TH reactivity, and recovered. Nine were principal neurons, seven were tertiary, and one was secondary (Table 2). All six
recovered cells that were inhibited by U69593 were TH(⫹) and
had an Ih. Three of these were principal neurons (Fig. 5A). Six
other principal neurons were unaffected by U69593, and one of
these was TH(⫺) (Fig. 5B). Three of seven recovered tertiary
neurons were both KOR agonist responsive and TH(⫹). The four
KOR agonist-insensitive tertiary neurons were TH(⫺). Thus,
KOR agonist-responsive neurons are a subset of dopaminergic
neurons in the VTA, and most, if not all, KOR agonist-responsive
neurons are TH(⫹) ( p ⬍ 0.05; Fisher exact test), regardless of whether they are
principal or tertiary cells. Importantly, our
results demonstrate that there is a subset of
VTA dopaminergic neurons (tertiary
cells) that are inhibited by both MOR and
KOR agonists.

confirms and extends the work of Johnson and North (1992b),
who originally described MOR agonist-mediated inhibition of
GABAergic inputs to VTA principal cells. Although the percentage of neurons exhibiting MOR agonist disinhibition is relatively
small, it likely represents a significant underestimate of the proportion of cells that actually exhibit these opposing actions in
vivo. It is probable that some intra-VTA circuitry is lost during
the slicing procedure, and this loss decreases the number of cells
showing a disinhibition with DAMGO. Additionally, in the Johnson and North study (1992b), the bath application of K ⫹ was
required to increase GABA release sufficiently to demonstrate
disinhibition, whereas we observed the disinhibition without a
manipulation to increase GABA release.
The opposing MOR and KOR agonist actions on principal
cells suggest a mechanism for the opposing behavioral effects on
place preference when these opioids are microinjected into the
VTA (Bals-Kubik et al., 1993). Our results are also consistent with
in vivo studies suggesting that changes in dopaminergic neuron
firing encode the value of cue-associated outcomes during goaldirected behavior such that increases are positively reinforcing
and decreases lead to extinction of the behavior (Schultz, 1998).
Thus, VTA injections of positively reinforcing MOR agonists indirectly excite principal neurons through disinhibition, whereas
aversive KOR agonists, at the same site, directly inhibit principal
neurons.
Our immunohistochemical results specifically and selectively
localize the postsynaptic KOR-mediated inhibition to dopaminergic neurons. Although direct KOR agonist inhibition did not
occur in every VTA dopaminergic neuron, it was observed only in
such neurons. This is of particular significance because previously suggested cellular markers, such as action potential shape
and duration, firing rate, presence of Ih, and D2 agonist inhibition, do not in fact distinguish dopaminergic from nondopaminergic VTA neurons (Grace and Onn, 1989; Johnson and
North, 1992a; Cameron et al., 1997; Jones and Kauer, 1999). Our
results reinforce the point that there are no established electrophysiological or pharmacological properties that specifically delineate dopaminergic neurons from non-dopaminergic neurons
in the VTA. Clearly, no current classifications of VTA neurons do
justice to the heterogeneity of cell responses that are observed.
For example, in the current study, we found Ih neurons that fell
into all four possible categories: MOR agonist-inhibited, KOR
agonist-inhibited, inhibited by both MOR and KOR agonists,
and inhibited by neither. Additionally, the approach taken by
Cameron et al. (1997) and used in this study, i.e., delineating a
subgroup of neurons (tertiary cells) expressing an Ih and being
directly inhibited by MOR agonists, is a demonstrably inadequate

Discussion
Our work shows that KOR-selective agonists directly inhibit dopaminergic neurons in the VTA. Twenty-five percent of
the principal neurons reported in this
study exhibited both a KOR agonistinduced inhibition and a MOR agonistinduced disinhibition. This observation

Figure 4. KOR agonist inhibition of VTA neurons is postsynaptic and mediated by GIRK activation. A, In the presence of TTX (500
nM) to block neural activity, U69593 causes hyperpolarization in an example cell. B, In recordings made without TTX, the difference
between control and U69593 (1 M) current–voltage curves during a voltage ramp test shows inward rectification and a reversal
potential of ⫺93 mV (n ⫽ 7; 95% confidence interval indicated in gray).
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Table 2. Dopamine-containing neurons are inhibited by - and -opioids

TH (⫹) (n ⫽ 11)
TH (⫺) (n ⫽ 6)

 inhibition
onlya

 and 
inhibitiona

 inhibition
onlya

Neither  nor
a

3
0

3
0

0
5b

5
1

Summary of current-clamp recordings in both spontaneously firing and quiescent VTA neurons loaded with biocytin
during recordings and stained for TH afterwards. Each drug was bath applied independently for 5 min.
a
Effect criterion is paired t test of baseline to the last 4 min of drug application within each cell. p ⬍ 0.05.
b
Data include four tertiary cells and one secondary cell.

indicator for non-dopaminergic VTA neurons. This issue is highlighted by the fact that half of the TH(⫹) neurons that were
inhibited by a KOR agonist were also inhibited by a MOR agonist.
Clearly, a more reliable and meaningful characterization of cell
types in the VTA is needed. One intriguing possibility is that
consistent pharmacological differences will coincide with different projection targets and sources of afferent input. Such information will be critical for gaining a more robust understanding of
the contribution of dopaminergic VTA neurons to motivation
and reward.
Previous studies have demonstrated a decrease in dopamine
release in VTA cell cultures when KOR agonists are applied
(Ronken et al., 1993; Dalman and O’Malley, 1999); however,
these cell culture experiments leave open to question the cell
types and proportion of cells affected. Furthermore, KOR agonists bath applied to cultured neurons could act at either the cell
body or the dopaminergic terminals, or both. In our whole-cell
slice recordings, we show that KOR agonists directly activate receptors on the soma-dendritic region of a subset of dopaminergic
neurons, which in turn inhibit these neurons through the activation of a GIRK channel.
Although we found a clear inhibition of dopaminergic neurons by KOR agonists, Spanagel et al. (1992) and Devine et al.
(1993) did not observe a change in the DA concentration detected

by microdialysis in the NAc after microinjection of KOR agonists
into the VTA. One possible confound in these dialysis experiments is that the measurements were made in anesthetized animals, and it is likely that the firing patterns of the VTA neurons
were different from those in awake, behaving rats given KOR
agonists in the conditioned place preference paradigm. If VTA
dopaminergic neurons are not spontaneously active in anesthetized rats, it would not be possible to demonstrate inhibition of
firing by soma-dendritic application of KOR agonists. On the
other hand, microinjections of KOR agonists in the VTA have
been reported to decrease extracellular dopamine in the NAc
after it has been increased by systemic administration of haloperidol (Leyton et al., 1992). Furthermore, KOR agonists delivered
by microdialysis into the substantia nigra of awake rats significantly decrease dopamine release in the neostriatum (You et al.,
1999). Behaviorally, 6-OHDA lesions of the NAc block place
aversion elicited by systemic KOR agonists (Shippenberg et al.,
1993). These studies indicate that modulating the dopaminergic
signal to the NAc with KOR agonists in the VTA is not only
possible but may be necessary for the expression of behavioral
effects of KOR agonists in the VTA.
In conclusion, we demonstrate that KOR agonists directly inhibit a subset of dopaminergic VTA neurons. At least some of
these neurons are also disinhibited by MOR agonists. The direct
KOR-mediated inhibition of principal neurons that are also disinhibited by MOR agonists is a motif that has been found previously in the CNS (Pan, 1998), although other arrangements have
been reported (Ackley et al., 2001; Marinelli et al., 2002). Of the
three VTA cell types studied here, it is only dopaminergic principal neurons that are both inhibited by KOR agonists and disinhibited by MOR agonists. Thus, principal cell opioid responses
provide the simplest explanation for the opposing behavioral effects elicited by MOR and KOR agonists injected into the VTA.
Secondary cells are unaffected by KOR agonists, and tertiary cells

Figure 5. KOR activation inhibits dopaminergic neurons. A, A principal neuron filled with biocytin (red) during electrophysiological recording is costained with TH antibody (green) (left). This
neuron exhibited an Ih current when tested with 200 msec voltage steps from ⫺60 to ⫺50, ⫺70, ⫺90, ⫺100, and ⫺120 mV (center). The KOR agonist U69593 (1 M) inhibited spontaneous
activity of this neuron held in current clamp at I ⫽ 0 (right). B, A principal neuron filled with biocytin (red) is not costained with TH antibody (green). This neuron also exhibited an Ih current. U69593
(1 M) had no effect on the firing rate of this neuron.
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are inhibited by both MOR and KOR agonists, and thus neither is
a likely candidate for providing preference-related information.
The opposing behavioral effects of MOR and KOR agonists acting in the VTA can be explained by the segregation of MORs and
KORs onto distinct but interconnected subpopulations of neurons that produce outputs of opposite sign. Our data extend a
growing body of evidence that endogenous KOR agonists play an
important general role in modulating circuits implicated in motivation and reinforcement (Shippenberg et al., 2001). By directly
inhibiting dopaminergic VTA neurons, KOR agonists can powerfully control the motivational effects of both natural and drug
rewards.
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