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Abstract
Optical characterization of dopamine release in the
globus pallidus and striatum
Jozsef Meszaros
The measurement of dopamine neurotransmission in the brain has evolved alongside
techniques for measuring neuronal activity. This evolution has progressed from coarse physical inspection (using lesions or dialysis approaches) to measuring electrical signatures of
the phenomena of interest. Most recently, an optical revolution has taken hold within the
neurosciences. We present an optical dopamine measurement technique as a companion to
burgeoning neural activity monitors such as GCaMP. The electrical consequences of individual glutamate molecules impinging upon a postsynaptic membrane can be captured in
an electrophysiological trace. On the other hand, dopamine has no consistent, measureable
postsynaptic effects and therefore cannot easily be measured electrophysiologically. Researchers have instead used the electrochemical features of dopamine to measure samples of
it in physical space. This approach, termed cyclic voltammetry, has generated nearly all of
the existing knowledge about the precise characteristics of dopamine release. While a reliable
method for measuring dopamine release from heavily innervated areas, cyclic voltammetry
lacks the resolving power to establish release from dopamine terminals in other areas of
interest. One such area is the external globus pallidus (GPe), the focus of this work. Research performed nearly thirty years prior to this thesis established the presence of sparsely
distributed dopamine varicosities within the GPe. Here, we leverage FFN102, a newly developed optical method used as a proxy for dopamine release, to measure dopamine release
in this area. Based on previous literature showing that dopamine varicosities were present in

the GPe and that dopamine receptors exist on principal cells in the area, we hypothesized
that these dopamine varicosities were capable of releasing FFN102. Moreover, previous
work had shown that anatomically, the most prominent dopaminergic innervation to the
GPe came from the substantia nigra. By validating the FFN102 method in the GPe, we
showed that a substance is released which likely reflects dopamine vesicle release. Moreover,
the use of two dopamine depletion mouse models allowed us to conclude that FFN102 is
released exclusively from dopamine terminals. Finally, we advanced the understanding of
dopamine release in the area by examining whether pharmacological manipulation could
alter the amount of FFN102 released from dopamine terminals.
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Preface
”[W]hen a muscle contracts, when a gland secretes, or a nerve ending is excited, the cause in
each case may be due to the liberation of some chemical substance, not necessarily set free in
the circulation as in the case of secretin, but more likely liberated at the spot upon which it is to
act.”
— Walter Ernest Dixon 1907

The Greek physician Hippocrates (c. 460 c. 370 BC) is broadly credited with the
theory that bodily fluids could determine an individual’s activity, disposition, and behavior
(Sykiotis et al., 2005). Yet, the import of this theory, and any rigorous testing of it, had
to wait until the 18th century. The experiments of Galvani, who used electricity to induce
movement in a frog leg, reified the notion of ’animal electricity’.
In 1917, George Howard Parker and Anne P. Van Heusen made the curious observation
that the catfish amiurus nebulosus would move away from electrically charged rods in their
vicinity, even when the rods were not in contact with the water (Parker and Van Heusen,
1917). As physiologists came to regard this exotic force as something of biological relevance,
they struggled to understand how a nerve cell could convey its ”action-current” to neighboring cells (Lillie, 1919). The idea that chemicals could bridge certain spaces came first
for the neuromuscular junction, a conjecture of the German physician Dubois-Reymond,
made in 1877 (Eccles, 1976). Without much evidence, T.R. Elliott, a colleague of Sidney
Ringer, speculated in 1904, that sympathetic nerve endings might act by releasing adrenaline
(Elliott, 1914). Walter Dixon made a similar suggestion about parasympathetic nerve endings releasing a substance similar to the pharmacological compound known at the time as
muscarine (Eccles, 1976).
It was not until 1907 that the first demonstration of chemical neurotransmission at any
of these synapses was made (Eccles, 1976). The physiologist Walter Dixon found that after
vii

stimulating a dog’s heart in solution for thirty minutes, the perfusate could be applied to
the heart of another animal, the frog (Dale, 1935; Cuthbert, 2001). Consequently, the frog’s
heart slowed. Dixon then repeated the experiment, only this time, with atropine. The pharmacological agent, known to block the excitatory effects of muscarine on heart muscle, was
successful in occluding the effect of the perfusate on the frog’s heart. Dixon, unfortunately
for him, concluded that the heart, and not parasympathetic nerve endings, had released
muscarine. By conducting a nearly identical experiment almost two decades later, Otto
Loewi was credited with discovering a fundamental principle of chemical neurotransmisson.
Unlike Dixon, who speculated that this chemical messenger resided in the heart muscle,
Loewi confidently asserted its release from parasympathetic nerve endings and hypothesized (based upon the experiments of Sir Henry Dale and others) that the substance was
acetylcholine (Loewi, 1935). In line with the humoral theory first proposed by Hippocrates,
Dixon and Loewi were both able to show that acetylcholine, released from nerve terminals,
could influence the activity of an animal organ. Loewi himself described this phenomena as
humoral transmission.
The work of Dixon, Loewi, and their contemporaries created the empirical foundation
for the chemical theory of neurotransmission, at least in the autonomic nervous system,
where the actions of neurotransmitters are typically gradual and with long latencies of onset (Eccles, 1976). In the case of skeletal muscle innervation, the situation was different
and a theory of electrical neurotransmission remained prominent until the middle of the
century (Valenstein, 2002). John Eccles, a longstanding adherent to the electrical theory
of neurotransmission between cells, was central to the debate (Valenstein, 2002). It was
not until 1951, when Eccles performed the first electrophysiological recordings from within
the mammalian spinal cord, that the chemical theory of neurotransmission won out (Brock
et al., 1952). Within the spinal cord, interneurons hyperpolarize their target cells, a clear
finding by Eccles and his group which could not be explained by a purely electrical theory
of neurotransmission (Eccles, 1976; Valenstein, 2002). These findings led them to immedi-
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ately repudiate their previously advanced Golgi-cell theory of inhibition,(Brooks and Eccles,
1947) and gradually neurophysiologists came to accept a version of the chemical theory of
neurotransmission.
Although the theory that humoral transmission was present in the sympathetic and
parasympathetic nervous system was quickly accepted, the idea that chemicals mediated
transmission between the central nervous system and skeletal muscles was far more controversial. It was not until Sir Henry Dale, working with Marthe Vogt, published a series
of papers on acetylcholine and noradrenaline, and their localization within the brain, that
the significance of neurotransmitter signaling - through monoamines - gained traction (Dale
et al., 1936; Vogt, 1954). Shortly thereafter, McLennan used electrical stimulation of the
substantia nigra and collected samples with a cannula placed into the caudate of the striatum (McLennan, 1965). Using spectrofluorimetry, McLennan was able to identify dopamine
release from the stimulated fibers. Following up on McLennan’s work, Marthe Vogt took
the cautious stance (as we could all learn from) that an invasive cannulation could confound
the sampling of fluids within the caudate (Vogt, 1969). Prophetically, Vogt noted:
Release of DA was, indeed, sometimes obtained, but quantities were small (between 0.1 and 0.3
ng/min), very variable, and so were the latent periods between stimulation and emergence of
the amine.

Fifty years later, the work of McLennan and Vogt continues. With increasingly specific
localization and characterization of dopamine release. The discoveries, both theoretical
and technical, that enabled McLennan and Vogt to measure dopamine then remain just as
relevant to the projects outlined in this thesis today.
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Chapter 1
Introduction
1.1

Detecting dopamine: from anatomy to dynamics

The detection of dopamine has been carried out in a multitude of ways, many of which will
be discussed in this chapter. The most intuitive methods came first: where dopamine could
be physically captured or rendered visible through chemical reactions. Later, methods that
relied on detecting the electrical currents generated by the oxidation of dopamine gained
prominence. After the breakthroughs of the 1960’s, the field moved away from characterizing the basal quantities and distribution of dopamine in the brain and toward perturbing
the system and capturing the resultant dynamics. Unsurprisingly, this led to a radiation
of new methods and technologies. Currently, the neurosciences are undergoing an ”optical
revolution”, especially in the monitoring of single cell activity, and the field of dopamine
detection has begun to recently be affected as well. Thus, the emergence of fluorescent false
neurotransmitters (FFNs) which are the most indirect of the methods, but which may offer
the most potential for understanding the dynamics of dopamine release and its relationship
to whole neural circuits.
Some facets of dopamine detection have been largely conserved: a focus on anatomy to
specify features of dopamine physiology, the use of electrodes to stimulate dopamine nerve
1

fibers, and leveraging features of dopamine’s chemical structure to devise detection methods.
Perhaps surprisingly, many of the pioneering studies of dopamine release relied on in vivo
preparations, and only recently did the utility of the reduced brain slice begin to become
an attractive model for studying the modulation of dopamine release. Many of the ideas
and methodologies discussed here apply equally well to the study of other catecholamines,
but dopamine will be the central focus of this thesis. The second focus of the thesis is the
external globus pallidus, which in the beginning of the 1940’s was believed to be the terminal
region for substantia nigra dopamine neurons (Anden et al., 1964). This hypothesis was not
conclusively ruled out until fluorescent methods in tissue had been successfully worked out
by several Swedish groups.

1.1.1

Visualizing dopamine

One of the earliest methods used in detecting dopamine was through the use of fluorescence.
A fluorescent molecule is one which absorbs a short wavelength (high energy) photon and
emits a longer wavelength (low energy) photon. This property is especially useful in visualizing molecules which have their fluorescence excitation wavelength below the visible light,
and their emission wavelength within the range of visible light. Catecholamines such as
dopamine, and aromatic compounds generally, have fluorescence properties although the intensity of light emitted is weak (Carlsson, 1959). Dopamine which has neither its excitation
nor its emission wavelength within the range of visible light, cannot be visually observed
(Carlsson, 1959). When oxidized with iodine, dopamine is converted to a red indole derivative (a bicyclic aromatic compound), and it becomes fluorescent with an emission wavelength
that can be visualized (Carlsson, 1959). Because the intensity of the emitted fluorescent
light is low, the use of chemical derivatization, or the deployment of chemical oxidants and
reductants to increase dopamine’s fluorescence emission, was a favored method early on for
increasing signal from dopamine molecules (Falck and Owman, 1965). The visualization
2

of this fluorescence, or fluorimetry, became a common method for obtaining quantitative
measurements of dopamine or other catecholamines present in brain tissue. This approach
however does not give any information about the source of the dopamine or its distribution.
Such a histochemical approach would be one of the most important advances for the visual
identification of dopamine, also pioneered by the Swedish groups, specifically those working
with Bengt Falck during the 1960’s (Falck and Owman, 1965). These workers made the
curious observation that dopamine exposed to formaldehyde in solution was not fluorescent,
however, it could become fluorescent when the reaction was carried out under formaldehyde vapor on dried protein (Falck and Owman, 1965). This was the first demonstration of
catecholamine histochemistry, or the visualization of catecholamines within tissue. It was
also fortuitous that the reaction produced the strongest fluorescence for primary amines
with hydroxyl groups at the 3 and 4 positions (e.g., dopamine and noradrenaline), and that
certain amines could be distinguished by the color of the reaction product. It was later
discovered by Corrodi that the dried protein provided a necessary catalyst for a dehydration reaction that rendered the molecule fluorescent (Falck and Owman, 1965; Corrodi and
Jonsson, 1967). The group’s persistence and ingenuity was rewarded: the sensitivity of the

Figure 1.1: The condensation reaction of Falck and Hilarp (I and II), with the final proteincatalyzed dehydration product discovered by Corrodi (III). Adapted from Corrodi and Jonsson
(1967).
method allowed them to detect levels of catecholamine as low as 1 picogram within an entire
neuronal perikarya (Corrodi and Jonsson, 1967). This made it possible for subsequent workers to uncover the anatomical distribution of catecholamines throughout the peripheral and
central nervous systems (Fuxe et al., 1968; Falck and Owman, 1965; Lindvall and Björklund,
1974). The formaldehyde method of Falck and Hillarp did not provide sufficient fluorescence
intensity to visualize the thin axonal branches that pass between the neuronal cell bodies
3

and their terminal regions (Lindvall and Björklund, 1974). Moreover, it was highly dependent on the weather conditions, as certain humidity requirements were necessary for the
reaction to proceed fully (Lindvall and Björklund, 1974). Shortly thereafter, the method
was improved upon using glyoxylic acid in place of formaldehyde, circumventing many of the
previous method’s weaknesses (Lindvall and Björklund, 1974). Lindvall and Bjorklund used

Figure 1.2: Chambers used to vaporize glyoxylic acid (left) and treat slices (right).
Adapted from Lindvall and Björklund (1974).
their glyoxylic acid approach in combination with known pharmacology to definitively show
the presence of dopamine (Lindvall and Björklund, 1974). They injected the catecholamine
depleting reserpine into rats and then prepared slices, which were subsequently incubated in
the presence of desipramine, a noradrenergic transporter blocker, and dopamine (Lindvall
and Björklund, 1974). This permitted dopaminergic fibers, but not noradrenergic fibers, to
accumulate dopamine which could then be visualized.
While their method became the gold standard for histochemical analysis of catecholamine
distribution, it did not allow for dynamic monitoring of changing catecholamine levels in
response to stimuli or neuronal activity. This meant it would be impossible to distinguish
between the presence of dopamine in a fiber (or even intracellularly) from dopamine that is
released and can participate in neurotransmission (Vogt, 1969). These strict requirements
4

for establishing the importance of a particular neurotransmitter in the brain form the rationale for the experiments laid out in chapter 3. To uncover the dynamics of dopamine
release within areas such as the striatum, methods of microdialysis and cyclic voltammetry
were developed. Recently, at least one group has attempted to leverage two-photon imaging
strategies for imaging the fluorescence of native (unfixed) dopamine (Sarkar et al., 2014).
Although the group was able to demonstrate potassium-induced depletion of fluorescence,
no finer scale experiments were performed. High levels of cellular autofluorescence may
complicate the analyses of native dopamine, though it remains to be seen.

1.1.2

Electrochemical detection of dopamine oxidation

Voltammetry relies on the use of a micro carbon fiber electrode sensitive to changes in small
currents due to oxidation or reduction of chemical species in contact with the probe. The
use of voltammetry in brain tissue was first adapted from electroanalytical chemistry by
workers in the laboratory of Ralph Adams (Kissinger et al., 1973; McCreery et al., 1974).
Voltammetry is practiced in two embodiments: constant potential voltammetry and cyclic
voltammetry. Constant potential voltammetry is useful for detecting basal levels of a compound (Stamford, 1990). In fast scan cyclic voltammetry, the voltage can be cycled between
positive and negative potential, leading to cycles of oxidation and reduction of compounds
in the vicinity of the probe (Stamford, 1990). In cycling between these potentials, a large
charging current is generated, which drawfs any currents generated by basal levels of a compound: hence, cyclic voltammetry is useful to measure changes in the concentration of an
oxidizable compound (Stamford, 1990). Currents are generated by gradually stepping the
electrical potential of the probe relative to ground. Initially, voltammetry was used as a way
to monitor the accumulation of intracerebrally injected compounds (McCreery et al., 1974).
In the theoretical voltammogram, ip,a represents the current due to oxidation of substances
in a cylindrical volume around the electrode and ip,c represents reduction in that same vol5

Figure 1.3: A basic circuit for in vivo electrochemistry.
Adapted from Kissinger et al. (1973).
ume. The electrical potential of the probe is swept from 0 V through a potential where the
electroactive molecular species can be reduced, then reversed at an arbitrarily chosen Erev .
The sweep then returns to 0 V. In modern applications, this can take place as fast as 25 ms
but typically within 100 ms (Stamford, 1990). In this time, any species in the proximity of
the probe should not have diffused appreciably. Thus, any difference between ip,a and ip,c
will be due to chemical reactions in the cylindrical volume surrounding the probe and due
to intrinsic features of the catecholamine itself (Stamford, 1990). Cyclic voltammetry, while
unable to measure basal levels of catecholamine, has two advantages over peak voltammetry. First, oxidized dopamine can be neurotoxic, and by reducing it within 5 ms, cyclic
voltammetry mitigates this risk (Stamford, 1990). Second, each oxidized species produces
a somewhat distinctive current during the reduction sweep (Stamford, 1990). Some groups
have taken advantage of this variability by using principal component analysis to isolate the
contributions of various species to the cyclic voltammogram. At the time, the interference
of another molecule, ascorbate, found in abundance relative to catecholamines, frustrated
the efforts of workers who hoped to study native catecholamine levels in brain (Ewing et al.,
1982; Gonon et al., 1981). Concentrations of ascorbate meassured in the brain ranged from
6

Figure 1.4: Electrochemistry of dopamine.
Adapted from Wightman et al. (1976).
300-600 µM (Ewing et al., 1982; Gonon et al., 1981). The incorporation of a carbon fiber
into the cyclic voltammetry measurement instrument allowed for the discrimination between
ascorbate and dopamine (Ponchon et al., 1979). This innovation also led to an improvement
in resolution, allowing workers to measure levels of catecholamines as low as 1 µM (Ponchon
et al., 1979). Moreover, it was found that the reduction and oxidation cycles in fast scan
voltammetry gave rise to only an oxidation peak, and no reduction peak (Millar et al., 1985).
Therefore, it could be inferred that any substance having both an oxidation and reduction
peak could not be ascorbate (Millar et al., 1985). One of the first uses of voltammetry was to
monitor the persistence of injected drugs (McCreery et al., 1974). Typically, voltammetry
calibration was performed using a reference solution of (unoxygenated) buffer at physiological pH with a known concentration of the molecule of interest (McCreery et al., 1974).
The probe is often combined with a stimulating electrode, which enables the researcher to
depolarize fibers that are suspected to contribute to neurotransmitter release (Wightman
et al., 1976). The similarity of DA and NE voltammograms render them indistinguishable
7

Figure 1.5: A theoretical voltammogram.

Figure 1.6: Electrochemistry of two catecholamines.
Adapted from Park et al. (2011).

8

by CV. Caution should therefore be used when interpreting CV data in areas with both
noradrenergic and dopaminergic afferents must be interpreted with caution. A careful experiment will use pharmacological blockers or take advantage of anatomical asymmetries
in innervation. One such study took advantage of the fact that the SNc/VTA complex
contains both dopaminergic cells and noradrenergic fibers (the ventral noradrenergic bundle
originating from the ventral solitary tract), but their projections bifurcate into the vBNST
and nucleus accumbens (receiving NE and DA, respectively) (Park et al., 2011). Both NE
and DA are oxidized at +0.65V. By using two electrodes placed in distinct brain regions,
Park and colleagues were able to separately examine release kinetics from noradrenergic and
dopaminergic terminals.

1.1.3

Direct capture of dopamine

The most seductive method of measuring dopamine is through its direct capture. Ideally,
the researcher could draw representative samples of the extracellular fluid instantaneously
to determine the time-varying concentration of a molecule. Attempting to extract fluid
from the brain in quantities large enough to analyze would throw the delicate balance of
extracellular molecules dramatically out of equilibrium. The synaptic cleft at an excitatory
synapse for example is only tens of nanometers wide and the loss of even a nanoliters for
analysis could have consequences for the fraction leftover (Ribrault et al., 2011). Thus, a
push-pull method was invented whereby equal volumes of fluid are drawn up and extruded
from within a semipermeable membrane (?). The membrane itself permits the collection
of molecules by drawing up volumes of solution which are simultaneously replaced with a
’neutral’ solution of artificial cerebrospinal fluid. This method has been used to measure
variations in dopamine levels across species (Bertler and Rosengren, 1959), after injection
of dopamine precursors and pharmacological agents (Carlsson, 1959), and after electrical
stimulation (McLennan, 1965). At this time, there was a great degree of concern about a
(250 µm) probe causing damage to underlying brain tissue and leading to artefacts such
9

as the liberation of compounds that were not previously present in an area, including the
molecule of interest (Vogt, 1969; Stamford et al., 1984). This feature of microdialysis led
to skepticism about whether damage or electrical stimulation was the causal factor in some
measurements of neurotransmitters (Vogt, 1969). Another one of the biological hurdles faced
when trying to sample dopamine in this way is the rapid rate at which it is removed from
the extracellular space by metabolizing enzymes and uptake transporters. Because microdialysis relies on an equilibrium between the fluid in the sample and the perfusate, it is best
for measuring baseline levels of a compound. Solutions to improve detection included (1)
modifying the equilibrium concentration by inhibiting dopamine metabolizing enzymes during sampling periods or (2) measuring the metabolites of dopamine rather than dopamine
itself (Vogt, 1969). Microdialysis alone does not provide measurements of dopamine, rather,
it must be paired with a complementary technique such as fluorimetry, radioisotopic assay,
or high performance liquid chromatography in order to identify dopamine and measure its
concentration. Fluorimetry takes advantage of the fluorescence properties of dopamine or
its derivatized forms, as discussed above.
Radioisotopic assays are performed using an exogeneous radioactive molecule that has the
potential to be taken up alongside the native form of the molecule (Glowinski and Iversen,
1966). In an in vitro preparation, a brain slice may be incubated for a period of time in
a solution containing a dopamine molecule with a tritiated hydrogen (Farnebo and Hamberger, 1971). In vivo, this may involve intraventricular injection of the solution (Glowinski
and Iversen, 1966). The experimenter then collects a sample of either perfusate in vitro or
extracellular fluid in vivo and, in the simplest practice, places it into a scintillation spectrometer to read out the concentration of the isotope (Farnebo and Hamberger, 1971). In
order to be a valid read-out of dopamine concentration, such an assay must ensure that
the radioisotope mix uniformly with the endogeneous pool of dopamine and participate
in the same or similar reactions with identical kinetics. Moreover, metabolism of the radioisotope into other molecules, as is the case with the rapid conversion of dopamine to
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norepinephrine, dramatically confounds the results possible with this approach (Glowinski
and Axelrod, 1964). When measuring the levels of dopamine within a brain region, this approach is most effectively coupled to a chromatography method. Nevertheless, when paired
with intravesicular injection, the method enabled Glowinski to obtain precise estimates of
the amounts of dopamine taken up within various parts of the brain (7.5µg/g in striatum).
Using a brain slice preparation, the bathing solution can be carefully controlled and sampled to reveal pharmacologically or electrically induced release of dopamine (Plotsky et al.,
1977). The bathing solution is not exchanged, which allows released compounds to accumulate (Plotsky et al., 1977). The solution can be sampled and liquid chromatography is
used to measure the exact quantity of the released material (Plotsky et al., 1977). Later
applications of this method employed tritiated dopamine in an in vitro slice preparation to
assess release resulting from electrical stimulation at varying frequencies (Mayer et al., 1988).

1.1.4

Fluorescent false neurotransmitters

A false neurotransmitter is simply a chemical that mimics the neurotransmitter of interest.
Early, the molecule 6-OHDA was thought of as a false neurotransmitter of dopamine (Vogt,
1969). This was because 6-OHDA could enter through the same monoamine transporters
used by dopamine. While 6-OHDA is not a ligand for dopamine receptors, it was found,
surprisingly, to both increase the amount of striatal dopamine while also impairing the function of tyrosine hydroxylase, the rate-limiting enzyme in the formation of dopamine (Bell
et al., 1970).
The use of false neurotransmitters over previously described methods includes the ability to
visualize the fate of the native molecule with potential for greater specificity and to provide
information about the distribution of the native molecule. As an example, in a pioneering
study, Jeff Lichtman and colleagues selectively targeted uptake of a hydrophilic fluorescent
probe into specific axons to reveal their innervation of a muscle endplate (Lichtman et al.,
11

1985). The electrical stimulation of an axon for a ”brief” period of 5-10 minutes provokes
endocytosis of the fluorescent probe (Lichtman et al., 1985). Such first generation endo-

Figure 1.7: Innervation of muscle fiber endplates by two nerves (red and green) as shown
using a fluorescent endocytic dye.
Adapted from Lichtman et al. (1985).
cytic probes were only effective in a few unconventional animal preparations, and shortly
succeeded by more versatile amphipathic dyes developed under Fei Mao and William Betz.
These dyes had the highly desirable property of not only being endocytic but also exocytic,
meaning that they could be released from nerve terminals as easily as they are taken up.
The terms ”staining” and ”destaining” were coined to describe the behavior of loading and
unloading axon terminals, respectively. The authors speculated that the dyes loaded into
synaptic vesicles and provided indirect proof for this by using electron microscopy to correlate the patterns of staining with the locations of synaptic vesicles, and additionally, showing
that electrical stimulation of the nerves led to destaining. The work of Betz and Mao was
highly influential in the optical investigation of neurotransmitter release at a variety of terminals, including central synapses (Ryan, 2001). FM 1-43, however, has many limitations:
for one, it requires a long period of electrical stimulation at the synapse of interest that
may engage plasticity mechanisms. This may move the synapse quite outside of its normal
operation. Additionally, FM 1-43 lacks specificity for a particular fiber. Thus, without a
very targeted electrical (or optogenetic) stimulation, the dye will be taken up into all endocytosing membranes. A solution to both of these problems came from the laboratory of
12

Figure 1.8: Demonstration of destaining in frog pectoris motor nerve terminals after electrical stimulation.
Adapted from Betz et al. (1992).
James Rothman, where workers developed a pH-sensitive genetic variant of GFP (termed
pHluorins) (Miesenbock et al., 1998). Because synaptic vesicles have an acidic pH compared
to the extracellular space, a GFP molecule within a vesicle will experience a dramatic shift
in pH as it is exocytosed to the outer membrane of the cell. Being a protein rather than an
exogeneous chemical dye, these pH-sensitive GFPs could be fused to certain genetic markers
of interest. This allows pHluorins to capture the specificity that FM 1-43 lacked and also
obviate the need for a large number of electrical stimulation pulses for endocytosis. Moreover, because they are genetically encoded, pHluorins could also be expressed in a predefined
subset of cells, such a dopaminergic cells. This was done by fusing pHluorin to the vesicular
monoamine transporter 2 (VMAT2), known to be expressed primarily in dopaminergic cells
(Onoa et al., 2010). While pHluorins have been used extensively in cultured neurons to
learn about the biochemistry of the presynapse, their adoption for mammalian intact brain
slices or in vivo preparations has been less rapid, possibly due to insufficient signal strength.
Thus, a fluorescent false neurotransmitter, to be effective, should be specific, produce enough
photons to be useful in a variety of modern preparations, and minimally perturb the system
that they are being used to study. This thesis focuses on the use of FFN102, which is a
hydrophilic fluorescent dye modeled after dopamine, developed as a collaboration between
David Sulzer and Dalibor Sames (Rodriguez et al., 2013). It has been shown to slowly en13

ter dopaminergic cells through the dopamine transporter DAT and an inability to activate
dopamine receptors. Unlike the endocytic dyes mentioned above, FFN102 does not rely
on electrical stimulation to be taken up into nerve terminals. FFN102 instead accumulates
into dopamine vesicles. This could lead to displacement of endogeneous dopamine from
synaptic vesicles, as the space in these vesicles is quite limited (approximately 10-20 L,
or 2000 dopamine molecules) (?). Dopamine leaking out to the extracellular space could
interfere with native dopamine signalling by activating dopamine receptors or forming potentially toxic oxidation products. Cyclic voltammetry, biochemical assays, and prolonged
monitoring of cellular activity should be done in the future to unveil any effects of displacing
endogeneous dopamine from synaptic vesicles or other compartments.

Figure 1.9: FFN102 molecule.
Adapted from Rodriguez et al. (2013).
Like pHluorins, FFN102 has pH-dependent fluorescence emission (Rodriguez et al., 2013).
This allows the molecule to achieve multiple fluorescence excitation/emission spectra. Typically, the excitation wavelength (360 for single-photon excitation or 760 nm for two-photon)
is kept at a single value, and the emission can be collected within separate wavelength bands
using the appropriate filter cube/dichroic irror in a contemporary microscope configuration.
The ratio of emission at pH 7.4 to pH 5.0 is 4, thus an exocytosing FFN molecule will
undergo a four-fold enhancement in fluorescence. The pH-dependency of FFN102 can be
exploited to assess the presynaptic function of dopaminergic terminals: when the terminals
are excited, they will release FFN102 from acidic compartments into the neutral, extracellular space. Although FFN102 is a substrate specific for DAT, it may also enter other
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cell types through other as-yet-unknown mechanisms. Several controls are important for
establishing that fluorescence changes are due to exocytosis from dopaminergic neurons.
These validation experiments have been carried out previously by the Sulzer lab within the
striatum, and this thesis details similar follow-up experiments within the external globus
pallidus.

1.1.5

Calibration

Of the methods described above, some can be calibrated while others cannot. For those
which can be calibrated, it is important to understand the validity of such calibrations.
Cyclic voltammetry calibrations can be performed by applying known concentrations of
dopamine into a physiologically relevant solution. In one example, dopamine concentrations
are increased by 1 µM while cyclic voltammograms are collected (Rice and Nicholson, 1989).
In the left panel, a step of 1 µM leads to an average of 550 pA current/micromolar change
in dopamine (shown as steps 1, 2, and 3). Ascorbate is present in high quantities – usually
known and measured – within the brain areas examined with cyclic voltammetry. To obtain
acccurate measurements of dopamine concentration during cyclic voltammetry, the influence
on dopamine currents by ascorbate can also be assessed by including it in the physiological
solution (Rice and Nicholson, 1989). Later experiments also showed that pH and fluctuations
in the extracellular ion concentration also have an effect on the currents that are recorded and
attributed to dopamine (Jones et al., 1994). This confound is especially important because
electrical stimulation has the influence of generating changes in both pH and extracellular
ion concentrations. Thus, the choice of the physiological solution and its constituents may
matter a great deal for the quality of the calibration. The calibration of microdialysis is done
in a similar way, using a reference solution containing a known concentration of dopamine.
However, interference in microdialysis experiments will be due to the presence of chemical
species with features that overlap with dopamine’s in whichever secondary assay is used:
fluorimetry, HPLC, or radiography. In all of these situations, the presence of metabolites
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of dopamine that may share properties with dopamine should be considered in reaching the
correct values.
Among those methods which cannot be readily calibrated are fluorescence experiments that
operate as a proxy for dopamine release. These experiments should be designed carefully
to keep in mind that absolute values will be unattainable and reconciling between multiple
works may be more challenging. Fluorescent molecules which are trafficked into endocytic
compartments such as synaptic vesicles are prone to oxidation, phototoxicity, bleaching,
and leakage into the extracellular space. Even if these effects are ignored or minimized,
fluorescent false neurotransmitters and pHluorins both only ride along with dopamine and
can only be used to infer the concentrations of the molecules alongside them. Situations can
be imagined in which a manipulation, either genetic or pharmacological, leads to decreased
dopamine concentrations on a per vesicle basis while the number of vesicles remain constant.
Likewise, two brain regions may contain the same number of vesicles while the amount of
dopamine per vesicle is much different. This may be especially relevant for dopamine release
sites which package multiple neurotransmitters in a vesicle: the dopamine concentration on
a per vesicle basis may be less than in pure dopamine vesicles. Thus, any novel methods
that attempt to measure dopamine concentration should heed the advice of the Swedish
neurochemist Olle Lindvall who once wrote:
”When working with previously non-characterized systems great care should be taken to
ascertain the catecholamine nature of the induced fluorescence...”(Lindvall and Björklund,
1974)

In addition to these methods that monitor the activity of dopamine vesicles, there are
methods that are one step further removed from directly measuring the output of dopamine
molecules. These methods infer dopamine release from the activity of dopaminergic cell
bodies and perikarya. In understanding how rewards are processed by the brain, Jim Olds
first uncovered upward modulations of midbrain cell firing during rewards and later the
anticipation of rewards and a corresponding depression of activity when expected rewards
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are omitted (Phillips and Olds, 1969). While this early work did not conceptualize rewards
in terms of dopamine release, Wolfram Schultz later made this connection in his elaboration
of dopamine signalling as encoding a reward prediction error (Schultz, 1998). Schultz’s
conception relied on the showings of Gonon as well as Mark Wightman that dopamine release
occurs in response to the activation of substantia nigra fibers and cell bodies, but these
studies were conducted in situations where electrical stimulation was exogeneously applied
outside of a reward context (Gonon et al., 1981; Garris and Wightman, 1994a). Nonetheless,
Schultz strengthened his case by connecting dopamine release to reward processing using
behavioral data with dopamine receptor and dopamine uptake modifying drugs (Schultz,
1998). More recently, the use of genetically encoded calcium indicators has been used to infer
dopamine release (Parker et al., 2016; Howe and Dombeck, 2016). The calcium activity of
dopaminergic cell perikarya (which is itself a proxy for dopaminergic cell spiking) is assumed
to be directly correlated with dopamine release. Cross-validation with established methods
such as cyclic voltammetry is limited, although in at least one anesthetized preparation,
MFB stimulation led to corresponding changes in calcium activity which could be read
out as cyclic voltammetry currents. The assumption that calcium activity in axons leads

Figure 1.10: Correlating CV currents with gCamp activity.
Adapted from Parker and Van Heusen (1917).
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to dopamine release is one that is taken up in chapter 4 of this thesis. Clearly, however,
dopamine release can occur in the absence of axonal spiking, as the ability of cholinergic cell
activity to promote dopamine release has shown (Ding et al., 2010; Cachope et al., 2012;
Wang et al., 2014).

1.2
1.2.1

Dopamine within the brain
Dopamine release in areas of high and low innervation

The previously described methods of Falck and Hillarp, as well as Lindvall and Bjorklund,
have been indispensable for the contemporary understanding of the dopaminergic system. In
a veritable tour de force implementation of the glyoxylic acid method that renders dopamine
fluorescent, Lindvall and Bjorklund established the presence of dopaminergic cells in thalamus and zona incerta, substantia nigra and ventral tegmental area, limbic cortex, cerebral
cortex, and septal nuclei (Lindvall and Björklund, 1974). A subsequent study focused on
the globus pallidus (Lindvall and Björklund, 1979). As discussed above, the precursor to the
glyoxylic acid method, developed by Falck and Hillarp, failed to detect a dopaminergic innervation within the globus pallidus (Fuxe et al., 1968). Using their more sensitive method,
Lindvall and Bjorklund saw a sparse plexus of nerve fibers, which appeared to ensheath
nerve cells and gray matter, leading them to speculate that the fibers had terminal endings
within the globus pallidus (Lindvall and Björklund, 1979). Some of these discoveries were
later substantiated using tissue digestion and liquid chromatography methods. One group
found that the the levels of dopamine in an area of sparse innervation, the amygdala, to
be approximately 12 ng/mg tissue as compared to the striatum where it could be as high
as 146 ng/mg tissue (Jones et al., 1994). Using microdialysis, the basal concentration of
dopamine in the striatum was measured to be approximately 10 nM (Keefe et al., 1993),
while in the external globus pallidus, this quantity fell below the detection limiting, implying
at most a 3 nM concentration (Hauber and Fuchs, 2000). Contemporaneously with these
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Figure 1.11: Falck-Hilarp method used to visualize dopamine within the external globus
pallidus
Adapted from Lindvall and Björklund (1979)
major discoveries, Mark Wightman, Francois Gonon, and others began establishing precise
methods for monitoring the dynamic monitoring of catecholamines in the brain (Wightman
et al., 1976; Plotsky et al., 1977; Kissinger et al., 1973; Ponchon et al., 1979; Ewing et al.,
1982). At this time, the measurement of dopamine using cyclic voltammetry was carried
out in both freely-moving and anesthetized in vivo rat preparations (Ponchon et al., 1979;
Ewing et al., 1982). Mark Wightman made the first recordings of dopamine concentration changes elicited by electrical stimulation of the medial forebrain bundle, which was
known from the work of the Swedish groups to house axons of substantia nigra and ventral
tegmental area dopamine neurons (Ewing et al., 1983). Using anesthetized rats, Wightman
and colleagues were able to characterize the electrically-stimulated voltammetric changes in
the nucleus accumbens as well as the caudate nucleus, but could not reliably resolve such
changes in the cortex (Kuhr et al., 1984). These early studies employed relatively long
stimulation epochs (up to 10 seconds) at various frequencies between 10 and 240 Hz (Kuhr
et al., 1984). As a result, concentrations of dopamine could reach levels as high as 60-80 µM
(Kuhr et al., 1984). They bolstered the credibility of these determinations using dopamine
synthesis inhibitors which decreased the voltammetrically-measured signal, as well as liquid
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chromatographic assessment of the dopamine content after 12 seconds of 60 Hz stimulation
in the MFB (Kuhr et al., 1984). These measurements were likely enabled by enhancements
in CV technology, including Nafion coating (5% Du Pont 1100 EW Nafion, Solution Technology, Inc., Mendenhall, PA) on carbon fibers (Rice and Nicholson, 1989). Follow-on studies
established the heterogeneity of measureable dopamine signals in the striatum: differences
as large as 200 nM could be accounted for by a 100 µm movement of the recording electrode
(Stamford, 1990). These small signals could be enhanced through the use of signal averaging
(Wiedemann et al., 1991). Advancements in cyclic voltammetry in the 1980’s begun to open

Figure 1.12: Signal processing techniques to enhance CV signals
In the top panels, a calibration is done by injecting 250 nM dopamine, repeated 9 times (AB). In the middle panels, the signals are averaged over the 9 repetitions (C-D). Finally, in the
bottom panels, digitally filtered and averaged signals are shown. Adapted from Wiedemann
et al. (1991)
a window into measuring dopamine from sparsely innervated areas, and subsequently, there
emerged a set of highly diverging experimental protocols. Whereas earlier studies made
use of prolonged electrical stimulation to evoke changes in dopamine concentration, these
protocols were gradually supplanted by shorter duration stimulations, leading to diminished
maximum dopamine concentrations that were more likely to reflect physiologically relevant
conditions (Garris and Wightman, 1994b). In a brain slice preparation, Bull and colleagues
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found that a single 0.2 ms pulse was sufficient to detect dopamine release within either
striatum or amygdala, although they did not report absolute concentrations or display raw
data (Bull et al., 1990, 1991). Similarly, in vitro, Sara Jones and Mark Wightman used
a single pulse of electrical stimulation to elicit striatal dopamine release as high as 2 µM,
while no response was measured in the basal nucleus of the amygdala. Only by using 150
pulses at 30 Hz could they elicit marked dopamine release, of approximately 1 µM, but this
signal displayed interference that they attributed to the prolonged stimulation durations.
In only five percent of all recordings did they report a clean signal, a variability which they
speculated could have been due to the handling of the slice used for the recordings or as a
result of deformation by the stimulating electrodes.
Shortly thereafter, an in vivo study from Mark Wightman reported measureable release
using a 60 Hz electrical stimulation lasting 2 s, with the stimulating electrode positioned
in either the medial forebrain bundle or the substantia nigra/ventral tegmental area (Garris and Wightman, 1994a). These stimulations elicited approximately 250 nM increases in
dopamine concentration within the mPFC, 500 nM increases in the amygdala and putamen,
and 6 microM increases in the nucleus accumbens. Surprisingly, striatal and amygdalar
dopamine responses were comparable in this preparation. In all areas studied, the authors
found a frequency dependence (weaker in amygdala and MPFC), where levels of dopamine
release correlated with stimulation frequencies. To make sense of these results, the voltammetric response was modeled as a pair of differential equations:
d[DA]
d[DA]
= [DA]fp −
dt overf low
dt uptake
Vmax [DA]
d[DA]
=
dt uptake Km + [DA]
The change in the dopamine overflow is measured using the voltammogram. The model
parameters [DA]fp , the amount of dopamine released per pulse (note that this assumes equal
sized pulses for each pulse in a sequence) and the Michaelis-Menten parameter Vmax are
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varied to optimize the overlap between the model and the real data (Km is a previously
measured quantity for the transporter that relates to its binding affinity). This way, a true
measurement of the dopamine released per pulse can be divorced from any effects due to
differential levels of uptake transporter expression or uptake transporter kinetics. Using

Figure 1.13: Inferred dopamine release per pulse in vivo
this model, they found that most of the trends they had observed were due to transporter
heterogeneity and the influence of the transporter. Once the effects of the transporter
concentration were accounted for, the experimenters noted the lack of frequency dependence
and the near ten-fold difference in dopamine release between the caudate putamen and the
MPFC. Release in BAN and MPFC were similar in size. This suggests a large contribution
of DAT to the signals in the striatum, with less of a role in the MPFC and amygdala, with
the rate of uptake being on the order of 103 times more rapid in the striatum than in the
cortical areas. A similar study, conducted much later, compared the striatum to the nucleus
accumbens and instead of using modeling, took advantage of the ability to pharmacologically
block dopamine reuptake. In this study, slices of mouse dorsal striatum were prepared and
stimulated in ACSF or with the dopamine reuptake inhibitor GBR-12909. From this work,
it is clear that release in the nucleus accumbens and striatum are actually different and this
effect is independent of inhibition.
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More recently, the use of a fluorescent false neurotransmitter can eliminate the need to

Figure 1.14: Dopamine release in the striatum and nucleus accumbens differ in their frequency dependence
In the left (black colored) panel, it is evident that nucleus accumbens dopamine release is
sensitive to bursts of activity while dorsal striatum dopamine is released primarily in the
first pulse. This effect is independent or reuptake. Adapted from Zhang et al. (2009)
consider reuptake if the kinetics of reuptake are slow. For the FFNs in this thesis, FFN102
and FFN200, reuptake is slow enough that any effects of reuptake can be ignored. Thus,
as will be shown, FFN102 and FFN200 release are largely independent of frequency within
the striatum, in agreement with cyclic voltammetry studies cited here. FFNs are therefore
useful for studying release in different brain regions, and the modulation of release within
those regions, without concern for interference by heterogeneous reuptake mechanisms.

1.2.2

Determinants of dopamine release

As mentioned above, dopaminergic axon spiking can lead to the release of dopamine. Within
the striatum and nucleus accumbens, the primary dopamine inputs are from cells of the substantia nigra and VTA, which number approximately 25,000 and 40,000 in the rat brain, respectively (?). These cells shift between tonic firing driven by pacemaking activity and high
frequency bursting in response to glutamatergic input from a number of brain areas includ23

ing the pedunculopontine tegmental nucleus and subthalamic nucleus (Grace and Bunney,
1984a,b). However, other areas of the brain may determine dopamine release through their
connections to cholinergic neurons. This is because in addition to depolarization-mediated
dopamine release, recent work from a number of labs has thoroughly established the ability
for acetylcholine and GABA, released from cholinergic neurons, to promote dopamine release within the striatum and nucleus accumbens (Ding et al., 2010; Cachope et al., 2012;
Wang et al., 2014; Threlfell and Cragg, 2011). Cholinergic interneurons in the striatum,
like cells of the substantia nigra and VTA, are autonomous pacemakers which fire at 3-9Hz
(Pisani et al., 2007). They can be activated by cortical or thalamic inputs to cause bursts
(spiking at 10-15 Hz for 200 ms) Ding et al. (2010). Cholinergic neuron activity can have
a modulatory role shaping the size of dopamine transients (Zhang and Sulzer, 2004; Rice
and Cragg, 2004). Dopaminergic axons in the striatum have nicotinic receptors which are
quickly deactivated at physiological conditions of acetylcholine, thus, blockers and agonists
have similar effects on dopamine release from these axons (Zhang and Sulzer, 2004; Rice
and Cragg, 2004). These workers looked at dopamine release during simultaneous activation
of dopaminergic and cholinergic terminals, through local electrical stimulation of a mouse
brain slice containing dorsal striatum (Zhang and Sulzer, 2004; Rice and Cragg, 2004). By
applying either nicotine, an agonist of nicotinic receptors, or mecamylamine, a blocker, these
experiments led to either a bidirectional gating mechanism in the dorsal striatum (Rice and
Cragg, 2004), or a general loss of enhancement in the ventral striatum (Zhang and Sulzer,
2004). Therefore, when nicotine is present at concentrations of 200 nM or greater, cholinergic interneurons cannot exert their modulatory effects on dopaminergic neurons (Wang
et al., 2014).
Dopamine autoreceptors provide another modulatory influence over dopamine release
(Schmitz et al., 2003). Avrid Carlsson first coined the term autoreceptor for dopamine
autoreceptors (Carlsson, 1977). Autoreceptors are essentially receptors on a neuron for
neurotransmitters released by that neuron (Carlsson, 1977). Although there are two fam-
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Figure 1.15: Cholinergic modulation of dopamine release, with and without nicotine
In the left and rightmost panels, channelrhodopsin is used to artificially activate cholinergic
neurons in a slice of mouse dorsal striatum. Adapted from Wang et al. (2014)
ilies of dopamine receptors (D1-like and D2-like), the predominant autoreceptor function
for dopamine neurons comes specifically from D2 receptors (Schmitz et al., 2003). Several groups have found D2 autoreceptors able to inhibit dopamine release across different
preparations and at different frequencies: one in rabbit brain slices containing the caudate
stimulated with 4 pulses at 100 Hz (Mayer et al., 1988), another using rat brain slices stimulated at lower frequencies (less than 10 Hz) for 1 to 10 pulses (Limberger et al., 1991),
and rat brain slices stimulated for 50 pulses at 10 Hz (Kennedy et al., 1992). Intriguingly,
the inhibition is long-lived, with a t1/2 of 17 s versus 4 s when autoinhibition is blocked
with sulpiride (Kennedy et al., 1992). At the highest frequencies tested, D2 autoreceptors
were capable of inhibiting release throughout a six pulse train stimulation at 100 Hz in vivo
(Benoit-Marand et al., 2001). Thus, there is robust evidence for D2 receptor autoinhibition
within the striatum, although just as with cholinergic modulation, other areas have yet to
be probed for effects on release. The effects of opioids on dopamine release are the least
well-understood. There are three main families of opioid receptors: δ, µ, and κ Spanagel
et al. (1992). When δ or µ receptor agonists were injected into the VTA, the result was
an increase in basal dopamine concentration collected within a dialysis probe located in the
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Figure 1.16: Depiction of long lasting dopamine D2 receptor inhibition
In the inset, the time to recover is diminished when sulpiride is present in the bathing
solution (closed boxes) versus when it is omitted (open boxes). Adapted from Kennedy
et al. (1992).
nucleus accumbens. On the other hand, κ receptor agonist (U-69593) injected within the
nucleus accumbens itself, led to a decrease in dopamine release; the effect was bidirectional,
as an antagonist (NBNI) could increase dopamine release. These effects were not observed
when the κ drugs were injected into the VTA, suggesting that the effect on release is at the
terminal level within the nucleus accumbens. Additionally, D1 MSNs are known to release
dynorphin, which could serve as an endogeneous ligand for the κ opioid receptors. It is
interesting to note that the direction of the opioid effects on dopamine is consistent with
their effects on behavior (δ and µ being appetitive, while κ is aversive). The frequency
dependence of this mechanism has not been worked out, however, and this study did not
employ electrical stimulation as a method for evoking dopamine release.
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Chapter 2
Using Fluorescent False
Neurotransmitters to Characterize
Exocytosis from Dopamine Synaptic
Vesicles within the GPe
Monoaminergic axons course through many brain regions, but the innervation is often sparse,
limiting the applicability of conventional measurement approaches. Globus pallidus externa
neurons receive only a sparse innervation of dopamine axonal fibers, and it is unknown
if these fibers engage in neurotransmission. To analyze possible dopamine release in this
area, we validated an optical approach using fluorescent false neurotransmitter (FFN102),
a substrate for the plasma membrane and synaptic vesicle dopamine transporters. We report that these sparsely distributed presynaptic sites engage in stimulus-dependent synaptic
release, as electrical stimulation could evoke FFN102 release in a calcium-dependent manner. Using mouse models for dopamine denervation, we found that FFN102 release in the
GPe required dopamine innervation, specifically from the substantia nigra. As compared
with striatum, FFN102 release in the GPe was smaller in magnitude and variable, displayed
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greater modulation by stimulus frequency, and suggested less of a role for D2 dopamine
receptor autoinhibition.

2.1

Significance of developing a novel method for measuring dopamine vesicle release

The external globus pallidus (GPe) is a nucleus containing a diverse population of GABAergic cells that receive a multitude of afferent and efferent connections (Gittis et al., 2014; Hernandez et al., 2015; Mallet et al., 2012, 2016; Saunders et al., 2015). Recent work indicates
that the GPe has a significant role in shaping behavioral programs and initiating movement
(Mastro et al., 2017; Mallet et al., 2016). The presence of nigrostriatal dopamine axons that
spread throughout the GPe was demonstrated nearly forty years ago using the glyoxylic
acid fixation protocol, which renders dopamine fluorescent (Lindvall and Björklund, 1979).
More recently, branches of individual nigral neuron axons were visualized using a single
cell viral infection protocol, which demonstrated a relative paucity of axonal collaterals in
the GPe (Matsuda et al., 2009). The dopamine innervation of the GPe is too sparse for
analysis by carbon fiber amperometry and cyclic voltammetry, the standard methods for
analyzing the heavily innervated striatum and nucleus accumbens. Low levels of dopamine
near detection threshold have been reported in the GPe in vivo by accruing a microdialysis
sample over tens of minutes (Fuchs and Hauber, 2004; Hegeman et al., 2016), but there is no
means to ascertain whether this is due to GPe intrinsic neurotransmission or overflow from
the highly innervated and neighboring striatum. Thus, it is unknown if the GPe dopamine
fibers are capable of synaptic dopamine release. Additionally, the modulation and kinetics
of dopamine release may be dissimilar, as has been shown for the ventral and dorsal striatum
(Zhang et al., 2009). Without a reliable measurement approach, analysis of such differences
has so far eluded detection.
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We have adapted the use of fluorescent false neurotransmitters (FFNs), a recently developed approach, to monitor dopamine release in the GPe. FFN102 is a specific substrate
for the dopamine transporter, enabling entry to dopaminergic cells, and a substrate for the
vesicular monoamine transporter, VMAT2, enabling its accumulation into dopamine synaptic vesicles. This FFN exhibits pH dependent emission that is higher at neutral pH than
synaptic vesicle pH (generally estimated as 5.6) and so upon exocytosis, provides a flash
transient within the field of view. We find that this approach provides a means to analyze
exocytosis from dopaminergic synaptic vesicles in sparsely innervated regions.

2.2

Materials and Methods

Experimental Subjects. All animal protocols followed NIH guidelines and were approved
by Columbia Universitys Institutional Animal Care and Use Committee. Experiments were
performed on male C57/BL6J mice (9-24 weeks old) obtained from Jackson Laboratories
(Bar Harbor, ME, USA), Drd2-GFP (S118Gsat/Mmnc) mice purchased from MMRRC,
DAT-IRES Cre x Ai9 mice obtained by crossing DAT-IRES Cre mice with Cre-dependent
tdTomato reporter line Ai9 mice (both from Jackson Labs), and aphakia mice. The aphakia
allele, which is a loss-of function mutation in the pitx3 gene arose spontaneously on the
129/Sv-S1J strain at the Jackson Laboratory and was maintained in a C57BL background
as previously described (Ding et al., 2007, 2010). All mice were 6-24 weeks old at the time
of the experiment and housed under a 12 hr light/dark cycle in a temperature-controlled
environment with food and water available ad libitum.
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2.2.1

6-OHDA lesion

Unilateral 6-hydroxydopamine (6-OHDA) lesion were performed in male and female C57/BL6
mice of 12-15 weeks of age as described before (Won et al., 2014). Mice were anesthetized
with ketamine/xylazine cocktail (80 mg/kg ketamine and 4 mg/kg xylazine, i.p.). Mice
received unilateral lesion of the left medial forebrain bundle by intracranial infusion of 4.5
g of 6-OHDA free base in 1.5 l of 0.05% ascorbic in 0.9% saline at a rate of 300 s/l into the
following coordinates: anterior/posterior (-1.3 mm), medial/lateral (+1.2 mm), and ventral
to skull surface (-5.4 mm) via a 28-gauge stainless-steel cannula that stayed in the brain for
5 min after the injection before being withdrawn. Desipramine (25 mg/kg, Sigma-Aldrich),
a norepinephrine reuptake inhibitor, was injected intraperitoneally 30 min prior the infusion
of 6-OHDA to protect norepinephrine neurons. Following surgery, mice received 2 weeks of
intensive postoperative care consisting of twice daily, 1 ml injections (i.p.) of 5% dextrose
in 0.9% saline and highly palatable, high fat content food (Bacon softies, Bio-Serv) as supplementation to the normal mouse chow diet. Mice were analyzed for FFN102 imaging two
weeks after the unilateral lesion.

2.2.2

FFN102 imaging

Sagittal slices containing the GPe were prepared as previously described with minor modifications (Pereira et al. 2016). Briefly, 8 to 24 week-old mice were killed by cervical dislocation and decapitated. Both male and female wild-type mice were used. A Leica VT1200
vibratome (Leica Microsystems, Wetzlar, Germany) was used to cut three 250 µm thick
slices from each hemisphere. Slices were kept at room temperature in oxygenated (95% O2,
5% CO2) artificial cerebrospinal fluid (ACSF [in mM]: 125.2 NaCl, 2.5 KCl, 26 NaHCO3 ,
0.3 KH2 PO4 , 2.4 CaCl2 , 1.3 MgSO4 , 10 glucose, 0.8 HEPES, pH 7.3-7.4, 295-305 mOsm),
and used within 1 to 5h. Prior to imaging, each slice was incubated in an ACSF solution
containing 10 M FFN102 for 30 minutes. Slices were then transferred to a QE-1 imaging
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chamber (Warner Instruments) and held in place with a custom-made platinum wire and
nylon holder. Slices were perfused with ACSF at a rate of 2-3 ml/min.
All images were acquired using a Prairie Ultima Multiphoton Microscopy Systems (Bruker/Prairie
Technologies) equipped either with a Spectra-Physics MaiTai HP DeepSee titanium-sapphire
pulsed laser (Newport) and either a 10x 1.0 NA air objective or 60 0.9 NA water immersion
objective (Carl Zeiss Microscopy). For electrical stimulation, a twisted bipolar platinum
stimulating electrode (Plastics One) was placed directly on top of the region to be imaged
and pulses generated by an Iso-Flex stimulus isolator triggered through a Master-8 (each
pulse 600 s 200 A). FFN102 was excited at 760 nm and detected at 440490 nm. For all
imaging sessions, the stimulating electrode was placed using the 10x objective and then a
region, approximately 50-100 µm from electrode tip, was examined under 60x at 10x digital
zoom for areas of bright, punctate fluorescence. Regions were only stimulated if they were
30 µm beneath the surface of the slice and showed punctated regions of high fluorescence.
Images, 64x64 pixels at 10x digital zoom (approximately 50x50 µm), were recorded at 10
Hz (6 s dwell time) using a spiral scan for faster scanning. All imaging sessions contained a
baseline period (typically 10 sec) prior to electrical stimulation up to a period of time after
electrical stimulation had elapsed (10 s).

2.2.3

FFN102 measures of modulation

For Cd2+ manipulation, slices were stimulated five times (10 pulses per stimulus, 10 Hz, 10 s
between stimuli) in oxygenated ACSF. After the last stimulus, the slices were perfused for 10
minutes with 200 M CdCl2 . The stimulation protocol was repeated to obtain a within-slice
comparison of the effects. For Ca2+ manipulation, slices were imaged while being stimulated
ten times (10 pulses per stimulation, 10 Hz, 10 s in between stimulations). The concentration of Ca2+ was varied by switching the perfusate from 2 to 0.5 to 3 mM CaCl2 , with ten
minutes between recording sessions to allow the calcium to wash into the slice. For phar31

macological modulation experiments, a lower stimulus protocol was employed to eliminate
possible plasticity. Slices were imaged for a ten second baseline period, then during a single
one sec stimulation (50 pulses at 50 Hz), followed by another ten s of baseline. The slices
were then perfused for ten minutes with either the D2R agonist quinpirole hydrochloride (10
M, Abcam), the kappa-opioid receptor antagonist nor-Binaltorphimine (500 nM, Abcam),
or mecamylamine hydrochloride (1 M, Abcam), a non-competitive antagonist of nicotinic
acetylcholine receptors. Slices were then imaged and stimulated as above the presence of
the pharmacological agent in the perfusate.
To analyze correlation and colocalization of FFN fluorescence with DAT TdTomato reporter
fluorescence, slices were prepared from DAT-IRES Cre x Ai9 mice. Images were captured
in a separate channel using an excitation wavelength of 910 nm and fluorescence collected
in an emission range of 660-690 nm.

2.2.4

Quantification of FFN102 fluorescence intensity

To analyze optical data, images were loaded into MATLAB and ∆F/F0 were extracted by
first calculating the mean intensity of every image frame, then calculating a smoothed approximation of the overall data using the smooth function with a window of 100 frames,
which is 10 s for data acquired at 10 Hz. This smoothed approximation served as the F in
calculating ∆F/F for every time point of a given intensity. For experiments in Figure 2.2.1,
multiple rounds of stimulations were imaged (typically five), and the ∆F/F0 s for all of the
stimulations was averaged. To calculate area under the curves (AUC), a mean ∆F/F0 was
calculated from 20 frames prior to the onset of stimulation, and the AUC was calculated as
the area between this mean value and the ∆F/F0 curve over the duration of the stimulation.
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2.2.5

Histology

For 6-OHDA experiments, mouse brain slices were first used in FFN102 experiments. Slices
were then removed from the ACSF perfusate and placed into ice-cold 4% PFA in 0.1M TBS
and stored overnight at 4C. Slices were washed for an hour, six times, in PBS. Slices were
then blocked for 2 hours with 10% fetal bovine serum, 0.5% bovine serum albumin in 0.5%
TBS-Triton X-100. Primary antibody against tyrosine hydroxylase (AB152, Millipore) was
applied at 1:750 dilution in block for 72 hours at 4C. Slices were washed again for an hour,
six times. Secondary anti-rabbit antibody was applied in block for 16 hours at 4C.
For the aphakia mouse SN and VTA histology, mice under deep anesthesia were transcardially perfused with ice-cold 4% PFA in 0.1M TBS. Brains were post-fixed overnight and
washed in TBS for fifteen minutes, four times. Sections of 30 µm thickness were obtained
using a Leica VT2000 vibratome. The sections were incubated in blocking solution for 1
hour at room temperature, then placed in blocking solution containing primary antibody to
TH at 1:750, incubated overnight at 4C. The sections were washed again and then incubated
with anti-rabbit secondary antibody in blocking solution for 1 hour at room temperature.
Images for both the 6-OHDA and aphakia experiments were acquired at 2.5x using a Hamamatsu camera attached to a Carl Zeiss epifluorescence microscope. MATLAB was used to
process these images for level adjustment.

2.3
2.3.1

Results
FFN102 release differs between the GPe and striatum

Optical methods for analyzing dopamine synaptic vesicle fusion typically focus on individual
en passant release sites on the axon, termed puncta (Pereira et al., 2016; Gubernator et al.,
2009). These methods require tracking fluorescence within micron-sized regions in a field of
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view. Puncta based methods routinely require z-stacks to track puncta, which decreases the
temporal resolution of such methods. An individual electrical pulse may produce changes
in fluorescence below the detection limit of the method used. Thus, experimenters typically
apply hundreds of pulses in order to generate a measureable signal.
Because dopamine innervation in the GPe is very sparse, we did not analyze fluorescence
from individual puncta. Rather, we averaged all pixels within each frame to provide a
whole-field fluorescence measurement. We used FFN102, a pH sensitive fluorescent false
neurotransmitter that is a substrate for the dopamine uptake transporter and the vesicular
monoamine transporter, and exhibits increase emission at extracellular neutral pH than the
acidic synaptic vesicle pH. When the slice was stimulated, the rapid alkalization of exocytosed FFN102 increased the whole-field fluorescence. This method of recording allows for
relatively rapid frame acquisition (10 Hz in all experiments here).
In contrast to the well-known endocytotic synaptic vesicle dye, FM 1-43, FFN102 enters
synaptic vesicles as a transporter substrate without electrical stimulation (Rodriguez et al.
2013). We used a 30 minute incubation period to load cells with the probe (Figure 2.1A).
To minimally disturb the synapse and allow for examining plasticity and modulation, we
chose a stimulation paradigm that employed a brief stimulus period with an applied stimulus
current of 200 A (Figure 2.1B, C). A bipolar electrode was placed flat on the slice, oriented
so that the two poles contacted the dorsal and ventral aspects of the GPe. Fields of view
imaged were approximately 50 to 100 m from one of the two electrode poles (Figure 2.1B).
Our typical stimulus frequency, 10 Hz, provided constant responses while decreasing the
likelihood of plasticity due to stimulation at higher frequencies for longer durations (Figure
2.1C).
To establish that the FFN release was localized to the GPe and was not due to diffusion from
the striatum, we compared electrically stimulated evoked changes in fluorescence within the
striatum to those evoked within the GPe. To clearly delineate the boundary between the
two areas, we used Drd2-BAC-GFP mice (Figure 2.1D). Many D2 medium spiny neuron
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terminals converge within the territory of the GPe, creating a dense field of GFP fluorescence that can be used to delineate the region (Figure 2.1D, middle panel). While dopamine
terminals, as visualized by FFN102, profusely innervate the striatum, there are few obvious
puncta within the GPe (Figure 2.1D, left panel). We imaged regions of interest of the striatum and GPe that were within 50-100 m from the electrode poles (Figure 2.1D, rightmost
panel, i-viii are in the striatum, ix-xv are in the GPe).
We observed several differences in the kinetics of FFN transients between the two regions.
First, when imaging and stimulating within the GPe, the fluorescence intensity increased
rapidly, suggesting that the fluorescent molecules responsible for the signal originated near
the field of view being imaged, and did not diffuse from the striatum (Figure 2.1E, ix-xv).
Second, the signal in striatum remained elevated for long periods even after the end of stimulation, whereas none of the stimulations in GPe led to such a pattern of release. While
there are high levels of DAT expression in the striatum, FFN102 is accumulated slowly,
and requires minutes for loading into dopaminergic neurons even at high concentrations
(Rodriguez et al. 2012). Thus, the intensity of FFN likely mostly reflects the contributions
of diffusion into and away from the field of view being imaged. Third, FFN release is much
reduced in GPe relative to the striatum, and many fields of view yielded undetected changes
in fluorescence (Figure 2.1E, xiv-xv).
To analyze whether FFN102 accumulated specifically into dopaminergic axons, we used a
DAT-IRES-Cre x Ai9 TdTomato reporter line. First, we examined the number of overlapping areas of fluorescence within the two channels. These regions were selected based upon
exhibiting an average fluorescence intensity within their boundary greater than 1 zscore
above the background. For image pairs (N=37), the colocalization was higher than pairs
of randomly matched tdTomato and FFN images (Figure 2.2A). As an independent second
approach , we mesaured the distance between a fluorescent region of interest (ROI) in the
FFN image and its closest partner in the corresponding tdTomato image. Approximately
90% of R0Is were within 2 µm of a corresponding area in their paired image (Figure 2.2B),
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which was significantly higher than randomly paired images (Figure 2.2B). An example of a
large area of fluorescence with no corresponding tdTomato signal is shown in Figure 2.2C,
together with an example that shows largely overlapping areas of fluorescence (Figure 2.2C).
Electrical stimulation is known to produce fluorescence changes through NADH metabolism
in some in vitro preparations(Kasischke, 2004), but we measured no fluorescence change in
the absence of FFN (Figure 2.3A), and there was no decrease in image intensity unless FFN
was present, (Figure 2.3A). The area of the stimulus-induced transients was significantly
higher for the FFN than without FFN conditions (Figure 2.3B,C). Thus, FFN was responsible for the transients we observed. To test if DAT expression was necessary for these signals,
we co-incubated slices with FFN102 and the DAT inhibitor, nomifensine, for 30 minutes.
Nomifensine eliminated FFN transients, but not the gradual decrease in fluorescence (Figure
2.3D, E), suggesting that this decrease is attributable to bleaching or washing away of FFN
from the field of view and not escape from DAT-positive cells or their terminals. The FFN
transients were reduced significantly in slices co-incubated with nomifensine (Figure 2.3F).

2.3.2

FFN102 transients reflect synaptic dopamine release

To assess whether the release of FFN102 within the GPe was of synaptic origin, we analyzed the effect of blockade of Ca2+ channels by Cd2+ on FFN transients (Figure 2.4A).
Consistent with release by synaptic vesicle fusion, Cd2+ significantly reduced the size of the
FFN102 transients (Figure 2.4B). We also obtained FFN transient sizes for three different
Ca2+ concentrations applied successively across three ten minute periods to the same slice
(Figure 2.4C), which confirm that the FFN transients are increased with higher Ca2+ levels
(Figure 2.4D) and provide e a robust measure of synaptic activity over thirty minutes.
To confirm whether FFN transients reflect release from dopaminergic neurons, we used a
6-OHDA lesion to unilaterally deplete mice of all dopamine projections passing through the
medial forebrain bundle. TH staining confirmed the 6-OHDA lesions (Figure 2.5A). We pre36

pared slices from both hemispheres and recorded FFN transients within each slice (Figure
2.5B). After using these slices for live imaging FFN transients, we post-fixed and preserved
them to confirm the presence of the lesion. The 6-OHDA lesion reduced FFN transients
(Figure 2.5C). We note that 6-OHDA depletion in one hemisphere may lead to a reduction
of the GPe FFN transient on the contralateral side due to possible contralateral projection
of dopamine neurons that may extend to the GPe (Dou, 1987; Pritzel et al., 1983).
To assess the anatomical source of the dopamine transients, we turned to an aphakia mouse
line (Figure 2.5D), in which the mutation of the pitx3 gene prevents the development of
dopamine neurons in the substantia nigra pars compacta (SNc) (Nunes et al., 2003; van den
Munckhof, 2003). To obtain within-animal comparisons for aphakia mice, we randomly
interleaved unstimulated sham imaging epochs during which we collected images without
electrical stimulation (Figure 2.5E). We found that wild type mice had significantly larger
FFN transients than aphakia mice. In contrast, aphakia mice a small, but significant, difference between stimulated and unstimulated experiments (Figure 2.5F). Thus, SNc dopamine
cells are necessary for generating FFN transients. Moreover, some sources of electrical
stimulation-dependent fluorescence may not depend on SNc dopamine cells. FFN102 release reveals differences in dopamine release between striatum and GPe The size of the FFN
transient in response to one pulse of electrical stimulus was 10 times larger in striatum than
in the GPe (Figure 2.6A, B). The paired pulse ratio for GPe was however greater than
for striatum (0.94 vs 0.47; Figure 2.6A, B), so that both pulses were similarly effective in
the GPe, while release from the second pulse was depressed in the striatum. The results
in striatum are consistent with other FFN studies (Pereira et al., 2016; Rodriguez et al.,
2013), and with other reports using cyclic voltammetry (Kennedy et al., 1992). In order
to examine whether striatal and GPe dopamine synapses respond to similar time course of
stimulation, we next examined the frequency dependence of the FFN transient. We did not
find any frequency dependence between 10 Hz and 50 Hz within the striatum (Figure 2.6C).
In contrast, within the GPe, we measured a large frequency dependence (Figure 2.6D).
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Thus, dopamine release in the GPe appears to be far more sensitive to frequency than in
the striatum.

2.3.3

FFN102 indicates differences in the modulation of dopamine
release between striatum and GPe

Dopamine release in the striatum is sensitive to a variety of modulatory mechanisms, including the activation of presynaptic kappa opioid receptors, dopamine D2 receptors, and
nicotinic acetylcholine receptors (Manzanares et al., 1991; Rice and Cragg, 2004; Schmitz
et al., 2003; Zhang and Sulzer, 2004). To better distinguish modulation from noise in these
signals, we used 50 pulses of a 50 Hz stimulus that would generate larger FFN transients.
A within-slice design was used to control for regional heterogeneity that might result from
imaging in different regions with dissimilar patterns of innervation. We applied a single
round of 1 s stimulus at 50 Hz followed by a ten minute pause for perfusion with either a
drug or control ACSF, and then repeated the initial stimulus. Measured FFN transients
suggested an inhibition of evoked release by NBNI, an antagonist of the kappa opioid receptor (Figure 2.7A). This deflection was not observed in ACSF (control), quinpirole (D2
receptor antagonist), or mecamylamine (nicotinic receptor antagonist) treated slices (Figure
2.7B).

2.4

Discussion

FFNs provide a means to observe release during synaptic vesicle fusion from individual
axonal sites, and have been used to image the activity of dopamine axons in the striatum
(Gubernator et al., 2009; Pereira et al., 2016; ?). Our results using the pH sensitive FFN102
indicate that electrical stimulation is sufficient to resolve changes in fluorescence within the
GPe, an area of sparse innervation. The resolution of cyclic voltammetry is typically cited
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as 20-30 nM (Wiedemann et al., 1991; Garris and Wightman, 1994a). In studies of areas
with low dopamine innervation, experimenters may rely on averaging of responses or high
numbers of pulses to generate a detectable signal (Jones et al., 1995). Alternately, microdialysis measurements of low dopamine levels have been made by simultaneously blocking
reuptake to remove a source of dopamine clearance (Fuchs and Hauber, 2004). Endocytotic
synaptic vesicle probes and FFN200 measure changes in fluorescence at individual synapses
but require long stimuli to produce a measureable change in fluorescence. In contrast, our
approach using FFN102 accumulates the signal from multiple active release sites, and in
this sense, FFN102 provides an optical analog to voltammetric methods.
As an optical method, FFN is an advance over microdialysis approaches that lack spatial resolution. FFN, like catecholamines, would be liberated from dopamine terminals in
the striatum and then diffuse into the GPe. As there is virtually no dopamine uptake
transporter activity in sparsely innervated regions, including the GPe (Miller et al., 1997),
catecholamines are expected to undergo significant diffusion (Rice and Cragg, 2008). Using
FFN, we observed transients in the GPe that occur rapidly, within one frame of electrical
stimulation (100 ms) and return to baseline rapidly upon the cessation of stimulation (approximately 1 s; Figure 2.1 and Figure 2.6). Thus, FFN transients are unlikely to reflect
striatal diffusion of FFN.
Our results provide a means to examine the presynaptic properties in areas of low dopamine
innervation. In the GPe, we find greater colocalization than expected from chance, but
less than observed in the striatum (Figure 2.2) (Rodriguez et al. 2012). While fluorescence may be localized to non-dopaminergic structures, we show that the FFN transient
signals are specific to DAT-containing structures, as the occlusion of DAT function eliminates FFN transients (Figure 2.3). These DAT-containing structures are likely neurons
with depolarization-dependent exocytosis, as calcium is necessary for FFN transients as
well (Figure 2.4). Moreover, using dopamine depletion approaches, we show that these
DAT containing structures are likely dopaminergic fibers that emanate from the SNc (Fig-
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ure 2.5). While tracing studies show that SNc neurons can pass through the GPe (Matsuda
et al. 2009), these neurons may not release dopamine into the GPe and there could be a
different source for the GPe dopamine release. For example, recent work highlights the importance of dopaminergic dorsal raphe cell inputs to the amygdala (Matthews et al. 2016)
and locus coeruleus inputs to the hippocampus (Kempadoo et al., 2016). However, here we
show that dopamine release is practically absent in Pitx3 (aphakia) knock out mice that
have a selective loss of substantia nigra dopmaine neurons. We therefore conclude that the
source of dopmaine release comes from dopamine neurons in the substantia nigra.
Within the striatum, a single pulse electrical stimulus leads to an FFN transient with an
amplitude of 1.62% ± 0.25; and in the GPe, 0.12% ± 0.03 (Figure 2.6A). A single pulse of
electrical stimulation in the striatum liberates approximately 500-600 nM dopamine. We
estimate that a single pulse in the GPe may release 40 nM dopamine, which is just within
the detection range for cyclic voltammetry, although we only sampled in areas where FFN
signal was visible (and not in dark areas which are most likely white matter tracts). Being
far from release sites, as would be the case in a blind method such as CV, may lead to even
lower measurements on average. The strong frequency dependence of FFN102 transients
in the GPe suggest that during 50 Hz stimuli, five pulses may release dopamine into the
GPe on the order of 100 nM (Figure 2.6D). Thus, dopamine release in the GPe might reach
local levels similar to the striatum during periods of high activity. The highly significant
difference between GPe stimulation at 10 Hz and 50 Hz provides a dramatic example of
how the striatum and GPe differ, at least in slice preparations. Future work could examine
how this frequency dependence is altered in various genetic models or by pharmacological
manipulations.
There are many studies on the local modulation of dopamine release in the striatum (Pereira
et al., 2016; Rice et al., 2011), but to our knowledge there has been no analysis of release
from dopamine terminals in the GPe. Using FFN, we found very different modulation of
dopamine transmission between the two regions. Within the striatum, the D2 receptor
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potently regulates release probability from dopamine terminals, the synthesis of dopamine,
and its uptake (Ford 2014). Additionally, D2 heteroreceptors located on striatal neurons
further contribute to the regulation of dopamine release (Anzalone et al., 2012; Kharkwal
et al., 2016). This situation appears to be very different in the GPe, as we find no effect
of quinpirole, a D2 agonist, on release from dopamine axons in the GPe (Figure 2.7). This
is in line with our observation that two subsequent pulses in GPe release roughly equal
amounts of FFN (Figure 2.6). Thus, autoinhibition in the GPe seems to be absent. There
are multiple potential explanations for the lack of D2R modulation. The differences could
be related to the D2L isoform that is enriched in the GPe, in contrast to D2S form the
striatum, cortex, and substantia nigra (Khan et al., 1998), although both forms can confer
autoreceptor function (Gantz et al., 2015). There may be a lack of presynaptic receptors
on dopamine release sites in or an absence of required downstream second messengers on
GPe dopamine axons. Additionally, we find a small but significant difference in the FFN
transient size when NBNI, an antagonist of the kappa-opioid receptor, is present (Figure
2.7). The agonist of this receptor, dynorphin, is released from D1R-expressing medium
spiny neurons which collateralize within the GPe. Agonists of the kappa-opioid receptor are
known to elevate dopamine release within the striatum, an effect blocked by NBNI (Devine
et al., 1993). Our findings suggest a possible role for kappa-opioids in maintaining release
levels within the GPe. The use of FFN102 as an optical analog to CV could have a variety
of applications within the GPe and for other areas of sparse innervation. FFN102 transients
could be used to locate dopamine release near specific cell types, such as the arkypallidal
cells which project back into the striatum and the protopallidal cells which project downstream to the SNr and GPi (Gittis et al., 2014; Mastro et al., 2014; Hernandez et al., 2015).
Dopamine is known to relax the inhibition onto GPe cells (Cooper and Stanford, 2001),
and thus could be modulating the balance between the arky- and protopallidal pathways.
Additionally, FFN102 imaging could be paired with gCaMP imaging of cell activity to measure GPe neuron responses in areas of high dopamine release. The behavioral output of
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the basal ganglia can be shaped by the actions of specific cell types in the GPe, yet their
relationship to dopamine is not known (Gittis et al., 2014; Mastro et al., 2017). Finally, the
use of FFN102 as an optical analog to CV could be expanded to examine modulation of
dopamine release within other areas of sparse innervation throughout the nervous system.
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2.5

Figures

Figure 2.1: Electrical stimulation of GPe-containing brain slices evokes FFN102 release
(A) Illustration showing incubation periods and GPe slice selection. (B) Schematic of
the imaging and electrical stimulation approach. (C) Illustration of the electrical stimulus
paradigm for experiments in this figure. Images were acquired during the entire paradigm,
which consists of two baseline periods and five stimuli, 10 s apart. (D) In BAC-D2 GFP
mice, the striatum and GPe are distinguishable, as the GPe receives a thick plexus of D2positive terminals, while the striatum is rich in FFN fluorescent processes. (E) Traces of FFN
fluorescence corresponding to regions shown in panel D) show a prolonged and sustained
increase in fluorescence in the striatum (inset Roman numerals for traces i-viii) and a more
transient, spiking pattern of increase in the GPe (inset Roman numerals for traces ix-xv).
Orange bars reflect the period of each stimulus (1 second).
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Figure 2.2: FFN102 is necessary for recording electrically-evoked fluorescence transients
(A) Raw traces of electrically evoked fluorescence from slices that were either incubated
with FFN or ACSF alone. (B) Processed traces from (A) to remove slow background
fluctuations and highlight average FFN transient size and shape. Traces reflect the average
%∆F/F, shading reflects ± S.E.M. of slices analyzed in each condition. (C) Box-and-whisker
plot showing the area under the curve for the %∆F/F evoked in the FFN incubated and
unincubated conditions. The edges of the boxes are 1 SEM from the mean, and the whiskers
indicate 2 SEM. Each dot represents the average of recordings from one slice. Unincubated
slices were significantly different (n = 5 slices from 3 mice for ACSF+FFN and n = 4 slices
from 2 mice for ACSF alone; two-tailed paired t-test, p<0.01). For unincubated slices,
CI95 = [-0.0164,-0.0028] and for incubated slices, CI95 = [0.0108,0.0366]. (D) Raw traces of
electrically evoked fluorescence from slices that were either incubated with FFN or FFN and
10 µM nomifensine. (E) Processed traces from from slices that were either incubated with
FFN or FFN and 10 µM nomifensine. (F) Box-and-whisker plot showing the area under the
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curve for the F/F evoked in the FFN and FFN with 10 µM nomifensine. Unincubated slices
were significantly different (n = 6 slices from 3 mice for FFN alone and n = 3 slices from 3
mice for FFN+nomifensine; two-tailed paired t-test, p<0.01). For FFN incubated slices CI95
= [0.0174,0.0421] and for FFN slices incubated with nomifensine, CI95 = [-0.0057,0.0064].
(G) Average puncta fluorescence in an image compared with the number of puncta in that
image. Each point is a field of view imaged. Images taken from slices incubated in FFN
had fewer puncta (No FFN CI95 = [0.380, 0.473] puncta/10µm2 versus FFN CI95 = [0.260,
0.334] puncta/10µm2 ), although they were brighter (No FFN CI95 = [0.556, 0.756] A.U.
versus FFN CI95 = [0.991, 1.327] A.U.). (H) Average puncta fluorescence in an image
compared with the number of puncta in that image. Each point is a field of view imaged.
Images taken from slices incubated in FFN+Nomi did not differ from images incubated in
FFN alone when considering density (Nomi CI95 = [0.313,0.387] puncta/10 µm2 versus FFN
CI95 = [0.323,0.402] puncta/10µm2 or intensity of puncta (Nomifensine CI95 = [0.845,1.206]
versus FFN CI95 = [0.989,1.440]).
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Figure 2.3: Colocalization between FFN and a marker for DAT cells
(A) Fraction of areas of FFN overlapped with tdTomato (blue) expressing selectively
in DAT-positive cells and similarly, tdTomato overlapped with FFN (red). Each point is
a field of view imaged. The fraction of FFN areas overlapped with a tdTomato area were
similar (FFN overlapping tdTomato CI95 = [0.344, 0.465] and tdTomato overlapping FFN
CI95 = [0.299, 0.375]). When FFN images were randomly paired with tdTomato images
to compare overlap, the fraction of areas was significantly less (FFN to tdTomato CI95 =
[0.201, 0.256] and tdTomato to FFN CI95 = [0.198, 0.243]). (B) Cumulative density plot
showing the distance between an area in an FFN image and its nearest neighbor in the
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corresponding tdTomato image (blue) and the same for tdTomato and its corresponding
FFN image (red). Both functions differ from the distribution obtained from scrambling
pairs of images (p<0.001, Kolmogorov-Smirnov test). (C) Two representative fields of view
with tdTomato, FFN and overlap shown. An example of a large area of fluorescence with
no corresponding tdTomato signal (middle top). Another example shows largely (but not
completely) overlapping areas of fluorescence. For the top panels, the overlap statistics were
calculated as tdTomato:FFN=0.24 and FFN:tdTomato=0.14; with 50% of all areas within
1.54 µm for tdTomato:FFN and FFN:tdTomato. In the bottom panel, the overlap fractions
were tdTomato:FFN=0.30 and FFN:tdTomato=0.32; with 50% of FFN areas within 3 µm
of a tdTomato area, while 50% of tdTomato areas were within 1.46 µm of an FFN area.
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Figure 2.4: Calcium dependence of evoked peaks
(A) Processed traces of electrically evoked fluorescence from slices that were first incubated with ACSF, red trace, then perfused for ten minutes with ACSF containing 200 M
Cd2+ , yellow trace (shading represents SEM). (B) Within-slice paired comparisons for the
area under the curve of the FFN transient during the ten pulse stimulation train (1 second),
before and after Cd2+ . Each dot represents one slice (N=4 slices from 2 animals; p¡0.01;
paired t-test; CI95 for the difference between pairs = [0.37, 5.97]). (C) Processed traces from
slices first stimulated in ACSF (2 mM Ca2+ ), then stimulated in low calcium ACSF (0.5
mM Ca2+ ), then lastly in high calcium ACSF (3 mM Ca2+ ). (D) Matched comparisons of
traces from slices in the three Ca2+), conditions (one-way ANOVA F(2,6) = 6.64; P<0.05;
CI95 of difference from normal to low calcium = [0.42, 7.78] and CI95 of difference from low
to high Ca2+ ) = [4.16, 5.9].
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Figure 2.5: FFN102 transients from dopamine depleted mice
(A) Representative images of slices used in the 6-OHDA experiments, post-fixed after
imaging and immunolabeled for tyrosine hydroxylase. (B) Traces of electrically evoked
fluorescence from slices of either an un-injected control side, blue, or lesioned side, yellow (n
= 5 slices from 5 mice for each condition; shading represents SEM). (C) The AUC %∆F/F
show a significant reduction between the lesioned and unlesioned hemispheres (two-tailed
paired t-test p<0.0006; CI95 of difference between control side and lesion side = [2.10, 2.82]).
(D) Representative immunolabeling against tyrosine hydroxylase in wild-type and aphakia
mice shows the reduction of signal in the SNc, but not VTA. (E) Traces of electrically
evoked fluorescence from wild-type mice, aphakia mice, and unstimulated aphakia mice
(shading represents SEM). (F) In wild-type mice of the same background as aphakia mice
and using the same analysis methods, a significant difference is observed without stimulus
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(n = 5 slices from 5 mice for WT experiments; p<0.001; CI95 of difference = [3.05, 6.03]);
there was a small but significant difference between stimulated and unstimulated slices from
aphakia mice (n = 3 slices from 3 mice for aphakia experiments; p<0.05; CI95 of difference
= [1.00,1.91]).
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Figure 2.6: FFN transients in striatum and GPe
(A) Results from electrical stimulation and imaging of the striatum were combined (N=67
transients from 21 slices) to produce an average FFN transient (shaded areas reflect SEM).
The FFN transient size after a single pulse is 1.62% (CI95 =[1.37, 1.87]). Each stem represents
the fluorescence attained after a pulse. The first derivative of each striatal transient plotted
for every pulse in a train of ten pulses. Box and whiskers represent mean responses to an
electrical pulse 1 and 2 SEM. The ratio of the response to the second pulse relative to the first
pulse is 0.47 (CI95 =[0.31,0.72]). (B) Results from electrical stimulation and imaging of the
GPe were combined (N=975 transients from 243 slices) to produce an average FFN transient
(shaded areas reflect SEM). The FFN transient size after a single pulse is 0.12% (CI95 =[0.08,
0.15]). The first derivative of each GPe transient plotted for every pulse in a train. The ratio
of the response to the second pulse relative to the first pulse is 0.9391 (CI95 =[0.8030,1.0983]).
(C) FFN transients evoked in the striatum by five pulses of electrical stimuli (red line) at
10 Hz, purple traces, or 50 Hz, brown traces (n=9 slices for 10 Hz stimulation, n=12 slices
for 50 Hz stimulation; shading represents SEM). (B) FFN transients evoked in the GPe by
five pulses of electrical stimulation (n=52 slices for 10 Hz stimulation, n=68 slices for 50 Hz
stimulation). (C) The area under each curve was quantified during the stimulation period.
For striatum the average AUC was similar between the two frequencies (CI95 =[12.6, 19.1]
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at 10 Hz; CI95 =[14.7, 26.5] at 50 Hz). (D) For the GPe, the average AUC was greater at
high frequency (CI95 =[3.46, 5.99] at 10 Hz versus CI95 =[9.28, 11.5] at 50 Hz). The edges of
the boxes are 1 SEM from the mean, and the whiskers indicate ± 2 SEM.
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Figure 2.7: Pharmacological modulation of FFN transients in the GPe
(A) Averaged FFN transients in response to 50 pulses at 50Hz before, colored traces,
overlaid with averaged FFN transients after exposure to either NBNI (1 M) quinpirole (1
M), mecamylamine (10 M)or no drug in the perfusate, gray traces. The difference between
the first and second stimulation epoch were compared for the four trials. No significant
differences were found for the control condition (N=7 slices from 3 mice; paired t-test
α=0.05; CI95 = [-2.99, 3.74]), for quinpirole (N=15 slices from 5 mice; paired t-test α=0.05
CI95 = [-1.34, 4.72]), or mecamylamine (N=7 slices from 3 mice; paired t-test α=0.05; CI95 =
[-3.01, 4.07]). NBNI treatment led to a significant decrease (N=9 slices from 4 mice; paired
t-test p<0.05; CI95 = [-6.1, -0.72]). (B) The size of the differences in the FFN transient for
each slice imaged, before and after wash with each pharmacological agent.
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Chapter 3
Conclusions
This thesis has attempted to distill the history of methodologies useful for ascertaining the
role of dopamine in the brain (chapter 1). The discussion covered the earliest methods
of direct fixation of dopamine or capture with microdialysis, to more modern methods in
which proxies for dopamine release are used alongside other optical methods. A general
description of the state of knowledge about dopamine release in the brain and how it is
modulated by cholinergic, dopaminergic, and opioid signalling followed. Original work was
presented in which dopamine release is assayed in the external globus pallidus, an area where
it had never been measured until now (chapter 2). The work described in this thesis makes
several contributions to the understanding of both the technologies for imaging in areas of
low release as well as an understanding of how dopamine release may be regulated in such
sparsely innervated areas.

3.1

Conclusions about dopamine release in the external globus pallidus

The work presented in chapter 2 highlighted a technological capacity that enables the measurement of dopamine with high temporal and spatial precision. Several experiments were
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performed to validate the ability of FFN to monitor synaptic release from dopaminergic
vesicles:

• Electrical stimulation of a brain slice incubated with FFN led to a rapid and pronounced change in fluorescence intensity within a field of view, indicating that the
release is dependent on depolarization
• Incubation in 0 FFN did not produce the same change in fluorescence, indicating that
NADH autofluorescence was not the source of the change
• Varying calcium concentrations during electrical stimulation bidirectionally altered
the size of the fluorescence transients, indicating that the release is synaptic
• The blockade of calcium channels using cadmium abolished the response to electrical
stimulation, giving further evidence that the release is synaptic
• 6-OHDA depletion of dopaminergic fibers from the medial forebrain bundle led to a
diminished FFN102 transient, suggesting that dopaminergic fibers transport dopamine
to the GPe
• Mice lacking substantia nigra dopamine neurons due to a mutation in the Pitx3 gene
had no FFN102 transients, further demonstrating the necessity of dopaminergic fibers
into the GPe

3.2

Implications for technologies for measuring dopamine
release

As discussed in chapter 1, conventional methods of measuring dopamine release either rely
on fixed tissue preparations (Falck-Hilarp method, glyoxylic acid preparations), have low
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temporal resolution (microdialysis with HPLC, fluorimetry, or radiography), or they rely on
the measurements of electrical currents (cyclic voltammetry). Methods using fixed tissue
preparations have conclusively demonstrated the presence of dopaminergic axons within the
GPe. However, for reasons unknown, the only attempt currently in the literature in which
dopamine release in the GPe is using microdialysis (Hauber and Fuchs, 2000; Fuchs and
Hauber, 2004) and the amount released fell below the detection limit for microdialysis. It
may be true that cyclic voltammetry, without substantial effort and signal processing, is
inadequate for recording dopamine-generated voltammograms within the GPe. With the
FFN102 method, the actual levels of dopamine released are not measured. Instead, the
amount of dopamine vesicle release is captured as an FFN102 transient. Using dopamine
vesicle exocytosis as a proxy for dopamine release has been done with other methods of
imaging synaptic vesicle release, namely using synaptopHluorins. There are situations in
which the correlation between dopamine vesicles and dopamine release is not 1: for example,
if dopamine vesicles are loaded with other neurotransmitters which compete for space in
the synaptic vesicles. Additionally, vesicles may lack the transporters for dopamine and the
FFN102 read-out may reflect the contributions of vesicles not actually loaded with dopamine.
In any case, differences between the magnitudes of the FFN102 transients, as large as those
observed between the striatum and GPe, are unlikely to be explained entirely by vesicular
loading. Moreover, the substantially greater innervation observed in the striatum matches
up with the observations of FFN102 transients in the two areas. Nevertheless, it would be
useful for the validity of the technique if FFN102 transient sizes could be calibrated with
the use of cyclic voltammetry, if not in the GPe than in other brain areas where cyclic
voltammetry is a reliable technique for measurement.
Additionally, several of the results generated from this project could enhance the ability
to measure dopamine release in the GPe using cyclic voltammetry. For one, the sparsity of
GPe release sites could require that cyclic voltammetry recording electrodes be specifically
targeted to areas where FFN102 is present in axonal thickenings, which likely represent
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release sites. These sites were few, though not quantified here, they represented a very
small minority of the fields of view within the GPe, which was already sparsely innervated.
The ability to see where FFN102 is present could enhance the ability of cyclic voltammetric
measurements to detect dopamine release within the area. Moreover, we also observed
that dopamine vesicle release in the GPe is quickly regenerated. Previous work within the
striatum typically required stimulations to be spaced out by at least one minute, limiting
the total recording time. The GPe may be able to quickly refill vesicles with dopamine,
allowing for multiple stimulations to occur within a single experiment. Lastly, locating areas
of dopamine release may require high frequency stimulation, as this work has observed a
dramatic increase in the size of the FFN102 transient when a 50Hz stimulation was used
instead of the 10Hz stimulation.
FFN102 (and fluorescent false neurotransmitters) has a few advantages over cyclic voltammetry. First, the molecules can be generated to be highly specific for the neurotransmitter
of interest, being taken up only by the transporters of the native neurotransmitter. Second,
FFNs such as FFN200 resolve the activity at individual terminals, and thereby provide information about release occuring at individual sites (as opposed to cyclic voltammetry, which
reflects the average contribution of all dopaminergic terminals). Third, because FFNs are
slowly taken back up by membrane transport proteins, they permit the study of release and
its modulatory mechanisms in the absence of any interference by transporters or changes in
transporter kinetics. Lastly, FFNs can be easily integrated into an all-optical workbench,
where the release of FFNs could be monitored alongside spiking of specific cell types, via
transgenic animals expressing a Cre-dependent gCamp, for example. This is provided that
the interferences between the excitation and emission spectra of the various optical probes
are resolved by the experimenter.
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3.3

Interpretation of the dopamine release differences
between striatum and GPe

A critical difference between striatum and GPe has to do with the regeneration of FFN102
transients. Electrical stimulation within the body of the striatum likely activates dopamine
release as well as the release of other neuromodulators in the area. This large amount of
dopamine release activates dopamine D2 receptors. Subsequent stimulations will fail to
evoke the same level of dopamine release unless they are spaced out by at least 60 s. This
is an observation that has been made in cyclic voltammetry experiments. This long lag
time to regenerate dopamine release has been interpreted as the timecourse of D2 receptor
inhibition. Surprisingly, in the GPe, subsequent trains of stimulation can be spaced apart
by as little as 5 seconds to evoke similarly sized FFN102 transients. In another experiment,
quinpirole had no effect on the size of FFN102 transients evoked in the GPe. This data
suggests that D2 receptor autoinhibition may be absent from the dopamine release profile of
the GPe, a striking contrast to what is observed in the striatum. It is somewhat surprising
then that FFN102 transients in the GPe plateau at all when they can be regenerated shortly
afterwards. This plateau effect could be due to a smaller readily releasable pool of vesicles
in the GPe dopamine terminals. Alternately, it may be that levels of dopamine released in
the GPe do not activate the autoreceptor mechanisms to a sufficient degree, however this
interpretation would require rejecting the independent quinpirole experiments which do not
show an effect on the size of FFN102 transients. Indeed, it will be important to perform an
additional control experiment confirming that quinpirole does have an effect on FFN102 in
the striatum.
The frequency dependence of release in the nucleus accumbens closely parallels what is
observed in the GPe. Within the nucleus accumbens, five pulses at 20 Hz increases the
overflow. Similarly, in the GPe, giving 50 pulses at 50 Hz dramatically increases the size of
the FFN102 signal. The nucleus accumbens and the GPe are similar in that they both have

58

a small amount of DAT within their axonal thickenings, however the kinetics of DAT within
the GPe has yet to be determined. In terms of cholinergic modulation, GPe and nucleus
accumbens also respond similarly: blocking cholinergic receptors with mecamylamine causes
a reduction in the size of dopamine overflow (in accumbens; (Zhang and Sulzer, 2004)) and
FFN102 transients (in GPe). This is in contrast to the striatum, where acetylcholine may
have frequency filtering properties. It is interesting to consider that the nucleus accumbens
and the GPe have similar dopamine release properties, yet the origin of the dopamine is
dissimilar. As shown in chapter 3 with the use of the aphakia mutant mouse, dopamine fibers
from the substantia nigra innervate the GPe. However, the nucleus accumbens innervation
comes largely from the VTA. Where GPe and nucleus accumbens may diverge, however, is
in their expression of D2 receptor. D2 receptor inhibition of dopamine release is present
within the nucleus accumbens to a similar extent as in the striatum, although the exact
kinetics have yet to be completely worked out.
If GPe and nucleus accumbens dopamine axons have similar responses to high frequency
stimulation while having different cell types provide the innervation, this could suggest that
the profile of dopamine release within an area is more sensitive to the level of innervation
than to the type of cell providing it. This is a hypothesis that could be tested by probing
the release of FFN102 in another area of low innervation, such as the PFC, which is also innervated by SNc. There are reasons why the level of innervation could dictate the dopamine
release profile of a brain region. Presynaptic D2 dopamine receptor activation can reduce
cAMP and have consequences for gene expression. This may be the case in the striatum,
but to a less extent in the nucleus accumbens and GPe where there is less dopamine to activate these receptors (or there are no such receptors). More exotic mechanisms could also be
imagined, such as a role of retrograde signalling from cells expressing dopamine receptors
within the nuclei.
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3.4

Future Directions

The results highlighted here indicate that FFNs could supplant, but not replace, cyclic
voltammetry as a method for measuring dopamine release. Cyclic voltammetry has the advantage of being calibrated to known dopamine concentrations and being easily integrated
into a freely-moving electrophysiology preparation. In areas of mixed catecholamine innervation, FFNs could resolve the relative contributions of different neurotransmitters to aid
in the interpretation of cyclic voltammograms. Lastly, neither FFNs nor cyclic voltammetry rely on genetic control over the model organism. Hence, they could be used to probe
dopamine terminal activity in non-traditional model animals that may help bridge our understanding of the basal ganglia and its conserved functions.
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Å Bertler and E Rosengren. Occurrence and distribution of dopamine in brain and other
tissues. Cellular and Molecular Life Sciences, 15(1):10–11, 1959.
Jonathan A Stamford, Zygmunt L Kruk, and Julian Millar. Regional differences in extracellular ascorbic acid levels in the rat brain determined by high speed cyclic voltammetry.
Brain research, 299(2):289–295, 1984.
Jacques Glowinski and Leslie L Iversen. Regional studies of catecholamines in the rat brain-i.
Journal of neurochemistry, 13(8):655–669, 1966.
Lars-Ove Farnebo and Bertil Hamberger.

Drug-induced changes in the release of 3h-

64

monoamines from field stimulated rat brain slices. Acta Physiologica, 84(s371):35–44,
1971.
Jacques Glowinski and Julius Axelrod. Inhibition of uptake of tritiated-noradrenaline in the
intact rat brain by imipramine and structurally related compounds. Nature, 204(4965):
1318–1319, 1964.
P M Plotsky, R M Wightman, W Chey, and R N Adams. Liquid chromatographic analysis
of endogenous catecholamine release from brain slices. Science, 197(4306):904–6, 1977.
A Mayer, N Limberger, and K Starke. Transmitter release patterns of noradrenergic,
dopaminergic and cholinergic axons in rabbit brain slices during short pulse trains, and the
operation of presynaptic autoreceptors. Naunyn-Schmiedeberg’s archives of pharmacology,
338(6):632–643, 1988.
Linda J Bell, LL Iversen, and NJ Uretsky. Time course of the effects of 6-hydroxydopamine
on catecholamine-containing neurones in rat hypothalamus and striatum. British journal
of pharmacology, 40(4):790–799, 1970.
Jeff W Lichtman, Robert S Wilkinson, and Mark M Rich. Multiple innervation of tonic
endplates revealed by activity-dependent uptake of fluorescent probes. Nature, 314(6009):
357–359, 1985.
William J Betz, Fei Mao, and Guy S Bewick. Activity-dependent fluorescent staining and
destaining of living vertebrate motor nerve terminals. Journal of Neuroscience, 12(2):
363–375, 1992.
Timothy A Ryan. Presynaptic imaging techniques. Current opinion in neurobiology, 11(5):
544–549, 2001.
Gero Miesenbock, Dino A De Angelis, and James E Rothman. Visualizing secretion and

65

synaptic transmission with ph-sensitive green fluorescent proteins. Nature, 394(6689):192,
1998.
Bibiana Onoa, Haiyan Li, Johann A Gagnon-Bartsch, Laura AB Elias, and Robert H Edwards. Vesicular monoamine and glutamate transporters select distinct synaptic vesicle
recycling pathways. Journal of Neuroscience, 30(23):7917–7927, 2010.
Pamela C Rodriguez, Daniela B Pereira, Anders Borgkvist, Minerva Y Wong, Candace
Barnard, Mark S Sonders, Hui Zhang, Dalibor Sames, and David Sulzer. Fluorescent
dopamine tracer resolves individual dopaminergic synapses and their activity in the brain.
Proceedings of the National Academy of Sciences, 110(3):870–875, 2013.
Margaret E Rice and Charles Nicholson. Measurement of nanomolar dopamine diffusion using low-noise perfluorinated ionomer-coated carbon fiber microelectrodes and high-speed
cyclic voltammetry. Analytical chemistry, 61(17):1805–1810, 1989.
Sara R. Jones, George E. Mickelson, Leonard B. Collins, Kirk T. Kawagoe, and R. Mark
Wightman. Interference by pH and Ca2+ ions during measurements of catecholamine release in slices of rat amygdala with fast-scan cyclic voltammetry. Journal of Neuroscience
Methods, 52(1):1–10, 1994.
M Ian Phillips and James Olds. Unit activity: motivation-dependent responses from midbrain neurons. Science, 165(3899):1269–1271, 1969.
Wolfram Schultz. Predictive reward signal of dopamine neurons. Journal of neurophysiology,
80(1):1–27, 1998.
P A Garris and R M Wightman. In vivo voltammetric measurement of evoked extracellular
dopamine in the rat basolateral amygdaloid nucleus. The Journal of physiology, 478 ( Pt
2:239–49, Jul 1994a.

66

Nathan F Parker, Courtney M Cameron, Joshua P Taliaferro, Junuk Lee, Jung Yoon Choi,
Thomas J Davidson, Nathaniel D Daw, and Ilana B Witten. Reward and choice encoding in terminals of midbrain dopamine neurons depends on striatal target. Nature
neuroscience, 19(6):845, 2016.
M. W. Howe and D. A. Dombeck. Rapid signalling in distinct dopaminergic axons during
locomotion and reward. Nature, 535(7613):505–510, 2016.
Yunmin Ding, Lisa Won, Jonathan P Britt, Sean Austin O Lim, Daniel S Mcgehee, and
Un Jung Kang. Enhanced striatal cholinergic neuronal activity mediates. pages 1–6, 2010.
Roger Cachope, Yolanda Mateo, Brian N Mathur, James Irving, Hui-Ling Wang, Marisela
Morales, David M Lovinger, and Joseph F Cheer. Selective activation of cholinergic
interneurons enhances accumbal phasic dopamine release: setting the tone for reward
processing. Cell reports, 2(1):33–41, 2012.
Li Wang, Shujiang Shang, Xinjiang Kang, Sasa Teng, Feipeng Zhu, Bin Liu, Qihui Wu,
Mingli Li, Wei Liu, Huadong Xu, Li Zhou, Ruiying Jiao, Haiqiang Dou, Panli Zuo, Xiaoyu
Zhang, Lianghong Zheng, Shirong Wang, Changhe Wang, and Zhuan Zhou. Modulation
of dopamine release in the striatum by physiologically relevant levels of nicotine. Nature
Communications, 5(3925):1–9, 2014.
Olle Lindvall and Anders Björklund. Dopaminergic innervation of the globus pallidus by
collaterals from the nigrostriatal pathway. Brain research, 172(1):169–173, 1979. ISSN
0006-8993.
KA Keefe, MJ Zigmond, and ED Abercrombie. In vivo regulation of extracellular dopamine
in the neostriatum: influence of impulse activity and local excitatory amino acids. Journal
of neural transmission, 91(2):223–240, 1993.
Wolfgang Hauber and Holger Fuchs. Dopamine release in the rat globus pallidus characterised by in vivo microdialysis. Behavioural brain research, 111(1):39–44, 2000.
67

Andrew G Ewing, James C Bigelow, and R Mark Wightman. Direct in vivo monitoring of
dopamine released from two striatal compartments in the rat. Science, 221(4606):169–171,
1983.
W G Kuhr, A G Ewing, W L Caudill, and R M Wightman. Monitoring the Stimulated
Release of Dopamine with Invivo Voltammetry .1. Characterization of the Response Observed in the Caudate-Nucleus of the Rat. Journal of Neurochemistry, 43(2):560–569,
1984.
D J Wiedemann, K T Kawagoe, R T Kennedy, E L Ciolkowski, and R M Wightman. Strategies for low detection limit measurements with cyclic voltammetry. Analytical chemistry,
63(24):2965–70, 1991.
PA Garris and RM Wightman. Different kinetics govern dopaminergic transmission in the
amygdala, prefrontal cortex, and striatum: an in vivo voltammetric study. The Journal
of neuroscience, 14(1):442–450, 1994b.
D. R. Bull, P. Palij, M. J. Sheehan, J. Millar, J. A. Stamford, Z. L. Kruk, and P. P A
Humphrey. Application of fast cyclic voltammetry to measurement of electrically evoked
dopamine overflow from brain slices in vitro. Journal of Neuroscience Methods, 32(1):
37–44, 1990.
D. R. Bull, R. Bakhtiar, and M. J. Sheehan. Characterization of dopamine autoreceptors
in the amygdala: A fast cyclic voltammetric study in vitro. Neuroscience Letters, 134(1):
41–44, 1991.
Lifen Zhang, William M Doyon, Jeremy J Clark, Paul E M Phillips, and John a Dani.
Controls of tonic and phasic dopamine transmission in the dorsal and ventral striatum.
Molecular Pharmacology, 76(2):396–404, 2009. ISSN 1521-0111. doi: 10.1124/mol.109.
056317.

68

Anthony A Grace and Benjamin S Bunney. The control of firing pattern in nigral dopamine
neurons: burst firing. Journal of neuroscience, 4(11):2877–2890, 1984a.
Anthony A Grace and Benjamin S Bunney. The control of firing pattern in nigral dopamine
neurons: single spike firing. Journal of neuroscience, 4(11):2866–2876, 1984b.
Sarah Threlfell and Stephanie Jane Cragg. Dopamine signaling in dorsal versus ventral
striatum: the dynamic role of cholinergic interneurons. Frontiers in systems neuroscience,
5(March):11, 2011.
Antonio Pisani, Giorgio Bernardi, Jun Ding, and D James Surmeier. Re-emergence of
striatal cholinergic interneurons in movement disorders. Trends in neurosciences, 30(10):
545–553, 2007.
Hui Zhang and David Sulzer. Frequency-dependent modulation of dopamine release by
nicotine. Nature Neuroscience, 7(6):581–582, 2004.
Margaret E Rice and Stephanie J Cragg. Nicotine amplifies reward-related dopamine signals
in striatum. Nature neuroscience, 7(6):583, 2004.
Yvonne Schmitz, Marianne Benoit-Marand, François Gonon, and David Sulzer. Presynaptic
regulation of dopaminergic neurotransmission. Journal of neurochemistry, 87(2):273–289,
2003.
A Carlsson. Dopaminergic autoreceptors: background and implications. Advances in biochemical psychopharmacology, 16:439, 1977.
Norbert Limberger, Stephen J Trout, Zygmunt L Kruk, and Klaus Starke. real time measurement of endogenous dopamine release during short trains of pulses in slices of rat neostriatum and nucleus accumbens: role of autoinhibition. Naunyn-Schmiedeberg’s archives
of pharmacology, 344(6):623–629, 1991.

69

Robert T Kennedy, Sara R Jones, and R Mark Wightman. Dynamic observation of dopamine
autoreceptor effects in rat striatal slices. Journal of neurochemistry, 59(2):449–455, 1992.
Marianne Benoit-Marand, Emiliana Borrelli, and François Gonon. Inhibition of dopamine
release via presynaptic d2 receptors: time course and functional characteristics in vivo.
Journal of Neuroscience, 21(23):9134–9141, 2001.
Rainer Spanagel, Albert Herz, and Toni S Shippenberg. Opposing tonically active endogenous opioid systems modulate the mesolimbic dopaminergic pathway. Proceedings of the
National Academy of Sciences, 89(6):2046–2050, 1992.
A. H. Gittis, J. D. Berke, M. D. Bevan, C. S. Chan, N. Mallet, M. M. Morrow, and
R. Schmidt. New Roles for the External Globus Pallidus in Basal Ganglia Circuits and
Behavior. Journal of Neuroscience, 34(46):15178–15183, 2014.
Vivian M Hernandez, Daniel J Hegeman, Qiaoling Cui, Daniel A Kelver, Michael P Fiske,
Kelly E Glajch, Jason E Pitt, Tina Y Huang, Nicholas J Justice, and C Savio Chan.
Parvalbumin+ Neurons and Npas1+ Neurons Are Distinct Neuron Classes in the Mouse
External Globus Pallidus. The Journal of neuroscience, 35(34):11830–11847, 2015.
Nicolas Mallet, Benjamin R Micklem, Pablo Henny, Matthew T Brown, Claire Williams,
J Paul Bolam, Kouichi C Nakamura, and Peter J Magill. Dichotomous organization of
the external globus pallidus. Neuron, 74(6):1075–86, Jun 2012.
Nicolas Mallet, Robert Schmidt, Daniel Leventhal, Fujun Chen, Nada Amer, Thomas Boraud, and Joshua D. Berke. Arkypallidal Cells Send a Stop Signal to Striatum. Neuron,
89(2):308–316, 2016.
Arpiar Saunders, Ian a Oldenburg, Vladimir K Berezovskii, Caroline a Johnson, Nathan D
Kingery, Hunter L Elliott, Tiao Xie, Charles R Gerfen, and Bernardo L Sabatini. A direct
GABAergic output from the basal ganglia to frontal cortex. Nature, 05:[In Press], 2015.

70

Kevin J Mastro, Kevin T Zitelli, Amanda M Willard, Kimberly H Leblanc, Alexxai V
Kravitz, and Aryn H Gittis. Cell-specific pallidal intervention induces long-lasting motor
recovery in dopamine-depleted mice. Nature Neuroscience, 20(6), 2017.
Wakoto Matsuda, Takahiro Furuta, Kouichi C Nakamura, Hiroyuki Hioki, Fumino Fujiyama,
Ryohachi Arai, and Takeshi Kaneko. Single Nigrostriatal Dopaminergic Neurons Form
Widely Spread and Highly Dense Axonal Arborizations in the Neostriatum. 29(2):444–
453, 2009.
Holger Fuchs and Wolfgang Hauber. Dopaminergic innervation of the rat globus pallidus
characterized by microdialysis and immunohistochemistry. Experimental brain research.
Experimentelle Hirnforschung. Expérimentation cérébrale, 154(1):66–75, Jan 2004.
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Evidence for Limited D1 and D2 Receptor
Coexpression and Colocalization Within the
Dorsal Striatum of the Neonatal Mouse
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The striatum is the major input nucleus of the basal
ganglia involved in reward processing, goal-directed
behaviors, habit learning, and motor control. The striatum projects to the basal ganglia output nuclei via the
"direct" and "indirect" pathways, which can be distinguished by their projection fields and their opposing
effects on behavior. In adult animals, the functional
opposition is modulated by the differential actions of
D1 and D2 dopamine receptors (D1R, D2R), the expression of which is largely separated between these pathways. To determine whether a similar degree of
separation exists earlier in development, we used duallabel immunohistochemistry to map dorsal-striatal D1R
and D2R expression at the promoter level in postnatal
day 0 (PD0) Drd1a-tdTomato/Drd2-GFP BAC transgenic
mice, and at the receptor level by costaining for native

D1R and D2R in wildtype (WT) PD0 animals. To assess
for potential molecular interactions between D1R and
D2R we also employed a recently developed proximityligation assay (PLA). Limited coexpression and colocalization of the D1R and D2R proteins was found in clusters of neurons endemic to the "patch" compartment
as identified by costaining with tyrosine hydroxylase,
but not outside these clusters. Moreover, in contrast to
our recent findings where we failed to detect a D1RD2R PLA signal in the adult striatum, in PD0 striatum
we did identify a clear PLA signal for this pair of receptors. This colocalization at close proximity points to a
possible role for D1R/D2R-mediated crosstalk in early
striatal ontogeny. J. Comp. Neurol. 523:1175–1189,
2015.
C 2015 Wiley Periodicals, Inc.
V
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In the classical model of basal ganglia circuitry, the
striatal output projections are organized into two distinct pathways, the direct "striatonigral" pathway—which
monosynaptically projects to the substantia nigra pars
reticulata (SNr)—and the indirect "striatopallidal" pathway—which projects to the external globus pallidus
(GPe) and then through intermediate neurons relays to
the SNr (Kreitzer and Malenka, 2008; Gerfen and Surmeier, 2011). These two pathways are thought to exert
opposing effects on motor activity, cognition, and motivational processes in the adult animal (Durieux et al.,
2009; Hikida et al., 2010; Kravitz et al., 2010, 2012;
Lobo et al., 2010; Ferguson et al., 2011). The direct
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and indirect pathways can also be distinguished at the
molecular level by their differential expression of dopamine receptors and neuropeptides. Whereas dopamine
Drd1a receptors (D1R) and the neurokinin receptorligand substance P are predominantly expressed in
medium spiny neurons (MSNs) of the direct pathway,
Drd2 receptors (D2R) and the opioid enkephalin are
strongly enriched in MSNs of the indirect pathway (Gerfen et al., 1990; Le Moine and Bloch, 1995; Aubert
et al., 2000).
The degree of overlap between D1R- and D2Rexpressing MSN populations has been a matter of long
debate (Bertran-Gonzalez et al., 2010). In situ hybridization methods combined with retrograde labeling have
shown an almost complete separation between D1R/
substance P-expressing MSNs labeled from the SNr versus D2R/enkephalin-expressing MSNs labeled from the
GPe (Gerfen et al., 1990; Le Moine and Bloch, 1995;
Aubert et al., 2000). In contrast, use of single-cell polymerase chain reaction (PCR) methods to more sensitively measure receptor mRNA levels have indicated a
larger degree of D1R-D2R coexpression, with around
20% of enkephalin/substance P mRNA-positive MSNs
coexpressing both receptor transcripts (Surmeier et al.,
1996). Studies using immunohistochemistry (IHC) to
assess expression at the receptor level in adult animals
have also found differing degrees of colabeling in the
same MSNs of the dorsal striatum, ranging from low
(7%) (Perreault et al., 2010) to moderate (15–20%)
(Deng et al., 2006), with at least one study reporting an
almost complete coexpression of both receptors (Aizman et al., 2000). Two factors complicate the interpretation of these IHC results: the specificity of the
antibodies used and the fact that dopamine receptors
are mainly expressed on neuropil, the cellular origin of
which is difficult to determine (Caille et al., 1995). In
line with anatomical binding studies using radiolabeled
D1R and D2R antagonists, antibodies specific to these
receptors should show extremely low staining in the
cortex relative to strong staining throughout the striatum (Schambra et al., 1994). After generating and validating such antibodies, Hersch et al. (1995) used
electron microscopy to show that although some striatal MSNs may coexpress both receptors, these receptors nevertheless do not colocalize at the subcellular
level. Consistent with this study, we recently found that
D1R and D2R do not directly interact or colocalize in
the adult ventral striatum of the mouse as assessed by
proximity-ligation assays (PLA) and IHC, even in the
small fraction of neurons that coexpress both receptors
(Frederick et al., 2014).
With the generation of Drd1a-GFP (D1-GFP), Drd2GFP (D2-GFP), and Drd1a-tdTomato (D1-Tom) BAC
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transgenic mice, the question of coexpression could be
addressed indirectly by assessing the expression of fluorescent marker proteins driven by particular dopamine
receptor promoters. More specifically, these mice
express green fluorescent (GFP) and a red fluorescent
protein derivative (tdTomato) under large regulatory elements of the D1R or D2R genes, which faithfully recapitulate the endogenous pattern of expression (Gong
et al., 2003). Paralleling previous studies on endogenous expression, coexpression between D1R- and D2Rpromoter driven fluorescent proteins in dorsal-striatal
MSNs has been shown to be less than 5% in adult animals (Shuen et al., 2008; Bertran-Gonzalez et al., 2008;
Matamales et al., 2009; Ade et al., 2011; Gangarossa
et al., 2013; Thibault et al., 2013).
Despite the plethora of studies investigating the
question of dopamine receptor overlap in the adult, relatively little research has been done to address this
issue in younger animals. In rats, it has been well documented that during mid- to late-gestation the striatum
develops distinct patch and matrix compartments bearing neurons with specific developmental, output projection, and receptor profiles (Gerfen, 1985; Fishell and
van der Kooy, 1987). Classically, the patch compartment of the neonatal striatum has been delineated
from the surrounding matrix by high levels of D1R and
mu-opioid receptor expression, as well as specific innervation by dopaminergic fibers revealed by staining for
tyrosine hydroxylase (TH) (Kent et al., 1981; Fishell and
van der Kooy, 1987; Gerfen et al., 1987; Gerfen and
Young, 1988). However, studies mapping the ontogeny
of dopamine receptor gene expression have found that
in addition to prominent expression within the matrix,
the D2R also shows enriched expression in clusters
throughout the dorsal striatum up until 7–10 days postparturition (Schambra et al., 1994). Unfortunately, these
early efforts did not employ double-label or serial section analysis to determine whether both receptors are
expressed in the same or distinct neuron clusters. It is
therefore unclear whether at this particular stage of
striatal development D1R and the D2R coexist within
the patch compartment. Furthermore, if D1R and D2R
expression does indeed overlap in patches, it remains
to be determined to what extent D1R and D2R are
coexpressed and colocalized within the same patch
neurons where they could potentially interact through
direct heteromerization and/or signaling crosstalk
(Rashid et al., 2007; Perreault et al., 2010; George
et al., 2014) and thereby play a role in the development
and function of neurons within the patch compartment.
To address the question of D1R and D2R colocalization during the early neonatal stage, we used dual-label
IHC to map striatal D1R and D2R expression at the
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TABLE 1.
Antibodies Used
Antibody

Immunogen

Anti-D1 receptor

97 amino acid C-terminal of the human D1 receptor

Anti-D2 receptor

Amino acids 246–305 (third intracellular loop)
of the mouse D2 receptor

Anti-A2A receptor

SQPLPGER sequence in the third intracellular loop
of the human A2A receptor

Anti-tyrosine
hydroxylase (TH)

Synthetic peptide corresponding to human TH amino
acids 30–100 (N-terminal)

Anti-choline acetyltransferase
(ChAT)

Extracted human placental enzyme

-

-

Manufacturer
Catalog Number
Species of Origin
Clonality
RRID
Sigma Aldrich
D2944
Rat
Monoclonal
RRID:AB_1840787
Produced by the
Laboratory of Dr. Jonathan
Javitch
N/A
Rabbit
Affinity-purified polyclonal
N/A
Millipore
05–717
Mouse
Monoclonal
RRID:AB_11213750
Abcam
ab101853
Goat
Polyclonal
RRID:AB_10710873
Millipore
ab144p
Goat
Polyclonal
RRID:AB_2079751

promoter level in postnatal day 0 (PD0) Drd1a-tdTomato/Drd2-GFP BAC transgenic mice, and at the receptor level by costaining for native D1R and D2R in WT
PD0 animals. To assess potential molecular interactions
between D1Rs and D2Rs in the same neurons we also
employed the recently developed PLA (Trifilieff et al.,
2011).

Transgenic mice were genotyped by PCR as described
in Shuen et al. (2008) (D1Rp-tdTomato) and the
MMRRC protocol (D2Rp-GFP). All mice were housed
under a 12-hour light/dark cycle in a temperaturecontrolled environment with food and water available
ad libitum. All animal protocols used in the present
study were approved by the Institutional Animal Care
and Use Committee at Columbia University.

MATERIALS AND METHODS
Animals and husbandry

Antibodies
All details regarding the antibodies used in the present studies are listed in Table 1.

With the exception of promoter activity mapping, all
other protocols in this study used WT C57BL/6 mice
harvested on the day of birth (postnatal day 0, PD0);
adult animals (>PD90) and pups genetically null for the
D2R (D2R-KO) were included for PLA validation. For
promoter mapping, we used heterozygous doubletransgenic first-generation PD0 pups from crossed
D1Rp-tdTomato (Tg(Drd1a-tdTomato)6Calak/J (Ade
et al., 2011), RRID:IMSR_JAX:016204), and D2Rp-GFP
(Tg(Drd2-EGFP)S118Gsat/Mmnc (Gong et al., 2003),
RRID:IMSR_MMRRC:000230) mice. Each experiment
was performed on at least three brains and repeated at
least three independent times to ensure reproducibility.

Antibody characterization
The D1 and D2 receptor antibodies were characterized by fluorescence immunohistochemistry of coronal
brain sections from PD0 animals. Staining for D1R
revealed the expected patchy expression of this receptor in the striatum with little detectable signal in the
surrounding cortex (Fig. 1), a region of the brain known
to exhibit lower levels of D1R expression (Schambra
et al., 1994). Consistent with the known expression of
D2 receptors within the striatal matrix, our D2 receptor
antibody enabled specific detection of this protein
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Figure 1. Immunohistochemical mapping of endogenous D1 and D2 receptors reveals coexpression and colocalization in the same striatal
clusters of neonatal (PD0) mice. Photomicrographs showing immunohistochemical double-labeling for endogenous D1R (red, left), D2R
(green, middle), and D1R/D2R overlay (right) in the same coronal slice from a wildtype PD0 mouse. (A–C) Representative images showing
D1R and D2R double-staining in rostral (A), mid (B), and caudal (C) sections of the dorsal striatum. Note the coappearance of D1R- and
D2R-specific staining in the same clusters across the mediolateral as well as the rostral-caudal axis of the PD0 striatum, with weaker D2R
expression also evident outside these regions. (D) Representative, high-magnification photomicrograph of a mid-striatal patch reveals a
modest level of D1–D2 receptor colocalization (yellow arrows) amidst singular staining for either the D1R (red arrows) or the D2R (green
arrows). Inset shows a magnified example of colocalized D1R–D2R in a single puncta.
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labeled secondary antibodies (1:500) directed against
rat (Alexa 488, Life Technologies, Grand Island, NY),
rabbit (Alexa 568), and/or goat IgGs (Alexa 405). For
GFP and tdTomato staining, we respectively used a
chicken anti-GFP antibody (1:250, Abcam, Cambridge,
MA; Cat. no. ab13970, RRID:AB_300798) and a rabbit
anti-dsRED antibody (1:250, ClonTech, Mountain View,
CA; Cat. no. 632496, RRID:AB_10013483) before
washes and subsequent incubation with an anti-chicken
Alexa 488 (1:500) and anti-rabbit Alexa 568 (1:500).
Following secondary antibody incubation, all slices were
washed again in TBS-T (0.2%), rinsed in 50 mM Tris (pH
7.4) to remove salts, and then mounted and coverslipped with Vectashield with or without DAPI (Vector
Labs, Burlingame, CA) on Superfrost Plus microscope
slides (Fisher Scientific, Pittsburgh, PA).

ubiquitously throughout the striatum with almost no
staining evident in the cortex, as expected from the literature (Schambra et al., 1994). For further validation
of this specific antibody in knockout mice, see Trifilieff
et al. (2011, 2013).
Specificity of the A2A antibody was established as
part of the proximity-ligation assay validation by Trifilieff
et al. (2011). The antibodies used against TH and choline acetyltransferase (ChAT) are standard in the field
for detecting these proteins, and their specificity has
been validated elsewhere (Bhagwandin et al., 2006;
Betts et al., 2014)

Tissue preparation for immunohistochemistry
and proximity-ligation assays
For histological analysis of PD0 pups, litters were collected on the day of birth, after which the pups were
decapitated and brains removed into 0.1 M Na2HPO4/
NaH2PO4 (phosphate-buffered saline [PBS], 150 mM
NaCl; pH 7.4) for rinsing. Brains were then fixed in icecold 4% paraformaldehyde in PBS for 48 hours, rinsed
in PBS, and subsequently immersed in melted (<55 C)
4% agarose (in PBS) to aid sectioning. Agarose was
allowed to solidify at 4 C, after which coronal sections
were cut at 40 lm using a vibratome (Leica, Wetslar,
Germany) and stored short-term in PBS at 4 C until
processing. Adult animals were anesthetized with a
ketamine/xylazine (100 mg/kg, 20 mg/kg) mixture and
transcardially perfused with 4% paraformaldehyde in PB
(0.1 M Na2HPO4/NaH2PO4; pH 7.4) before brains were
extracted and postfixed in the same solution overnight
at 4 C. Sections were sliced at 30 lm using a vibratome and stored at 220 C in a cryoprotective solution
(30% glycerol, 30% ethylene glycol in 0.1 M Tris-buffer,
pH 7.4) until processing.

Proximity-ligation assay (PLA)
Dual-antigen recognition PLA experiments were conducted as described in Trifilieff et al. (2011). Briefly,
PLA was performed using the DuoLink in situ kit (Olink
Bioscience, Uppsala, Sweden) according to the manufacturer’s instructions with the following modifications:
incubation with PLA probes and the ligation step were
extended to 2 hours and to 45 minutes, respectively;
the amplification step consisted of a 2-hour incubation
at 37 C with a 1/60 concentration of polymerase. AntiD1R (rat) and anti-D2R (rabbit) primary antibodies were
used at a concentration of 1:200. The anti-A2AR primary antibody (mouse) was used at a dilution of
1:1,000. Subsequent secondary labeling of D2R and
A2AR for this assay was accomplished with the use of
kit-provided anti-rabbit and anti-mouse PLA probes,
respectively, while D1R was detected using an anti-rat
PLA probe generated according to the manufacturer’s
instructions using the DuoLink Probemaker kit (Olink
Bioscience) and goat anti-rat IgGs (Santa Cruz Biotechnology, Dallas, TX). For this assay, slices were coverslipped with Fluorsave (Millipore, Billerica, MA).

Fluorescence immunohistochemistry (IHC)
Floating sections were rinsed 4 times with ice-cold
TBS (150 mM NaCl in 0.1 M Tris, pH 7.4), and
blocked/permeabilized for >1 hour in TBS-T (Triton-X,
0.5%) containing 10% fetal bovine serum (v/v) and 0.5%
bovine serum albumin (w/v); this solution was used for
all subsequent antibody incubations. For endogenous
dopamine receptor staining, sections were incubated
overnight at 4 C with rat-generated anti-D1R antibody
(1:250, RRID:AB_1840787) and/or a rabbit-generated
anti-D2R antibody (1:400). Staining for TH was accomplished with a goat anti-TH antibody (1:200, RRID:AB_10710873) while ChAT was detected with a goat
anti-ChAT antibody at a dilution of 1:100 (RRID:AB_2079751). Sections were washed repeatedly in
TBS-T (0.2%) and then incubated with fluorophore-

Microscopy and initial image processing
Fluorescent sections were imaged with a Nikon A1
laser-scanning confocal microscope (Nikon Instruments,
Melville, NY), using a 403 N.A. 5 1.0 oil objective (with
or without digital zoom) for high-magnification images.
Bandpass filters were as follows: 405, 425–475 nm;
488, 500–550 nm; 568, 570–620 nm. Z-stacking was
used only with PLA-processed sections (5 lm with a
0.5 lm interval) as the majority of signal resides within
the first 5–10 lm of each slice. Acquired images were
then processed using ImageJ software (NIH, Bethesda,
MD, RRID:nif-0000–30467). Sections stained for endogenous D1R and D2R were reverse-pseudocolored (green
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to red and vice versa) in ImageJ to parallel native fluorophore color in D1-Tom/D2-GFP mice. For PLA analysis, each z-stack was collapsed into a single image
based on the maximum intensity signal across sections
using standard ImageJ algorithms. Signal bleed-through
between channels was negligible.

the rationale for thresholding standard deviation filtered
images at 0.009 and entropy-filtered images at 0.65 in
order to distinguish PLA signal from nuclei and background noise. The thresholded images were then transformed into individual masks that captured the putative
PLA signal. We found that some of these masks
seemed to reflect background noise, as they were present even in negative controls. To ascertain the source
of this additional noise, we plotted histograms of mask
areas for both negative and positive control images
(Fig. 4E). As evidenced by the prominent peak (9–11
pixels) in the positive control condition, we concluded
that the smallest detectable PLA signals were at least 8
pixels in area and that any smaller signal could be
attributed to high standard deviation / low entropy
noise. Therefore, any masks smaller than 8 pixels were
excluded from further analysis. These methods were
then systematically applied to all images to yield total
PLA dot counts for every condition.

Image processing and counting of positive
signal ("dots") generated by PLA
The PLA procedure yields three types of signal: 1) fluorescent "dots" indicative of proteins in close physical
proximity (Trifilieff et al., 2011); 2) fluorescent cell
nuclei (an artifact caused by probe infiltration); 3) background. To separate genuine PLA dots from cell nuclei
and background, we used MatLab (MathWorks, Natick,
MA, RRID:nlx_153890) to develop a computational
method for sorting that requires minimal user intervention (Fig. 4). First, we noted that a pure intensity
threshold was insufficient to separate extended areas
of increased fluorescence inside and around cell nuclei
from concentrated areas of PLA fluorescence (i.e., positive dots) (Fig. 4A). Nuclear fluorescence occurred even
within negative control conditions (e.g., D1R-D2R PLA
in D2-KO tissue) and it differed from genuine PLA plots
by not exhibiting sharp signal peaks. We therefore combined standard deviation and entropy filtering methods
to determine optimal thresholds for segregating nuclear
fluorescence and background from genuine PLAgenerated dots. First, the original raw confocal images
were standard deviation-filtered, a process which
replaced every value in the image with the standard
deviation of 8 neighboring pixels, effectively elevating
local intensity differences far above background while
suppressing intensity differences spread out over a
larger area (Fig. 4B). Because nuclear boundaries occasionally lead to locally high standard deviation values
over background, we also employed an entropy filter to
locate the edges of these nuclei (Fig. 4C). In parallel, a
na€ıve user manually placed 40 masks, between 1 and
20 lm in area, around isolated regions of high fluorescence in a positive control image (i.e., adult D2R-A2AR
PLA, see Results), including randomly selected nuclei.
Every pixel within a putative positive signal region and
within a nuclear region was then analyzed. The entropy
and standard deviation values within these regions
showed a clear clustering/separation into either nuclei
or PLA-positive dots (Fig. 4D). Because the user masks
were user-selected, they inevitably contained a large
number of background (non-nuclear/non-dot-specific)
pixels, which are seen as signal (red/blue) overlap in
the bottom left corner of the plot in Figure 4D. As
Figure 4D illustrates, results from our analysis provided
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Statistical analysis
For D1R-D2R PLA, multiple images for statistical
comparison were acquired across the striatum in WT
as well as D2R-knockout (KO) PD0 animals. Data were
analyzed in Graphpad Prism (RRID:rid_000081) and
are presented as mean 6 SEM. Dot counts in PD0 WT
vs. D2-KO striatum were compared by way of a onetailed unpaired Student’s t-test using Welch’s correction for unequal variance. For more comprehensive
analysis of D1R-D2R PLA in the striatum of adult animals, see Trifilieff et al. (2011) and Frederick et al.
(2014).

RESULTS
Immunohistochemical mapping of
endogenous D1 and D2 receptors reveals
coexpression and colocalization within the
patch compartment of neonatal (PD0) mice
To address whether D1R and D2R are coexpressed
during neonatal development, we mapped the expression of these receptors across the whole rostral-caudal
axis of the dorsal striatum in coronal brain slices from
PD0 mice by double-label IHC using antibodies that
have previously been validated using knockout mice
(Trifilieff et al., 2011, 2013).
We found that relative to the expected weak staining
in the cortex, D1 and D2 receptors costained prominently in the same clusters across the mediolateral as
well as rostral-caudal axis of the PD0 striatum (Fig. 1A–
C). We further characterized the nature of these clusters by costaining for TH, a known marker of the striatal patch compartment in neonatal animals (Graybiel,
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1984). We found a complete overlap between D1R and
TH signal clusters throughout the striatum (Fig. 3A–C),
in line with published literature showing enrichment of
D1Rs in striatal patches during early postnatal development (Schambra et al., 1994). Outside the D1R/D2Rintense patches—presumably in the "matrix" compartment—we detected lower levels of the D2R, while D1R
expression was almost absent (Fig. 1A–C). Single-label
experiments found no evidence of signal crossover
between the two fluorescence channels (data not
shown).
To determine whether D1R and D2R that are
expressed in the same patches in the PD0 striatum
colocalize at the molecular level, we visualized D1R and
D2R expression in these patches using highmagnification confocal microscopy. A representative
patch is shown in Figure 1D. Amidst singular staining
for either receptor alone (D1R, red arrows; D2R, green
arrows), D1R and D2R showed evidence of colocalization within the boundary of this patch (yellow arrows).

D2R promoter activity is stronger in the patch compartment, complementing our previous finding of stronger
receptor staining within these regions relative to surrounding neurons. Coexpression of both reporter genes
in the same neurons was limited to patches (Figs. 2D,
3F). Cell count analysis of 10 representative clusters
imaged from multiple striatal regions of three independently stained mouse brains revealed Tom/GFP overlap
(i.e., MSNs with coactive D1R and D2R promoters) to
be in the range of 5.6 6 3.28% (average number of
labeled cells per cluster: D1-Tom: 27.6 6 12.15; D2GFP: 26.9 6 7.85; Tom/GFP: 3 6 1.49). Importantly,
additional characterization revealed that coexpression
of both fluorophores was not observed in cholinergic
interneurons positive for ChAT, as these cells only
weakly expressed D2-GFP and not D1-Tom (Fig. 2D,
right panel).

PLA confirm D1 and D2 receptor
colocalization in the neonatal (PD0) striatum
One limitation of using IHC to determine protein
colocalization is that, given the diffraction limit of light
of 250 nm, this method does not provide adequate
spatial resolution for detecting true molecular proximity.
We therefore addressed the possibility of D1R-D2R
interaction more directly by way of a PLA. PLA is a
novel technique that relies on close physical proximity
of antigens in order to generate a positive signal at the
point of colocalization, in this case a fluorescent "dot"
(Trifilieff et al., 2011). Furthermore, previous data suggest that for a signal to be generated, the proteins
must be in close proximity, maximally 20–30 nm
(Soderberg et al., 2006; Trifilieff et al., 2011). We performed PLA on PD0 brain slices using the same antibodies as were used for endogenous D1R and D2R IHC
staining, and counted the resulting PLA-generated dots
using the method described in the Materials and Methods and Figure 4. Results from this assay revealed a
significant number of dots (per lm2 of entire image
field) in clusters within the dorsal striatum corresponding to colocalized D1R-D2Rs (Fig. 5A,E,I,M,N), which
were absent outside these clusters (Fig. 5B,F,J,M). As
expected, no signal was detected in the striatum of
D2R-KO mice (Fig. 5D,H,L,M) while very low signal was
seen in the cortex of WT mice (Fig. 5C,G,K,M), the cortex known to express low levels of D1R and D2R. In
contrast, we observed a high number of dots in our
PLA-positive control, where PLA was performed on adult
striatal tissue with antibodies against D2R and the
adenosine 2A receptor (A2AR) (Fig. 5M,O), proteins that
have previously been shown to interact as assessed by
this method (Trifilieff et al., 2011). Quantification of the

Mapping of reporter gene expression in D1Tom/D2-GFP mice reveals modest promoter
coactivity within patch neurons of the
neonatal (PD0) striatum
Given the high degree of endogenous D1R and D2R
costaining in patches across the PD0 striatum, we
investigated whether both receptors are coexpressed
by the same cells, or in different interdigitated cells, as
is generally found in adult animals (Matamales et al.,
2009). Dopamine receptors, however, are highly
enriched in neuropil relative to the perikarya, thereby
causing difficulties in pinpointing their cellular origin.
We circumvented this problem by mapping the striatal
expression of fluorescent reporter genes Tom (tdTomato) and GFP, driven respectively by the D1 and D2
receptor promoters in the brains of PD0 mice heterozygous for both transgenes (i.e., using D1-Tom/D2-GFP
mice); both Tom and GFP concentrate within the cell
body making individual neurons easy to distinguish. In
correspondence with more intense D1R and D2R
expression within the same clusters of the PD0 striatum
(Fig. 1), signal intensification of Tom and GFP by IHC
revealed a clustered coappearance of cells exhibiting
stronger signal intensity of both markers surrounded by
cells with weaker expression outside these clusters
(Fig. 2A–C). This was particularly evident across the
mid-caudal axis of the striatum. Further characterization
revealed that the cell clusters exhibiting higher Tom
and GFP signal intensity overlapped with prominent TH
staining throughout the striatum (Fig. 3D–F; also see
inset Fig. 3C). These findings suggest that D1R and
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Figure 2. Mapping of reporter gene expression in D1-Tom/D2-GFP mice reveals modest promoter coactivity in the neonatal (PD0) striatum. (A–C) Photomicrographs showing fluorescence immunohistochemistry-based intensification of D1Rp-driven tdTomato (D1-Tom, left),
D2Rp-driven green fluorescent protein (D2-GFP, middle), and Tom/GFP overlay (right) signals in rostral (A), mid (B), and caudal (C) coronal
striatal slices obtained from a PD0 mouse heterozygous for both transgenes. Note the stronger expression of both fluorophores in overlapping neural clusters across the mediolateral axis and in particular the mid-to-caudal levels of the PD0 dorsal striatum. (D) A magnified portion of a representative MSN cluster of the PD0 dorsal striatum shows evidence of modest D1 and D2 receptor promoter coactivity within
some neurons (yellow arrows; images organized exactly as in "A"), suggesting that these cells endogenously coexpress both receptor proteins. Additional characterization of this patch revealed that cells coexpressing Tom and GFP are not cholinergic in nature (D, right), as
the ChAT-positive cell was only weakly positive for D2-GFP (D, middle, green arrow) and not D1-Tom (D, left).
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Figure 3. Dopamine receptor coexpression occurs within the patch compartment of the neonatal striatum. (A–C) A representative photomicrograph showing double staining for native D1R (A) and TH (B), a marker for the patch compartment in neonatal striatum. The almost
complete overlap between D1R and TH signal is shown in (C), suggesting that clusters of D1R expression are endemic to the patch compartment. For cross-methodological comparison, the inset in (C) illustrates the higher fluorescence intensity of D2-GFP-expressing cells
within TH-positive clusters than outside these regions, which agrees with our finding of higher native D2R expression within D1R-positive
patches (Fig. 1). (D–F) A representative photomicrograph showing that cells with high D1-Tom and/or D2-GFP levels (D) are clustered
within TH-positive regions (E,F), suggesting that these clusters are patch-specific. Inset in (F) illustrates an example of dual-expressing D1Tom/D2-GFP cells within the patch compartment.

D1R-D2R PLA signal in PD0 animals (Fig. 5M) revealed
0.2828 6 0.09471 dots/lm2 in clusters within the dorsal striatum, 0.0275 6 0.01181 dots/lm2 in the striatum outside the clusters, 0.05 dots/lm2 in the cortex,
and 0.0250 6 0.0050 dots in the negative D2R-KO control; the adult D2R-A2AR positive control yielded 8.554
dots/lm2. D1R-D2R PLA counts from WT PD0 striatum
were 10-fold higher than in the D2R-KO control
(t(5) 5 2.719, P 5 0.0209).

15, approximately half of which send a unique directpathway projection to the SN pars compacta that is
already evident by the end of gestation (Fishell and van
der Kooy, 1987); the projection fields of the remaining
patch neurons have not been investigated but have
been presumed to be striatopallidal in nature (Gerfen
and Young, 1988). In contrast, ubiquitously distributed
matrix neurons arise between ED17–20 and gradually
connect with both the SNr and/or the globus pallidus
within the first postnatal week (Gerfen, 1984, 1985;
Fishell and van der Kooy, 1987, 1991; Gerfen et al.,
1987; Gerfen and Young, 1988). In terms of molecular
phenotype, previous studies investigating the molecular
constituents of the patch compartment in the neonate
have generally focused on characterizing specifically
the SNc-projecting neurons, showing that these MSNs
express both D1R and substance P (Bolam et al., 1988;
Caille et al., 1995), proteins mainly expressed by direct-

DISCUSSION
The cellular architecture of the perinatal striatum is
divided between islands of striosomal (patch) neurons
within a broader matrix compartment, distinguished by
distinct neural birthdates, molecular signatures, and
output targets. In the rat the patch compartment consists of neurons born between embryonic day (ED) 12–
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Figure 4. Software-guided image analysis method for selecting PLA-generated dots. (A) Heat map of the fluorescence intensity values in
an unfiltered image. Before any transformation of the image is performed, both the nuclei and the PLA signal exhibit high intensity fluorescence. White arrows point to putative PLA-generated dots. (B) To elevate isolated areas of high fluorescence intensity, a standard deviation filter is employed. White arrows highlight areas that have high standard deviation and low entropy. (C) To locate edges of nuclei the
image is entropy filtered. Nuclei are then filled inward to specify their location. (D) The entropy and standard deviation of all pixels within
user-selected dots (red) and user-selected nuclei (blue) illustrates that nuclei and PLA-generated dots can be distinguished on the basis of
differential clustering in this parameter space. (E) Using the thresholds from "D" (standard deviation 5 0.009, entropy 5 0.65) to gate (perforated box) only PLA dots for further analysis, masks are produced for each individual image from each experimental condition. In our
analyses, masks smaller than 8 pixels were counted as noise, while those over 8 pixels were counted as positive PLA-generated signal.
See Materials and Methods for more details regarding this method.

pathway MSNs in adults. In addition, the neonatal patch
compartment can be delineated from the matrix by high
expression of the mu-opioid receptor, higher levels of
acetylcholinesterase (AChE), and specific innervation by
TH-positive dopamine fibers originating from the SNc
(Graybiel, 1984; Fishell and van der Kooy, 1987;
Tokuno et al., 1996). Within the next few weeks the distribution of dopamine receptors and dopaminergic afferents becomes homogenous across the striatum
(Graybiel, 1984; Schambra et al., 1994), and patch neurons in juvenile and adult animals become identifiable
mainly by their selective expression of mu-opioid receptors (Szele et al., 1991); within these patches, the levels of proenkephalin and D2R are lower relative to the
matrix (Besson et al., 1988; Korf and Loopuijt, 1988;
Koshimizu et al., 2008). Importantly, in neonatal animals at least one study has reported a "clustered"
appearance of neurons radiolabeled for D2R within the
putative patch compartment identified by AChE staining
(Lowenstein et al., 1989), suggesting that at this devel-
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opmental timepoint D2R-expressing neurons may coexist in the same patch clusters as direct-pathway
neurons containing D1R. To test this directly, we used
dual-label immunohistochemistry to show that native
D1Rs exhibit overlapping patterns of expression with
TH clusters across the neonatal striatum, and are thus
endemic to the patch compartment of this region.
Moreover, these D1R-expressing patches also show
high levels of D2R, indicating that the neonatal patch
compartment is comprised of MSNs that can express
either (or both) receptor subtype.
Taking advantage of transgenic mice that express fluorescent reporters driven by the D1R (Tom) and D2R
(GFP) promoters (Gong et al., 2003), we also mapped
the fluorophore expression patterns of cells throughout
the neonatal striatum and found a clustered appearance of neurons enriched for either marker, surrounded
by cells with weaker expression. As with native D1Rs,
these clusters largely overlapped with TH-positive
regions, suggesting that they were patch-specific.
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Figure 5.5.
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Presumably, the higher level of fluorophore expression
in these cells may reflect higher promoter activity driving the generation of native D1Rs and D2Rs, which
coincides with our finding of higher receptor expression
within TH-positive clusters. Cell count analysis of clusters high in Tom and/or GFP signal intensity revealed
that 5–6% of these cells coexpressed both fluorophores in the dorsal striatum, up to 2-fold higher than
has been reported in adults (Shuen et al., 2008;
Bertran-Gonzalez et al., 2008; Matamales et al., 2009;
Ade et al., 2011; Gangarossa et al., 2013; Thibault
et al., 2013). These dual-expressing cells were most
likely MSNs, as such signal overlap was not found to
occur in cholinergic cells, which only weakly expressed
GFP and not Tom.
Given the high expression of both native D1R and
D2R as well as Tom and GFP within TH-positive striatal
regions, our findings indicate that the patch compartment of the neonatal striatum contains three subpopulations of MSNs: those expressing either D1R, D2R, or
both. More specifically, our findings raise the interesting possibility that patch neurons of the neonatal striatum, classically defined by the presence of D1R and
projections to direct-pathway targets in adults, are
mixed with a subpopulation of cells that also exhibit
the molecular characteristics typical of indirectpathway neurons (i.e., D2R expression); however, the
projection fields and thus pathway-specificity of these
D2R-expressing patch neurons remain to be determined (see Gerfen and Young, 1988, for further discussion). Nevertheless, the patch neurons that
coexpress D1R and D2R are presumably simultaneously regulated by both receptors during the neonatal
period, which may have implications for their further
development. For instance, it is known that up to 30%
of striosomal neurons undergo apoptosis within the
first postnatal week (Fishell and van der Kooy, 1991),
a selection process that may depend on threshold
trophic support from target regions, the reception of

which may in turn be dependent in part on the differential actions of D1R and D2R.
Examination of native D1R- and D2R-positive clusters
with high-magnification confocal microscopy revealed a
modest incidence of signal overlap between receptor
puncta, suggesting that these receptors colocalize at
the molecular level. To investigate this possibility more
directly, we used a PLA that can detect protein interaction. Consistent with the confocal analysis the PLA confirmed that at PD0 some of D1R and D2R exist in close
molecular proximity, presumably within individual neurons. Despite the high spatial resolution of this assay,
however, it is also possible that a portion of the PLA
signal could have theoretically been derived from receptors expressed in axons and/or dendrites of two different neurons that are opposed to one another.
Functionally, it has previously been suggested that
upon agonist costimulation, coexpressed and colocalized D1R and D2R can activate signaling pathways not
typically governed by either receptor alone (e.g., signaling via Gaq and calcium-dependent kinases), with the
potential to affect cellular plasticity (Rashid et al.,
2007; Chun et al., 2013). The formation of a D1/D2
receptor heteromer has been proposed to mediate this
signaling pathway (Rashid et al., 2007; Boyd and Mailman, 2012; George et al., 2014). By contrast, Lee et al.
(2014) and Frederick et al. (2014) have argued against
a role for Gaq and phospholipase C in D1R or D1R/
D2R function (Lee et al., 2014a,b). Future studies
should address whether the close proximity of native
dopamine receptors in the neonatal striatum confers
receptor interactions at the level of downstream effectors, and what consequences this may have for signaling and cellular function.
Recently, we used PLA in the adult ventral striatum
to assess D1R–D2R interactions and found the signal
to be essentially the same as the background signal
measured in slices from D2R KO animals; no interaction
was evident even in the small number of cells that

Figure 5. PLAs confirm D1 and D2 receptor colocalization in the neonatal (PD0) striatum. Results of PLAs using the same D1 and D2
receptor antibodies as were used in IHC analysis. A–D show the original raw images for each of the four regions/conditions, E–H show
the respective fluorescence intensity standard deviation heat maps (see Materials and Methods) for each condition, and I–L show binary
PLA dot-sorted images ultimately used to count PLA dots for each condition. Nuclear staining is an artifact of the PLA procedure and
does not reflect positive signal. PLA analysis confirmed the colocalization of D1R and D2R ("dots," see yellow arrows) within clusters presumed to reflect striatal "patches" (A,E,I; for clarity, N shows a higher-magnification image of the raw dot-positive region) but not outside
these clusters (presumed "matrix") (B,F,J) in WT PD0 mice. Little to no positive signal was observed in the cortex (C,G,K), a region known
to express low levels of D1R and D2R, or when D1R-D2R PLA was performed on mice lacking the D2R (D2R-KO) (D,H,L). In contrast, a
large number of dots were evident in the striatum (O; high-magnification image of the raw dot-positive region) of our positive control when
PLA was performed on adult tissue using antibodies against D2R and the adenosine 2A receptor (A2AR), which are known to associate in
adult animals. (M) Quantification of PLA dot counts (per lm2 of entire image field) across conditions revealed a significant, 10-fold higher
number of D1R-D2R PLA dots in WT neonatal striatum than in D2R-KOs (#, t(5) 5 2.719, P 5 0.0209). Gtype, genotype. Bottom-left
descriptor for images A–D,N,O, Gtype & Age: PLA condition.
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coexpressed both receptors (Frederick et al., 2014). In
contrast, our current data show evidence of D1R–D2R
association in the neonatal dorsal striatum, with a signal 10-fold above the background detected in the
D2R-KO. Although the ventral and dorsal regions of the
striatum are not directly comparable, the PLA studies in
the adult animals focused on the ventral striatum
because this region shows the highest degree of D1–
D2 receptor coexpression (Bertran-Gonzalez et al.,
2008; Perreault et al., 2012). Taken together with our
current results at PD0, these data suggest the possibility that a mechanism may arise at some point during
development to segregate these receptors in the
plasma membrane of neurons coexpressing the two
receptors. In this regard, however, Frederick et al.
(2014) and the current study are in conflict with Perreault et al. (2012), who reported opposite findings:
high levels of D1–D2 receptor heteromerization in both
juvenile and adult rats, but with the juvenile rats showing fewer heteromers relative to adults. We cannot
readily explain these differences, except that methodological differences between these reports may have
yielded different results.
Normal expression of striatal-mediated behaviors in
adult animals is in part dependent on a proper balance
of direct-indirect pathway output from the striatal complex (Lobo et al., 2010; Ferguson et al., 2011; Kravitz
et al., 2012; Cazorla et al., 2014), and it is conceivable
that the establishment of this balance may be subject
to modulation during striatal ontogeny by the developmental expression patterns of dopamine receptors.
Since the expression of dopamine receptors can be
altered by genetics (Lawford et al., 2005; Le Foll et al.,
2009) and environmental factors such as stress (Pani
et al., 2000) as well as in utero exposure to drugs of
abuse (Henry et al., 1995; Chang et al., 2007; Thompson et al., 2009), it is possible that the degree of D1R
and D2R coexpression in the developing animal may be
regulated and differ under various conditions. Given our
evidence for D1R–D2R interaction in the PD0 striatum,
it is conceivable that D1R–D2R signaling from crosstalk
downstream of both receptors could play a role in the
neonatal striatum in vivo. Our findings pave the way for
future research on how early D1 and D2 receptor colocalization in the striatal patch compartment may regulate
function and development. Moreover, it has been postulated that the degree of D1R and D2R coexpression
and potentially crosstalk is altered under pathological
conditions such as in schizophrenia (Grymek et al.,
2009) and depression (Pei et al., 2010). Studying the
function of D1R–D2R pairs during neonatal development may therefore have implications for understanding
the development of psychiatric disorders.
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Evidence against dopamine D1/D2 receptor heteromers
AL Frederick1,11, H Yano2,11,12, P Triﬁlieff3,4,11, HD Vishwasrao4, D Biezonski2, J Mészáros2, E Urizar2, DR Sibley5, C Kellendonk2,6,
KC Sonntag7, DL Graham8, RJ Colbran9,10, GD Stanwood8,10,11 and JA Javitch2,6,11
Hetero-oligomers of G-protein-coupled receptors have become the subject of intense investigation, because their purported
potential to manifest signaling and pharmacological properties that differ from the component receptors makes them highly
attractive for the development of more selective pharmacological treatments. In particular, dopamine D1 and D2 receptors have
been proposed to form hetero-oligomers that couple to Gαq proteins, and SKF83959 has been proposed to act as a biased agonist
that selectively engages these receptor complexes to activate Gαq and thus phospholipase C. D1/D2 heteromers have been
proposed as relevant to the pathophysiology and treatment of depression and schizophrenia. We used in vitro bioluminescence
resonance energy transfer, ex vivo analyses of receptor localization and proximity in brain slices, and behavioral assays in mice to
characterize signaling from these putative dimers/oligomers. We were unable to detect Gαq or Gα11 protein coupling to homomers
or heteromers of D1 or D2 receptors using a variety of biosensors. SKF83959-induced locomotor and grooming behaviors were
eliminated in D1 receptor knockout (KO) mice, verifying a key role for D1-like receptor activation. In contrast, SKF83959-induced
motor responses were intact in D2 receptor and Gαq KO mice, as well as in knock-in mice expressing a mutant Ala286-CaMKIIα that
cannot autophosphorylate to become active. Moreover, we found that, in the shell of the nucleus accumbens, even in neurons in
which D1 and D2 receptor promoters are both active, the receptor proteins are segregated and do not form complexes. These data
are not compatible with SKF83959 signaling through Gαq or through a D1/D2 heteromer and challenge the existence of such a
signaling complex in the adult animals that we used for our studies.
Molecular Psychiatry (2015) 20, 1373–1385; doi:10.1038/mp.2014.166; published online 6 January 2015

INTRODUCTION
Increasing evidence suggests that G protein-coupled receptors
can form dimers and/or oligomers with properties distinct from
those of the component receptors. These altered properties
include allosteric modulation between protomers, altered afﬁnity
for ligands, differential coupling to downstream signaling pathways and cross-regulation of receptor trafﬁcking.1,2 These ﬁndings
are of great interest as they suggest new routes to the development of selective ligands that could selectively target speciﬁc G
protein-coupled receptor complexes with reduced off-target
effects. However, most of the evidence supporting the formation
of G protein-coupled receptor dimers and oligomers has come
from heterologous systems, and both the existence of such
signaling complexes in the native context and their biological
signiﬁcance remain controversial.3 In particular, it is extremely
difﬁcult to dissociate downstream crosstalk from the actual
physical interaction of two receptors in a signaling complex.4,5
Heteromers putatively formed by dopamine (DA) D1 and D2
receptors have been the subject of intense research because of
their unusual signaling properties and potential implication in
various pathologies. Although D1 and D2 receptors are largely

segregated in neurons of the striatal direct and indirect pathways,
respectively,6,7 they have been reported to be colocalized in a
subset of ventral striatal neurons, where they have been proposed
to form a third striatal output pathway.8–13
Classically, these receptors are thought to mediate cyclic-AMPdependent signaling through the activation of Gαs/olf or Gαi/o/z by
D1 and D2 receptors, respectively.14 It has also been reported that
speciﬁc D1-like receptor ligands can activate alternative signal
transduction systems resulting in phosphatidylinositol (PI) hydrolysis and accumulation of inositol triphosphate in the amygdala,
hippocampus, striatum and frontal cortex.15–18 Notably, SKF83959,
a D1-like receptor partial agonist has been reported to activate
D1-like receptors linked to stimulation of PI hydrolysis19–21 but to
only have minimal or even antagonistic effects on the activation of
adenylyl cyclase19,20,22 (but see Lee et al.23 and Ryman-Rasmussen
et al.24). This compound has been inferred to selectively mediate
phospholipase C (PLC) activation through Gαq recruitment to D1/
D2 receptor heteromers.25 The resulting intracellular calcium
mobilization has been proposed to mediate D1/D2 heteromerspeciﬁc activation of Ca2+/calmodulin-dependent protein kinase II
(CaMKIIα).10,25,26
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Although the biological signiﬁcance of signaling mediated by
the proposed D1/D2 receptor heteromer remains largely unknown,
the complex has fascinated the ﬁeld because of its potential
involvement in pathological conditions, including schizophrenia9
and depression,27 as well as its unique pharmacological properties
that could allow for the development of highly selective compounds. D1/D2 heteromers have been implicated in a variety of
physiological processes, such as BDNF expression,28 neuronal
growth,28 modulation of ﬁbroblast growth factor 2 in astrocytes,29
inhibition of high-voltage-activated Ca2+ currents in striatal
cultures,30 facilitation of long-term depression in the hippocampus31 and spontaneous glutamate release in the cortex.32
Despite these exciting ﬁndings, there are inconsistencies in the
literature that are difﬁcult to reconcile with these proposed
functions of D1/D2 heteromers and necessitate further investigation. In particular, using global knockout (KO) mice, D1-like
receptor-dependent stimulation of PI hydrolysis has been shown
to be independent of D1 receptors but rather to depend on D5
receptors,33,34 and a requirement for D1/D2 heteromers in
SKF83959-induced calcium mobilization has recently been challenged.23,35 Here we assessed the ability of DA receptors to recruit
Gαq signaling both in vitro and in vivo. First, using bioluminescence
resonance energy transfer (BRET) and complemented donor
acceptor-RET (CODA-RET), we systematically investigated DA
receptor activation of speciﬁc G-proteins in vitro. Next, we used
behavioral pharmacological approaches in mutant mouse models
to assess the roles of functional DA receptors, Gαq and CaMKII in
the behavioral responses induced by SKF83959. Finally, we
analyzed the extent of colocalization of D1 and D2 receptors
ex vivo by immunohistochemistry coupled with the identiﬁcation
of cells co-expressing both receptors in Drd1a-tdTomato/Drd2eGFP double BAC transgenic mice. We also measured ex vivo the
level of interaction of endogenous D1 and D2 receptors using a
proximity-ligation assay (PLA). Our ﬁndings challenge the existence of an atypical Gαq signaling pathway activated by D1/D2
heteromers in vitro and in vivo, as well as the existence of such
complexes in vivo at endogenous receptor expression levels.
MATERIALS AND METHODS
HEK cell culture
The cDNAs for the human DA D1 receptor, D5 receptor, muscarinic M1
receptor, 5HT2A receptor and Gαs short were obtained from www.cdna.
org. The D1, D5 and M1 receptors were tagged at their amino termini with
a signal peptide36 followed by a Myc epitope tag using standard molecular
biology procedures. The cDNAs encoding full-length Renilla Luciferase 8
(RLuc8) or fragments for the Luciferase 1 (L1: a.a. 1-229) or Luciferase 2
(L2: a.a. 230–311) were fused in frame to the C-terminus of D1R, D5R, M1R
or 5HT2AR in the pcDNA3.1 vector. The sensors for the human D2 receptor
short isoform (D2SR) have been previously reported37 and constructs for
the D2 receptor long isoform (D2LR) were made accordingly. These D2
receptor constructs were N-terminally fused to a signal peptide followed
by a FLAG epitope.
The following human G-protein constructs were used: Gαq-mVenus with
mVenus inserted at position 97, Gαi-RLuc8 with RLuc8 inserted at position
91, Gαs short-RLuc8 with RLuc8 inserted at position 67, Gαq-RLuc8 with
RLuc8 inserted at position 97, Gα11-Rluc8 with RLuc8 inserted at position
92, untagged Gβ1, untagged Gγ2, and Gγ2 fused to full-length mVenus or
GFP10 at its N-terminus. All the constructs were conﬁrmed by sequencing
analysis. A constant amount of plasmid cDNA (15 μg) was transfected into
HEK-293 T cells using polyethylenimine (Polysciences, Warrington, PA, USA)
in a 1:3 ratio in 10-cm dishes. Cells were maintained in culture with
Dulbecco’s modiﬁed Eagle’s medium supplemented with 10% fetal bovine
serum. The transfected amount and ratio among the receptor-L1, receptorL2, Gα, Gβ1, Gγ2 for complemented donor acceptor RET (CODA-RET) or BRET
between Gα and Gγ subunits was optimized for maximal dynamic range
for drug-induced BRET. Experiments were performed approximately 48 h
posttransfection.
Molecular Psychiatry (2015), 1373 – 1385

Bioluminescence resonance energy transfer
BRET1 uses a yellow ﬂuorescent protein variant (mVenus) as an acceptor
for energy transfer from luciferase and was measured as described.37
BRET2 uses a green ﬂuorescent protein (GFP) variant (GFP10) as an
acceptor for energy transfer from luciferase and was performed as
described.38 Brieﬂy, cells were harvested, washed and resuspended in PBS.
Approximately 200,000 cells per well were distributed in 96-well plates and
5 μM coelenterazine H (substrate for Renilla luciferase (Rluc) or Renilla
luciferase8 (Rluc8) in BRET1) or 5 μM deep blue c (substrate for Rluc8
in BRET2) was added to each well. Luciferase substrates were added to
each well 5 min prior to detection. Typically, antagonist was added 15 min
before the addition of agonist. The ﬂuorescence (excitation at 500 nm and
emission at 540 nm for 1-s recording in BRET1 or excitation at 410 nm and
emission at 510 nm for 1-s recording in BRET2) and luminescence (no
ﬁlters, 1-s recording) were detected 2.5 min after a ligand was added
(Polarstar, Pherastar or Pherastar FS BMG). In parallel, the BRET signal from
the same batch of cells was determined by quantifying and calculating the
ratio of the light emitted by mVenus (510–540 nm) over that emitted by
RLuc8 or RLuc (485 nm) for BRET1 and the ratio of the light emitted by
GFP10 (515 nm) over that emitted by RLuc8 (370–450 nm) for BRET2. The
net BRET values were obtained by subtracting the background determined
in cells expressing RLuc8 or RLuc alone. Results are expressed as the BRET
change produced by the corresponding drug. As shown in the cartoons,
bimolecular complementation of donor was incorporated into the BRET
assay as described.5 RET took place between complemented luciferase
complex and Gα-mVenus.

Measurement of calcium ﬂux in cell lines
Stable cell lines expressing D1, D2S or D1+D2S were generated as
previously described.4 Surface expression of HA-tagged D1 and FLAGtagged D2S receptors was conﬁrmed by ﬂuorescence-activated cell sorting
(data not shown). Calcium ﬂux was measured using the FLIPR Calcium 5
Assay kit (Molecular Devices, Sunnyvale, CA, USA) according to the manufacturer’s protocol. Brieﬂy, cells were resuspended in HBSS (HEPES) buffer
containing 20 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid) and 2.5 mM probenecid and distributed in 40-μl volumes in 96 well
plates (500,000 cells per well). Fifty microlitres FLIPR5 dye (Molecular
Devices) was added to each well, and the plates were incubated in 37 °C
5% CO2 for 1 h. Plates containing 10 × concentrated ligand were prepared
in HBSS with 20 mM HEPES. During the calcium reading, performed on a
Flexstation 3 (Molecular Devices), 10-μl ligand was injected to the well at
the indicated times. Intracellular calcium levels were measured every 2 s
over the course of ~ 110 s. Data were analyzed by Softmax Pro 5.4
(Molecular Devices) and Prism 5.0 (Graphpad, La Jolla, CA, USA).

Animals
C57Bl/6J mice (Jackson, Bar Harbor, ME, USA, 9–12-weeks old) were utilized
for dose–response experiments, which examined the effects of dopaminergic
antagonists on SKF83959-mediated behaviors. For behavioral experiments,
D1,39 D240 and D5 receptor41 KOs, Gαq KOs and CaMKIIα-Thr286Ala knock-in
mice were bred at Vanderbilt University using strategies previously described
for generation of mixed litters and assignment of genotypes.42 All lines
were fully backcrossed (410 generations) to a C57Bl/6J background.
Twelve-week-old D240 and D139 receptor KO and their C57Bl/6J wildtype (WT) littermates were used for immunohistochemical experiments.
Twelve-to-sixteen-week-old C57Bl/6J mice (Jackson) were used for viral
injections (see below).
Male mice were housed under standard housing conditions on a 12-h
light/dark cycle, with conditions previously described.42 Mice were
extensively handled prior to testing and were habituated to the testing
rooms for ~ 30 min prior to beginning of every experiment. All procedures
were approved by the Institutional Animal Care and Use Committees at
Vanderbilt University or Columbia University.
For visualization of D1- and D2-expressing neurons, Drd1a-tdTomato
(Tg(Drd1a-tdTomato)5Calak)43 and GENSAT Drd2-eGFP (Tg(Drd2-EGFP)
S118Gsat/Mmnc) mice44 were used. The lines were intercrossed to report
the gene expression patterns of the D1 and D2 receptors in the same
animal. Male and female breeders, each hemizygous for one of the aforementioned transgenes, were bred to attain mice that were singly
hemizygous for both Drd1a-tdTomato and Drd2-eGFP. Genotypes were
conﬁrmed via PCR43 (see MMRRC web site for detailed PCR conditions).
Similar results were obtained when a brighter Drd1a-tdTomato line, the Tg
(Drd1a-tdTomato)6Calak),45 was crossed with the Drd2-eGFP mice. This
© 2015 Macmillan Publishers Limited
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latter double-transgenic line was used for counting of tdTomato/eGFPpositive cells.

Anti-rat PLA probes were generated according to the manufacturer’s
instructions using the Duolink Probemaker (Olink Bioscience) and goat-anti
rat immunoglobulin G (Santa Cruz, Santa Cruz, CA, USA).

Locomotor behavior and grooming
Motor responses were measured using commercial open ﬁeld activity
chambers (Med Associates, St Albans, VT, USA; 29 × 29 × 20.5 cm3) that
were contained within light- and air-controlled environmental chambers
(Med Associates; 64 × 45 × 42 cm). Location and movement were detected
by the interruption of infrared beams. A three-day protocol was employed
where the mice received injections of 0.9% saline for 2 days and SKF83959
on the third day as previously described.42 Following the SKF83959
injection, the mice were placed in the activity chambers for 60 min. Data
presented are from this third session, following repeated habituation to
the chambers. For bar graph displays, ‘Preinjection’ refers to the average
ambulatory distance during 5-min epochs from minutes 10–30 (that is, just
prior to injection) and ‘Postinjection’ to the same measure from minutes
40–90 (10–60 min after the injection).
During the open ﬁeld testing, mice were additionally monitored by an
overhead camera for analyses of grooming. Grooming was analyzed from
the video recordings by assessing the number of grooming events for a
5-min period during the baseline session and 5-min from the postinjection
period. The rater was blinded to genotype.

Surgeries/viral injections
Viral injections were performed as described previously.46,47 Adenoassociated viruses 1/2 expressing the D2L receptor fused to mVenus46,47
and lentiviruses expressing an untagged rat D1 receptor under the
synapsin promoter were used.48 The nucleus accumbens (NAc) was
targeted with a single injection site bilaterally (two sites in total, 0.5 μl for
AAV1/2, 2 μl for lentiviruses injected in each site): A–P, 1.7 mm; M–L,
± 1.1 mm relative to bregma; and both 3.85 mm ventral to brain surface.
Animals were killed 1 month after surgery.

Drugs
For the cell culture assays, the following pharmacological reagents were
used: 5-HT (Sigma, St Louis, MO, USA), acetylcholine (Sigma), DA (Sigma),
the 5-HT2A/C receptor antagonist ketanserin (Sigma), the M1 muscarinic
receptor antagonist pirenzepine (Sigma), the D2-like receptor agonist
quinpirole (Tocris Biosciences, Minneapolis, MN, USA), and the D1-like
receptor agonist SKF83959 (Tocris Biosciences).
For the behavioral studies, SKF83959 (Tocris Biosciences) was dissolved
in 0.9% saline solution at 0.2 mg cc − 1 (1 mg kg − 1) and injected intraperitoneally (i.p.). For the dose–response experiments, additional doses of
SKF83959 (0.05 and 0.25 mg kg − 1) were also used. The D2-like receptor
antagonist raclopride (Sigma) was used at 0.5 mg kg − 1 and the D1-like
receptor antagonist SCH23390 (Sigma) was used at 0.01 and 0.25 mg kg − 1.

Immunohistochemistry
Brain tissue preparation, immunohistochemistry, confocal microscopy and
image acquisition were performed as described previously.46,47 The following primary antibodies were used: rat anti-D1 receptor antibody (1:2001:500, Sigma Aldrich, St Louis, MO, USA; cat. no. D2944), rabbit anti-D2
receptor antibody (1:100–1:300, see Triﬁlieff et al.46,47), anti-GFP antibody
(1:500, Abcam, Cambridge, MA, USA; cat. no. ab13970), and rabbit antidsRED antibody (1:300, Clontech, Mountain View, CA, USA; cat. no. 632496).
For double labeling of D1 and D2 in double BAC transgenic mice, the slices
were ﬁrst incubated with rabbit anti-D2 receptor, rat anti-D1 receptor and
chicken anti-GFP antibodies followed by appropriate secondary antibodies.
The tomato signal was then enhanced using rabbit anti-DsRed antibody
that was directly labeled with Alexa 568 using the APEX Alexa Fluor 568
Antibody Labeling Kit (Life Technologies, Grand Island, NY, USA; A10494).
The following secondary goat antibodies from Life Technologies were
used: anti-rabbit Alexa 568 or 405, anti-rat Alexa 647, and anti-chicken 488,
all at a concentration of 1/1000.

Proximity-ligation assay
PLA was performed using the Duolink in situ Kit (Olink Bioscience, Uppsala,
Sweden) according to the manufacturer’s instructions with the following
modiﬁcations: Incubation with PLA probes was for 2 h at 37 °C; ligation
step was performed for 45 min at 37 °C; and ampliﬁcation step was
extended to 2 h at 37 °C with a concentration of polymerase of 1/60.

Image processing and quantiﬁcation of PLA signal
To process and quantify the PLA signal, we used a method described in
detail in Biezonski et al. (Journal of Comparative Neurology, in press). All
images were loaded into MATLAB (The MathWorks, Natick, MA, USA) and
converted from 12-bit into double precision intensity values ranging from
0 to 1. The resolution of all images was 210 nm pixel − 1. To develop a
database for representative PLA signal for our images, individual signal was
ﬁrst selected from three positive control images (D1D2 overexpression).
Approximately 70 such areas that ranged in size from 5 pixels to 45 pixels
were chosen from each of the three images. Similarly, a number of
background regions were chosen from negative control images (D1 and
D2 KO). To achieve the greatest separation between the DuoLink signal
and the background, we s.d. ﬁltered all the images and analyzed the s.d.
values within our preselected regions. The DuoLink signal and background
were conservatively separable at 0.08 units of s.d. This threshold captured
95% of all identiﬁed signal pixels and only 40% of identiﬁed background
pixels. Of these background pixels derived from the negative control image,
85% belonged to connected objects that were o5 pixels in size. Thus we
applied a size threshold of 5 pixels for all DuoLink signals and this way
excluded approximately 50% of the background pixels. In parallel, to treat the
confounding areas of high ﬂuorescence intensity within nuclei, we entropy
ﬁltered all of the intensity images with a ﬁlter size of our minimum particle
size (5 pixels). Within the entropy image, nuclei contained uniformly high
values while smaller signals receded into the background. This allowed us to
exclude any ﬂuorescence originating within nuclei from the ultimate analysis
of the DuoLink signal. All s.d. ﬁltered images were then thresholded at 0.08
units of s.d. and the surviving pixels formed masks. Any mask was excluded if
its size was o5 pixels. The masks created from these thresholded images
represented the ﬁnal DuoLink signal.

Data analysis and statistics
Data and statistical analysis were performed with Prism 5.01 (GraphPad
Software, San Diego, CA, USA) or with SPSS version 22 (IBM, Armonk, NY,
USA). For BRET studies, dose–response curves of agonist response and nonresponsive counterpart (that is, antagonist treatment or non-responsive G
protein coupling) were examined with an F-test analysis. Behavioral data
were subjected to one- or two-way analysis of variance, with genotype as a
between-group factor. Post-hoc Tukey’s multiple comparison tests or
Bonferroni’s comparisons were used to compare groups to each other. PLA
data were analyzed using the unpaired t-tests. Graphs are marked with
asterisks (*Po0.05, **Po0.01, ***Po0.001) to denote statistical signiﬁcance.

RESULTS
D1 and D2 receptors expressed individually activate their cognate
G proteins but do not activate Gαq
Activation of G-proteins by speciﬁc DA receptor populations was
systematically assessed using the BRET biosensor technique
(Figure 1a). This approach allows measurement of G-protein
activation based on a conformational change between the α and γ
subunits (Figure 1a). The conformational changes assessed by the
sensors have been previously demonstrated to accurately reﬂect
activation of the G proteins.38,49
DA receptor activation of Gαq was assessed with either DA or
the agonist SKF83959. We failed to detect any drug-induced BRET
changes in the Gαq biosensor in response to DA or SKF83959
stimulation of D1 or D2long (D2L) (Figure 1b) or from D5 or
D2short (D2S) receptors (Supplementary Figure S1b). To demonstrate the functionality of the Gαq biosensor,50 the M1 muscarinic
receptor, a Gαq-coupled receptor, was expressed and stimulated
by acetylcholine (Figure 1b), which resulted in a robust concentration-dependent activation of BRET. As expected, acetylcholineinduced activation was inhibited by the selective antagonist
pirenzepine (Figure 1b).
In contrast, robust cognate G-protein activation (that is, D1-Gαs,
D5-Gαs, D2S-Gαi1 and D2L-Gαi1) was detected by a change in BRET
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Figure 1. Drug-induced conformational change of Gαq is not detected in D1- and/or D2L-expressing cells. (a) Drug-induced bioluminescence
resonance energy transfer (BRET) change shown as ΔBRET ( = BRET ratio with drug applied − basal BRET ratio) is detected between Gα and Gγ
subunits. Note that due to the different positions of the donor sensors within the Gα subunits activation of the heterotrimer is manifested as a
decrease in BRET between the Gα donor and the Gγ acceptor or the Gαq and Gαι1 sensors but as an increase in BRET for the Gαs sensor. (b) M1R
is shown as a positive control for Gαq activation (blue solid = ACh, blue open = ACh + pirenzepine, Po 0.001) whereas Gαq activation was not
observed for either DA or SKF83959 in the D1R (red) or D2R (black). Conformational change of cognate G proteins by dopamine (DA) was
induced and blocked by an agonist and an antagonist for (c) D1R (red, P o0.001) and (d) D2LR (black, P o0.001). (e) Diagram showing the
BRET conﬁguration in panel (f). (f) Co-expression of D1 and D2L did not lead to Gαq activation after drug stimulation (red solid = DA, red
open = SKF83959), whereas robust Gαq coupling to M1R was still seen after acetylcholine addition in the presence of D2LR (blue, P o0.001).

between the α and γ subunits after stimulation with DA (Figures
1c and d for D1-Gαs and D2L-Gαi1, Supplementary Figures S1c and
d for D5-Gαs and D2S-Gαi1). These signals were inhibited, as
expected, by the appropriate antagonists (Figures 1c and d,
Supplementary Figures S1c and d).
D1 and D2 receptors expressed together fail to activate Gαq
Both D1/D2 receptor25 and D5/D2 receptor51 heteromers have
been reported to couple to Gαq activation, and D1 and D2
Molecular Psychiatry (2015), 1373 – 1385

receptors when co-expressed led to mobilization of calcium in
response to DA (but not SKF83959).35 Therefore, Gαq activation
was tested after co-expression of the unfused DA receptors with
the Gαq biosensor proteins (Figure 1e and Supplementary Figure
S1e). Neither stimulation by DA nor SKF83959 led to Gαq activation
in cells co-expressing non-fused receptors—D1+D2L receptors
(Figure 1f), D5+D2L (Supplementary Figure S1f), D1+D2S receptors
(Supplementary Table S1) or D5+D2S receptors (Supplementary
Figure S1g). As a positive control, the M1 receptor was
co-expressed with DA receptors. Drug-induced BRET mediated
© 2015 Macmillan Publishers Limited
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Figure 2. Deﬁned receptor dimer pairs do not recruit Gαq after drug stimulation. Using the complemented donor acceptor resonance energy
transfer approach, a receptor dimer pair is deﬁned by complementation of the luminescent protein Rluc8. (a) Diagram showing the
bioluminescence resonance energy transfer conﬁguration. (b, c) The complemented M1RL1–M1RL2 and 5HT2ARL1–5HT2ARL2 pairs are
shown as positive controls for Gαq coupling (solid = agonist, open = agonist+antagonist, P o0.001). In contrast, the complemented DA
receptor dimer pairs shown ((d) D2SR–D1R, (e) D2SR–D5R, (f) D2LR–D1R, (g) D2LR–D5R) failed to reveal drug-induced Gαq recruitment (red
solid = DA, red open = SKF83959+quinpirole).

by the M1 receptor was not altered in the presence of D2L or D2S,
indicating that the co-expression did not impair the function of
the Gαq biosensor (Figure 1f and Supplementary Figures S1f and g,
blue plot).
When two receptors are co-expressed, it is not possible to
differentiate signaling between individual protomers, homomers
or heteromers. Therefore we used the CODA-RET conﬁguration5
(Figure 2a) to measure Gαq coupling speciﬁcally from the deﬁned
heterodimer. In this method, split luciferase is fused to the C
terminus of two receptors, and luminescence only results from
complementation of the luciferase due to association of the
receptors bearing the halves. Thus BRET between receptor and an

acceptor-tagged Gα is indicative of signaling of the deﬁned dimer
through a deﬁned G protein.5 Homodimer complementation of
the prototypical Gαq-coupled M1 receptor (Figure 2b) or 5HT2A
receptor (Figure 2c) showed efﬁcient agonist-stimulated Gαq
coupling and antagonist blockade. This pair of positive controls
showed that complemented luciferase does not interfere with Gαq
coupling, at least in the case of these homodimers. In contrast, DA
stimulation alone or SKF83959 and quinpirole co-stimulation failed
to induce Gαq coupling of complemented D1-D2S receptors
(Figure 2d), D2S-D5 receptors (Figure 2e), D1-D2L receptors
(Figure 2f) or D2L-D5 receptors (Figure 2g). Despite its better
sensitivity, the BRET2 conﬁguration also failed to detect
Molecular Psychiatry (2015), 1373 – 1385
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drug-induced recruitment of Gαq to either individual (Supplementary Table S1) or complemented DA receptors in any combination
(Supplementary Table S1). We showed previously using CODA-RET
that D1 and D2 receptors can interact in HEK cells and that
signaling of the D1/D2 heteromer to Gαi is differentially altered for
the agonist NPA relative to DA.5 Thus, although these receptors
can interact and modulate one another in HEK cells, our new data
demonstrate that in these cells D1/D2 receptor heteromers are
unable to recruit Gαq in response to DA, SKF83959 or combined
quinpirole and SKF83959.

signaling.28,52 We therefore tested whether, despite the absence
of Gαq or Gα11 recruitment, co-expression of D1 and D2 receptors
leads to calcium mobilization (Figure 3). Neither D1 (Figure 3a)
nor D2S activation (Figure 3b) in the respective stably transfected
cells caused calcium mobilization. We next created dual D1/D2S
stable cells but still did not observe a change in intracellular
calcium in response to D1 and D2 co-stimulation with either DA
or SKF83959 (Figure 3c). In contrast, acetylcholine potently
stimulated calcium via endogenously expressed muscarinic M3
receptors (Figures 3a–c).

D1 and D2 receptors expressed individually or together also fail to
activate Gα11
Gα11 shares signiﬁcant structural and functional homology
with Gαq; they both couple to PLC and are expressed in the
striatum. Therefore it is possible that effects ascribed to Gαq
might instead result from Gα11. We demonstrated the lack of
recruitment of Gα11, in response to activation of D1, D2S, D2L or
D5 receptors (Supplementary Figures S2c and d). Gα11 activation
was also tested after co-expression of the unfused DA receptors
with the Gα11 biosensor proteins, and as was the case with Gαq,
neither stimulation by DA nor SKF83959 led to Gα11 activation
in cells co-expressing non-fused receptors: D1+D2L receptors
(Supplementary Figure S2f), D5+D2L (Supplementary Figure S2g),
D1+D2S receptors Supplementary Figure S2f) or D5+D2S receptors (Supplementary Figure S2g). Once again, positive control
experiments using M1 receptor activation veriﬁed the integrity of
our Gα11 activation assay (Supplementary Figure S2b).

The behavioral effects of SKF83959 in vivo depend on activation of
D1 receptors but not of D2, Gαq or CaMKII phosphorylation on
Thr286
In order to extend our in vitro ﬁndings to the in vivo setting, we
evaluated SKF83959-induced behavioral effects in mutant mice
disrupted for the putative signaling mediators, D1, D5, D2, Gαq or
CaMKII. In WT mice, a peripheral injection of SKF83959 (0.05–
1 mg kg − 1) produced a dose-dependent increase in locomotor
activity (Supplementary Figures S3a and b; F(3,20) = 39.9,
Po 0.001) and a speciﬁc motor stereotypy involving orofacial
grooming (Supplementary Figure S3c; F(3,20) = 39.9, P o 0.05), as
previously described.53,54 The grooming response was already
maximal at 0.05 mg kg − 1 (Supplementary Figure S3c; F(3,23) =
12.8, P o 0.001).
That pharmacological blockade of D1 or D2 receptors blunted
the SKF83959-induced behaviors (data not shown) does not
establish that the drug necessarily acts directly on these receptors.
For example, D2 antagonism is well known to reduce locomotor
activity, and it may prevent SKF83959-induced effects indirectly. In
order to assess more directly which DA receptors are necessary for
mediating SKF83959-induced signaling and behavior, we investigated the SKF83959-induced grooming and locomotor activity in

D1 and D2 receptors fail to induce intracellular calcium responses
At the functional level, D1/D2 heteromer-dependent activation of
Gαq/11 has been proposed to lead to the recruitment of calcium

Figure 3. Neither dopamine (DA) nor SKF83959 induces calcium mobilization in stable cell lines expressing D1 and/or D2 receptors. Using the
FLIPR5 calcium assay system, intracellular calcium levels were measured every 2 s and plotted against time. Ligands (ACh = 10 μM
acetylcholine, vehicle, DA = 10 μM dopamine, 10 μM SKF83959, 10 μM U73122 or 10 μM pirenzepine) were added at 20 s, indicated by an
arrow, in (a) D1R, (b) D2R and (c) D1R/D2R stable cells. Calcium level is shown in percentage normalized to 10 μM acetylcholine (ACh). Traces
are representative of n = 3 experiments.
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a panel of DA receptor KO mice. SKF83959 elicited a signiﬁcant
orofacial grooming response (Figure 4a; F(1,69) = 23.6, P o 0.001)
in WT mice but not in D1 receptor KO mice (post-hoc Bonferroni
multiple comparison test; P o0.001). We also assessed SKF83959induced locomotion (Figure 4b; F(1,34) = 135.0, P o 0.001). D1
receptor KO mice were initially hyperactive compared with their
WT littermates during the preinjection baseline session (Figure 4b
and Supplementary Figure S4). During the postinjection period,
WT mice increased their locomotor activity in response to

SKF83959 (Figure 4b, post-hoc Bonferroni multiple comparison
test, P o0.001). The D1 null mice, in contrast, did not respond to
SKF83959 but continued to habituate to the chambers (Figure 4b
and Supplementary Figure S4), resulting in a signiﬁcant decrease
in locomotor activity, as compared with preinjection baseline
(post-hoc Bonferroni multiple comparison test, Po 0.001).
We next examined the effects of SKF83959 in mice lacking D2
receptors and observed signiﬁcant increases in grooming in both
WT and D2 null mice (Figure 4c; F(1,33) = 8.32, P o0.001; post-hoc

Figure 4. SKF83959-induced orofacial grooming (a, c, e, g) and locomotor activation (b, d, f, h) are absent in mice lacking the D1 receptor (a, b)
but present in D2 receptor knockouts (c, d), Gαq null (e, f) and CaMKII (g, h) mutant mice. Asterisks denote signiﬁcance (*P o0.05, **Po 0.01,
***P o0.001) based on post-hoc Bonferroni multiple comparison tests following repeated measures analysis of variance. The data contained in
panel (f) from the Gαq null mice are a modiﬁed presentation of those published in Frederick et al.42 Yellow bars = wild type, red bars = mutant.
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Bonferroni multiple comparison tests, P o0.01 for each). D2
receptor null mice expressed sharply reduced locomotor activity
during the preinjection period (Figure 4d, post-hoc Bonferroni
multiple comparison test, P o 0.01), but both the WT controls and
D2 receptor −/− mice responded signiﬁcantly to SKF83959
(Figure 4d; F(1,33) = 72.3, P o0.001; post-hoc Bonferroni multiple
comparison tests, P o 0.001). Given the reduced locomotion in the
D2 receptor null mice, these animals expressed an even more
robust response to SKF83959 when considering the percentage of
change from preinjection baseline.
We next tested a potential role for D5 receptors in the effects of
SKF83959. SKF83959 signiﬁcantly increased grooming (F(3,40) =
12.3, P o0.001) and locomotor activity (F(1,40) = 108.6, P o 0.001)
in D5 receptor KO mice, although the locomotor responses were
slightly reduced compared with WT (Supplementary Figure S5,
post-hoc Bonferroni multiple comparison test, P o 0.05).
In addition to evaluating the contribution of the DA receptors to
SKF83959-mediated actions, we also assessed the contribution of
the G-protein Gαq (Figures 4e and f). Similar to the D2 receptor
KOs, Gαq KO mice were hypoactive at preinjection baseline but still
responded robustly to SKF83959. SKF83959 signiﬁcantly increased
grooming in WT and Gαq KO mice (Figure 3e, F(1,28) = 5.90,
Po 0.01; post-hoc Bonferroni multiple comparison tests, Po 0.05).
Similar results were observed for locomotor activity (Figure 4f, F
(1,28) = 4.99, P o 0.01; post-hoc Bonferroni multiple comparison
tests, P o0.001).
Next we assessed the role of CaMKIIα in mediating the behavioral responses to SKF83959, as phosphorylation of CaMKIIα
on Thr286 has been suggested to be a critical downstream
component in the signaling of SKF83959.25,26,55 To address this
question, we evaluated CaMKIIα-Thr286Ala knock-in mice, in which
CaMKII is incapable of phosphorylation at the Thr286 residue.56,57
Both SKF83959-induced grooming (Figure 4g, F(3,15) = 4.99,
Po 0.01; post-hoc Bonferroni multiple comparison tests, P o0.05)
and locomotor activity (Figure 4h, F(3,15) = 12.2, Po 0.01; post-hoc
Bonferroni multiple comparison tests, P o 0.001) were fully intact
in CaMKIIα-Thr286Ala knock-in mice.
We additionally normalized the SKF83959-induced grooming
data to the preinjection baseline observed for each mutant
genotype to provide more direct comparisons within each line. As
can be seen in Supplementary Figure S6, D1 receptor KO mice
expressed signiﬁcantly reduced SKF83959-induced grooming as
compared with controls (P = 0.0126 by the unpaired t-test).
However, no other mutant mice (D2 receptor null, Gαq null,
CaMKIIα-Thr286Ala knock-in, D5 receptor null) differed from WT
littermate controls.
D1 and D2 receptors do not form complexes in the striatum
Even if the behavioral effects of SKF83959 are not mediated by
D1/D2 receptor dimers, it is conceivable that such a complex
nonetheless mediates differential signaling and represents a novel
target for therapeutics. In fact, despite our inability to detect the
activation of Gαq by D1/D2 receptors in HEK293 cells, previously
using CODA-RET we did obtain support for functional selectivity in
the Gαi pathway of a deﬁned D1/D2 receptor heteromer.5 This
piqued our interest in this potential heteromer as a drug target
and motivated us to pursue studies in ventral striatal brain slices
where the receptors have been reported to be co-expressed.
Co-expression of D1 and D2 receptors in the striatum and NAc has
been a contentious topic.6 In situ hybridization and electron
microscopy studies have generally supported the segregation of
these receptors in distinct subpopulations of neurons.7,58,59
However, modest colocalization as well as ﬂuorescence resonance
energy transfer between D1 and D2 receptors have been
observed in the shell of the NAc using antibodies.9,10 Indirect
measures using BAC transgenic GFP mice support co-expression
of D1 and D2 receptor genes in a sub-population of neurons in the
Molecular Psychiatry (2015), 1373 – 1385

shell of the NAc.13,60 In order to clarify whether D1 and D2
receptors colocalize in the shell of the NAc, we took advantage of
an anti-D2 receptor antibody that we previously generated and
that shows high selectivity as conﬁrmed by the lack of staining in
D2 receptor KO mice46,47 (Figure 5a). We detected very limited
colocalization of D1 and D2 receptors in the shell of the NAc in WT
mice (Figure 5b) or rats (Supplementary Figure S7) or in the
ventral striatum of rhesus monkeys (Supplementary Figure S7).
Because D1 and D2 receptor subcellular localization is mostly in
the neuropil,11,46,47,59,61 it is virtually impossible to distinguish cells
that express speciﬁc DA receptors. In order to better identify cells
that co-express both receptors, we crossed two transgenic
reporter lines, Drd1a-tdTomato45 and Drd2-eGFP.44 As previously
reported based on comparing expression in the individual
reporter lines,60 in the crossed lines we observed co-expression
of both genes in a small fraction of cells restricted to the shell of
the NAc but in only a handful of neurons within the NAc core or
the dorsal striatum (Figure 5c).
We performed cell counts of D1-tomato+ and D2-eGFP+ cells at
multiple levels throughout the rostral to caudal extent of the NAc
and dorsal striatum (Supplementary Figure S8). The vast majority
of cells in all regions were positive for only D1-tomato or D2-eGFP,
but colocalized reporter proteins were observed in 5–7% of cells
within the NAc shell (Supplementary Figure S8a). Within the NAc
core, only 2–3% of reporter-expressing cells expressed both
D1-tomato and D2-eGFP (Supplementary Figure S8b). The vast
majority of the dorsal striatum (Supplementary Figure S8c)
resembled the NAc core with only ~ 2% colocalization; however,
in the caudal tail of the striatum, colocalization increased to ~ 7%.
We next analyzed D1 and D2 receptor expression with high
resolution, selectively in those neurons that co-expressed
Tdtomato and eGFP in the shell of the NAc. Staining of D1
and D2 receptor signals in those neurons revealed complete
segregation of the receptors even on dendritic segments that coexpress both reporters (Figure 5d). These data suggest that even
in the few neurons in which both D1 and D2 receptor promoters
are active, there is little, if any, colocalization of the receptor
proteins.
We conﬁrmed the lack of interaction of D1 and D2 receptors
using a PLA that allows for the detection of receptor complexes
ex vivo.47 PLA signals for this heteromer were virtually absent
in the NAc of WT, D1 receptor KO and D2 receptor KO mice
(Figure 6). Overexpression of either D1 or D2 receptors by viral
gene transfer led to a small increase in PLA signal, whereas
overexpression of both receptors resulted in a very large increase
in PLA signal (Figure 6). These data suggest that, even in the small
fraction of neurons that co-express D1 and D2 receptors, the
receptors are segregated and do not physically interact. In
contrast, when both receptors are dramatically overexpressed—
either in HEK cells or in vivo—the receptors have the ability to
interact.
DISCUSSION
We were unable to detect Gαq/11 coupling to monomers or
heteromers of DA receptors using multiple sensitive biosensors
expressed in HEK cells. SKF83959-induced locomotor and grooming behaviors were eliminated or reduced in D1 receptor KO mice
but were intact in D2 receptor and Gαq KOs as well as in nonautophosphorylatable Ala286-CaMKIIα knock-in mice. These data
are thus incongruent with a dependence of SKF83959-induced
behavior on D1/D2 heteromers or Gαq/11 signaling. Moreover, we
found that D1 and D2 receptors are segregated at the subcellular
level even in medium spiny neurons in the shell of the NAc that
co-express both receptors, suggesting that these receptors do not
form heteromers in vivo.
In our BRET studies, we considered the possibility that the fused
complemented luciferase might interfere with Gαq/11 coupling
© 2015 Macmillan Publishers Limited
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Figure 5. D1 and D2 receptors are co-expressed but do not colocalize in the shell of the nucleus accumbens (NAc). (a) Immunohistochemical
detection of D2 (top) and D1 (bottom) in the shell of the NAc in wild-type (WT) mice. Staining was virtually absent in D2 or D1 KO mice.
(b) Co-staining of D1 and D2 receptors in the shell of the NAc in mice revealed extremely limited colocalization. (c) Top-left: Low magniﬁcation
confocal image of a horizontal section going through the striatum and NAc in a double BAC Drd1a-tdTomato/Drd2-eGFP transgenic mouse.
The Ds-Red (red) and enhanced green ﬂuorescent protein (eGFP; green) signals were enhanced using speciﬁc antibodies. Cells co-expressing
active Drd1 and Drd2 promoters (yellow) were detectable in the shell (bottom-right) but not in the core (bottom-left) of the NAc or in the
dorsal striatum (CPu: top-right). (d) Zoom on tomato+ (D1) and eGFP+ (D2) dendritic areas in the shell of the NAc after quadruple staining of
DsRed, eGFP, D1 and D2. Top-left: tomato and eGFP signals; Top-right: yellow areas were detected using the ImageJ software and identiﬁed
with a mask (grey outline); Bottom-left: D1 (green) and D2 (red) receptors signals merged with the mask (grey). Bottom-right: D1 (red) and D2
(green) signals extracted within the mask area showed virtually no colocalization of D1 and D2 receptors. Scale bars = 10 μm unless otherwise
indicated.

to the heteromer. However, Gαs, Gαi and Gαo coupling to the
complemented receptors was as robust and consistent as with the
individual protomers that were not complemented,5 and Gαq/11
were robustly recruited to complemented receptors known to
couple to these G proteins. Nonetheless, we also pursued studies
with Gαq/11 biosensors with DA receptors with unmodiﬁed
cytoplasmic tails to rule out any potential disruption of Gαq/11
recruitment due to the RLuc8 fusions. Although we observed
robust activation of the Gαs, Gαi and Gαo sensors, we again failed to
observe evidence for Gαq or Gα11 activation by D1 and D2
receptors, individually or together, despite the fact that the Gαq

and Gα11 sensors worked as expected for the M1 or 5HT2A
receptors, both of which are known to couple to Gαq. We conclude
that DA receptors in any combination are unable to activate Gαq/11
in HEK293 cells.
It is important to note that most of the published ﬁndings that
led to the inference of Gαq as an intermediary mechanism for
calcium mobilization did not study Gαq directly but instead relied
on calcium measurements or IP3 production. Although both of
these are consistent with PLC activation, they do not necessarily
require Gαq/11 activation. Reports have shown GTPγS binding to
Gαq upon activation of DA receptors, but these methods depend
Molecular Psychiatry (2015), 1373 – 1385
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Figure 6. Proximity ligation assay (PLA) shows that endogenous D1
and D2 receptors do not physically interact in the shell of the
nucleus accumbens. (a) Whereas the non-speciﬁc nuclear background did not vary between conditions, the PLA signal (small dots)
indicative of molecular proximity between D1 and D2 receptors was
virtually absent in wild-type (WT) mice, as well as in D1 and D2
knockout (KO) mice. Virally mediated overexpression of D1 (D1OE)
did not signiﬁcantly increase PLA signal, whereas D2 (D2OE)
receptor overexpression led to a small, but signiﬁcant, increase in
PLA signal. Simultaneous overexpression of both receptors
(D1D2OE) led to a very strong PLA signal, suggesting that the two
receptors have the ability to interact if highly expressed in close
proximity. (b) Quantiﬁcation of the PLA signals was performed as
described in Materials and methods section. N = 4–8 (3–4 animals).
*Po 0.05; **Po 0.01. Scale bars = 10 μm.

on selective immunoprecipitation of endogenous Gαq by antibodies to differentiate the signal from that of other Gα isoforms.20,25,62,63 Using much more robust biosensors, we have
failed to ﬁnd evidence that D1 or D1/D2 receptors can activate
Gαq/11. Consistent with our results, Mailman and colleagues
also failed to detect IP3 release by D1, D2 or co-expressed
receptors.23,24 Chun et al.35 have recently shown in HEK cells that
activation of co-expressed D1 and D2 receptors by DA leads to
calcium mobilization, but this was blocked by a scavenger of Gβγ
as well as by pertussis toxin or cholera toxin, suggesting that
the calcium signal results from downstream crosstalk and/or
Gβγ-enhanced PLC signaling and not from direct activation of Gαq
by DA receptors. We failed to observe calcium mobilization in
response to 10 μM DA or SKF83959 in cells expressing D1, D2 or
D1/D2 receptors (Figure 3). We did observe a small calcium signal
in response to both DA and SKF81297 at 100 μM (data not shown)
in cells expressing D1 as well as both D1/D2 receptors. This
suggests a minimal ability to engage PLC at extremely high
concentrations of agonist, but this is clearly not heteromerMolecular Psychiatry (2015), 1373 – 1385

mediated as it occurs in cells expressing only D1, and is also not
mediated by Gαq/11, as demonstrated above.
SKF83959-induced behavioral responses were absent in D1
receptor KO mice, conﬁrming the role of the DA D1 receptor in
mediating the motor effects of SKF83959. Additionally, we were
able to block the effects of SKF83959 with the D1-like antagonist
SCH23390 (data not shown). As SKF83959 also has afﬁnity for D5
receptors,35 we also assessed the SKF83959-induced behaviors
in D5 receptor null mice. SKF83959-induced locomotor activity
and grooming were largely intact in D5 receptor KOs, further
conﬁrming the role of the D1 receptor as the primary D1-like
receptor target for the motor-activating effect of SKF83959.
A small but statistically signiﬁcant reduction of locomotion but
not grooming responses in D5 receptor KOs, however, suggests a
possible accessory role for the D5 receptor in the actions of
SKF83959.
Interestingly, we observed pronounced effects of SKF83959 in
both D2 receptor and Gαq KO mice, demonstrating that these
proteins are not necessary for SKF83959-induced behavioral
responses. These results, together with our signaling studies,
contradict the current hypothesis in the literature regarding the
signaling mechanism of SKF83959.10,25 In this model, SKF83959
acts through a D1/D2 receptor oligomer coupled to Gαq and a
downstream signaling system involving PI hydrolysis and intracellular calcium release. If SKF83959 signaled through such a
mechanism, then we would have expected to observe a loss of
SKF83959-induced locomotor and grooming responses in the D2
receptor and Gαq null mice, as we did with the D1 receptor KO
mice. Contrary to this hypothesis, however, D2 receptor and Gαq
KO mice appear to be more sensitive to SKF83959; both exhibiting
greater percentage of change from baseline in the locomotor
assay compared with WT mice. Previous ﬁndings have demonstrated that SKF83959-induced behaviors can be blocked by the
D2-like receptor antagonist raclopride,25,26 a ﬁnding we have
replicated (data not shown). However, these results are confounded by the fact that the doses required to block SKF83959induced behaviors induces signiﬁcant catalepsy,9,64 suggesting, in
light of our results with the D2 receptor KO mice, that the
inhibition of locomotion by raclopride is not mediated at a D1/D2
receptor heteromer but rather is indirect through blockade of D2
receptor signaling.
Previous reports have also suggested that Thr286 phosphorylation of CaMKIIα is a critical downstream component in the
signaling of SKF83959.25,26,55 However, we observed intact
SKF83959-induced locomotor and grooming responses in CaMKIIα-Thr286Ala knock-in mice that lack the major regulatory autophosphorylation site, suggesting again that CaMKIIα signaling is
not an essential component of SKF83959-induced signaling.
Our data also directly challenge the idea that D1 and D2 receptors form oligomers in medium spiny neurons in adult animals.
Co-expression of D1 and D2 receptors in medium spiny neurons
has been a matter of long debate.6 Whereas in situ hybridization7
supports an almost complete separation of D1 receptor- and D2
receptor-expressing medium spiny neurons, single-cell PCR65 and
immunohistochemical8–12 methods showed a larger degree of
colocalization. The use of BAC transgenic reporter mice conﬁrmed
that the segregation of the two receptors is not complete,6,66
particularly in the shell of the NAc.60 Our data using the Drd1atdTomato/Drd2-eGFP double BAC transgenic mice directly conﬁrm
that a small number of neurons do express both D1 and D2
receptors, especially within the shell of the NAc and the caudal tail
of the neostriatum.
However, using traditional immunohistochemistry or PLA, we
were unable to detect colocalization or molecular proximity of D1
and D2 receptors in the adult ventral striatum, in contrast to
previous reports.8–10,28 This discrepancy is not readily explained by
differences in anti-D2 receptor primary antibodies or immunostaining protocols used, as we also failed to detect colocalization
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using antibodies and conditions identical to those published (data
not shown). The lack of PLA signal is unlikely to be related to a lack
of sensitivity of the assay, as we have succeeded in detecting
endogenous receptor complexes in the striatum, including
D2/A2A receptors47 or D1/NR1 receptors.67 (see also Biezonski
et al., Journal of Comparative Neurology, in press). Moreover, we
failed to detect colocalization of D1 and D2 receptors by immunohistochemistry in three different mammalian species (that is,
mouse, rat and monkey). It is important to note that when
colocalization and interaction between D1 and D2 receptors was
described previously, it was most evident within cell bodies.8–10,28
However, DA receptors have generally been shown to be mainly
expressed in the neuropil,11,46,47,59,61 even when overexpressed.46,47 Moreover, we were able to show that, even when
one or the other receptor was overexpressed, the level of
colocalization/molecular proximity of D1 and D2 receptors was
extremely low, suggesting that an active mechanism may keep
the receptors segregated at the subcellular level. Importantly, our
data are in accordance with the observation using electron
microscopy that D1 and D2 receptors do not colocalize at the
subcellular level even when expressed in the same cellular
compartments.59 The mechanisms that support segregation of
these two receptors are unknown but could rely on distinct
properties of the individual receptors, such as interaction with
speciﬁc scaffolding proteins or localization in different membrane
microdomains. Nonetheless, our data in HEK cells (Urizar et al.5;
current study) as well as ex vivo with overexpression of both D1
and D2 suggest that the receptors have the ability to interact
under conditions in which the segregating mechanism is either
not present or is overwhelmed by receptor excess.
Despite the fact that our data do not support the existence of
D1/D2 receptor heteromers in the adult brain, the presence of
cells within the shell of the NAc that co-express both receptors
does suggest the existence of a third neuronal circuit within the
basal ganglia, distinct from the classical direct and indirect
pathways of the striatum, that could exhibit atypical signaling
and distinct physiological properties.10 It is conceivable that the
extent of D1 and D2 receptor co-expression and/or heteromerization in these cells varies during different developmental periods
(although heteromerization of these receptors was reported to be
less, not more, in the juvenile brain68) or even in pathological
states that might alter the segregation process that normally
keeps the receptors apart. Regardless, a systematic characterization of the anatomical, physiological and molecular properties of
the small subset of neurons that co-express D1 and D2 receptors
will be necessary to understand the role of these cells in basal
ganglia physiology and pathophysiology.6,60
Our current data call into question the interpretations of several
previous studies suggesting the presence of a D1/D2 heteromercontaining neurons as a target for drug discovery (for review, see
Perreault et al.10,69). In fact, dysregulation of D1/D2 receptor
heteromers has been speciﬁcally postulated in both schizophrenia9 and depression.27 The main ﬁndings relevant to schizophrenia have been increases in the high afﬁnity state of D2
receptors that can be preferentially competed with SKF83959 in
the striatum following repeated amphetamine and in the
postmortem globus pallidus of schizophrenia patients.9 For major
depression, a peptide that disrupts D1/D2 co-immunoprecipitation produced anti-depressant effects in an animal
model.27 Although our ﬁndings cannot rule out the possibility of
increased D1/D2 interaction in pathological states, our inability to
detect such an interaction in WT mice, rats and monkeys suggests
that a role for D1/D2 heteromers in pathological conditions must
be reconsidered. Moreover, our ﬁndings challenge the idea that
D1/D2 heteromers are promising targets for the development of
highly selective ligands for treatment of psychiatric symptoms.
Rather than focusing on D1/D2 heteromer ligands, basic and
clinical research programs might gain more traction by instead

performing mechanistic evaluation of D1 receptor agonists, such
as DAR-0100A, which was recently shown to attenuate working
memory impairments in patients with schizotypal personality
disorder.70
Taken together, these data suggest that current models of DA
receptor functional selectivity based on D1/D2 heteromerization
are incorrect and that D1/D2 heteromers do not have a signiﬁcant
role in the normal adult brain. The ﬁeld needs to reconsider
previous data interpreted with this hypothesis in mind.
CONFLICT OF INTEREST
The authors declare no conﬂict of interest.

ACKNOWLEDGMENTS
This work was supported by NIH grants RO1MH086629 (GDS), F31DA029499 (to ALF),
TL1 RR024158-04 (to HY), K05DA022413 and R01MH54137 (to JAJ), RO1MH093672 (to
CK), R01NS078291 (to RJC), a Research scientist award from the Research Foundation
for Mental Hygiene (to PT) and the Lieber Center for Schizophrenia Research and
Treatment. Behavioral work was performed at the Vanderbilt Mouse Neurobehavioral
Core, which is supported in part by P30HD15052. We thank Dr Celine Gales (Institut
National de la Santé et de la Recherche Médicale, Toulouse, France) and Dr Nevin
Lambert (Georgia Health Sciences University, Augusta, Georgia) for kindly sharing
Rluc and Venus fusion G protein constructs, Dr Stefan Offermanns (University of
Heidelberg, Germany) for supplying the Gαq mutant line and Dr Nicole Calakos (Duke
University) for the Drd1a-tdTomato reporter line. We also thank Matt Buendia,
Heather Durai and Dr John Allison for excellent technical assistance.

REFERENCES
1 Ferre S, Baler R, Bouvier M, Caron MG, Devi LA, Durroux T et al. Building a new
conceptual framework for receptor heteromers. Nat Chem Biol 2009; 5: 131–134.
2 Gurevich VV, Gurevich EV. GPCR monomers and oligomers: it takes all kinds.
Trends Neurosci 2008; 31: 74–81.
3 Lambert NA, Javitch JA. CrossTalk opposing view: weighing the evidence for class
A GPCR dimers, the jury is still out. J Physiol 2014; 592(Pt 12): 2443–2445.
4 Han Y, Moreira IS, Urizar E, Weinstein H, Javitch JA. Allosteric communication
between protomers of dopamine class A GPCR dimers modulates activation. Nat
Chem Biol 2009; 5: 688–695.
5 Urizar E, Yano H, Kolster R, Gales C, Lambert N, Javitch JA. CODA-RET reveals
functional selectivity as a result of GPCR heteromerization. Nat Chem Biol 2011; 7:
624–630.
6 Bertran-Gonzalez J, Herve D, Girault JA, Valjent E. What is the degree of segregation between striatonigral and striatopallidal projections? Front Neuroanatomy
2010; 4: 136.
7 Le Moine C, Bloch B. D1 and D2 dopamine receptor gene expression in the rat
striatum: sensitive cRNA probes demonstrate prominent segregation of D1 and
D2 mRNAs in distinct neuronal populations of the dorsal and ventral striatum.
J Comp Neurol 1995; 355: 418–426.
8 Perreault ML, Fan T, Alijaniaram M, O'Dowd BF, George SR. Dopamine D1-D2
receptor heteromer in dual phenotype GABA/glutamate-coexpressing striatal
medium spiny neurons: regulation of BDNF, GAD67 and VGLUT1/2. PloS One 2012;
7: e33348.
9 Perreault ML, Hasbi A, Alijaniaram M, Fan T, Varghese G, Fletcher PJ et al. The
dopamine D1-D2 receptor heteromer localizes in dynorphin/enkephalin neurons:
increased high afﬁnity state following amphetamine and in schizophrenia. J Biol
Chem 2010; 285: 36625–36634.
10 Perreault ML, Hasbi A, O'Dowd BF, George SR. The dopamine D1-D2 receptor
heteromer in striatal medium spiny neurons: evidence for a third distinct
neuronal pathway in basal ganglia. Front Neuroanatomy 2011; 5: 31.
11 Deng YP, Lei WL, Reiner A. Differential perikaryal localization in rats of D1 and D2
dopamine receptors on striatal projection neuron types identiﬁed by retrograde
labeling. J Chem Neuroanatomy 2006; 32: 101–116.
12 Aizman O, Brismar H, Uhlen P, Zettergren E, Levey AI, Forssberg H et al. Anatomical and physiological evidence for D1 and D2 dopamine receptor colocalization
in neostriatal neurons. Nat Neurosci 2000; 3: 226–230.
13 Bertran-Gonzalez J, Bosch C, Maroteaux M, Matamales M, Herve D, Valjent E et al.
Opposing patterns of signaling activation in dopamine D1 and D2 receptorexpressing striatal neurons in response to cocaine and haloperidol. J Neurosci
2008; 28: 5671–5685.
14 Beaulieu JM, Gainetdinov RR. The physiology, signaling, and pharmacology of
dopamine receptors. Pharmacol Rev 2011; 63: 182–217.

Molecular Psychiatry (2015), 1373 – 1385

© 2015 Macmillan Publishers Limited

101

Evidence against D1/D2 heteromers
AL Frederick et al

1384
15 Undie AS, Friedman E. Stimulation of a dopamine D1 receptor enhances
inositol phosphates formation in rat brain. J Pharmacol Exp Ther 1990; 253:
987–992.
16 Undie AS, Weinstock J, Sarau HM, Friedman E. Evidence for a distinct D1-like
dopamine receptor that couples to activation of phosphoinositide metabolism
in brain. J Neurochem 1994; 62: 2045–2048.
17 Undie AS, Berki AC, Beardsley K. Dopaminergic behaviors and signal transduction
mediated through adenylate cyclase and phospholipase C pathways. Neuropharmacology 2000; 39: 75–87.
18 Mahan LC, Burch RM, Monsma FJ Jr., Sibley DR. Expression of striatal D1 dopamine
receptors coupled to inositol phosphate production and Ca2+ mobilization in
Xenopus oocytes. Proc Natl Acad Sci USA 1990; 87: 2196–2200.
19 Arnt J, Hyttel J, Sanchez C. Partial and full dopamine D1 receptor agonists in mice
and rats: relation between behavioural effects and stimulation of adenylate
cyclase activity in vitro. Eur J Pharmacol 1992; 213: 259–267.
20 Jin LQ, Goswami S, Cai G, Zhen X, Friedman E. SKF83959 selectively regulates
phosphatidylinositol-linked D1 dopamine receptors in rat brain. J Neurochem
2003; 85: 378–386.
21 Panchalingam S, Undie AS. SKF83959 exhibits biochemical agonism by stimulating [(35)S]GTP gamma S binding and phosphoinositide hydrolysis in rat and
monkey brain. Neuropharmacology 2001; 40: 826–837.
22 Andringa G, Drukarch B, Leysen JE, Cools AR, Stoof JC. The alleged dopamine D1
receptor agonist SKF 83959 is a dopamine D1 receptor antagonist in primate cells
and interacts with other receptors. Eur J Pharmacol 1999; 364: 33–41.
23 Lee SM, Kant A, Blake D, Murthy V, Boyd K, Wyrick SJ et al. SKF-83959 is not a
highly-biased functionally selective D dopamine receptor ligand with activity at
phospholipase C. Neuropharmacology 2014; 86: 145–154.
24 Ryman-Rasmussen JP, Nichols DE, Mailman RB. Differential activation of adenylate
cyclase and receptor internalization by novel dopamine D1 receptor agonists. Mol
Pharmacol 2005; 68: 1039–1048.
25 Rashid AJ, So CH, Kong MM, Furtak T, El-Ghundi M, Cheng R et al. D1-D2
dopamine receptor heterooligomers with unique pharmacology are coupled to
rapid activation of Gq/11 in the striatum. Proc Natl Acad Sci USA 2007; 104:
654–659.
26 Ng J, Rashid AJ, So CH, O'Dowd BF, George SR. Activation of calcium/calmodulindependent protein kinase IIalpha in the striatum by the heteromeric D1-D2
dopamine receptor complex. Neuroscience 2010; 165: 535–541.
27 Pei L, Li S, Wang M, Diwan M, Anisman H, Fletcher PJ et al. Uncoupling the
dopamine D1-D2 receptor complex exerts antidepressant-like effects. Nat Med
2010; 16: 1393–1395.
28 Hasbi A, Fan T, Alijaniaram M, Nguyen T, Perreault ML, O'Dowd BF et al. Calcium
signaling cascade links dopamine D1-D2 receptor heteromer to striatal BDNF
production and neuronal growth. Proc Natl Acad Sci USA 2009; 106: 21377–21382.
29 Zhang X, Zhou Z, Wang D, Li A, Yin Y, Gu X et al. Activation of phosphatidylinositol-linked D1-like receptor modulates FGF-2 expression in astrocytes
via IP3-dependent Ca2+ signaling. J Neurosci 2009; 29: 7766–7775.
30 Ma LQ, Liu C, Wang F, Xie N, Gu J, Fu H et al. Activation of phosphatidylinositollinked novel D1 dopamine receptors inhibits high-voltage-activated Ca2+ currents in primary cultured striatal neurons. J Neurophysiol 2009; 101: 2230–2238.
31 Liu J, Wang W, Wang F, Cai F, Hu ZL, Yang YJ et al. Phosphatidylinositol-linked
novel D(1) dopamine receptor facilitates long-term depression in rat hippocampal
CA1 synapses. Neuropharmacology 2009; 57: 164–171.
32 Chu HY, Yang Z, Zhao B, Jin GZ, Hu GY, Zhen X. Activation of phosphatidylinositol-linked D1-like receptors increases spontaneous glutamate release in rat
somatosensory cortical neurons in vitro. Brain Res 2010; 1343: 20–27.
33 Friedman E, Jin LQ, Cai GP, Hollon TR, Drago J, Sibley DR et al. D1-like dopaminergic activation of phosphoinositide hydrolysis is independent of D1A dopamine
receptors: evidence from D1A knockout mice. Mol Pharmacol 1997; 51: 6–11.
34 Sahu A, Tyeryar KR, Vongtau HO, Sibley DR, Undieh AS. D5 dopamine receptors
are required for dopaminergic activation of phospholipase C. Mol Pharmacol
2009; 75: 447–453.
35 Chun LS, Free RB, Doyle TB, Huang XP, Rankin ML, Sibley DR. D1-D2 dopamine
receptor synergy Promotes calcium signaling via multiple mechanisms. Mol
Pharmacol 2013; 84: 190–200.
36 Guo W, Shi L, Javitch JA. The fourth transmembrane segment forms the interface
of the dopamine D2 receptor homodimer. J Biol Chem 2003; 278: 4385–4388.
37 Guo W, Urizar E, Kralikova M, Mobarec JC, Shi L, Filizola M et al. Dopamine D2
receptors form higher order oligomers at physiological expression levels. EMBO J
2008; 27: 2293–2304.
38 Gales C, Rebois RV, Hogue M, Trieu P, Breit A, Hebert TE et al. Real-time monitoring of receptor and G-protein interactions in living cells. Nat Methods 2005; 2:
177–184.
39 Drago J, Gerfen CR, Lachowicz JE, Steiner H, Hollon TR, Love PE et al. Altered
striatal function in a mutant mouse lacking D1A dopamine receptors. Proc Natl
Acad Sci USA 1994; 91: 12564–12568.

Molecular Psychiatry (2015), 1373 – 1385

40 Jung MY, Skryabin BV, Arai M, Abbondanzo S, Fu D, Brosius J et al. Potentiation of
the D2 mutant motor phenotype in mice lacking dopamine D2 and D3 receptors.
Neuroscience 1999; 91: 911–924.
41 Hollon TR, Bek MJ, Lachowicz JE, Ariano MA, Mezey E, Ramachandran R et al. Mice
lacking D5 dopamine receptors have increased sympathetic tone and are
hypertensive. J Neurosci 2002; 22: 10801–10810.
42 Frederick AL, Saborido TP, Stanwood GD. Neurobehavioral phenotyping of G
(alphaq) knockout mice reveals impairments in motor functions and spatial
working memory without changes in anxiety or behavioral despair. Front Behav
Neurosci 2012; 6: 29.
43 Shuen JA, Chen M, Gloss B, Calakos N. Drd1a-tdTomato BAC transgenic mice for
simultaneous visualization of medium spiny neurons in the direct and indirect
pathways of the basal ganglia. J Neurosci 2008; 28: 2681–2685.
44 Gong S, Zheng C, Doughty ML, Losos K, Didkovsky N, Schambra UB et al. A gene
expression atlas of the central nervous system based on bacterial artiﬁcial chromosomes. Nature 2003; 425: 917–925.
45 Ade KK, Wan Y, Chen M, Gloss B, Calakos N. An Improved BAC transgenic ﬂuorescent reporter line for sensitive and speciﬁc identiﬁcation of striatonigral medium spiny neurons. Front Systems Neurosci 2011; 5: 32.
46 Triﬁlieff P, Feng B, Urizar E, Winiger V, Ward RD, Taylor KM et al. Increasing
dopamine D2 receptor expression in the adult nucleus accumbens enhances
motivation. Mol Psychiatry 2013; 18: 1025–1033.
47 Triﬁlieff P, Rives ML, Urizar E, Piskorowski RA, Vishwasrao HD, Castrillon J et al.
Detection of antigen interactions ex vivo by proximity ligation assay: endogenous
dopamine D2-adenosine A2A receptor complexes in the striatum. BioTechniques
2011; 51: 111–118.
48 Sonntag KC, Brenhouse HC, Freund N, Thompson BS, Puhl M, Andersen SL. Viral
over-expression of D1 dopamine receptors in the prefrontal cortex increase highrisk behaviors in adults: comparison with adolescents. Psychopharmacology 2014;
231: 1615–1626.
49 Gales C, Van Durm JJ, Schaak S, Pontier S, Percherancier Y, Audet M et al. Probing
the activation-promoted structural rearrangements in preassembled receptor-G
protein complexes. Nat Struct Mol Biol 2006; 13: 778–786.
50 Sauliere A, Bellot M, Paris H, Denis C, Finana F, Hansen JT et al. Deciphering
biased-agonism complexity reveals a new active AT1 receptor entity. Nat Chem
Biol 2012; 8: 622–630.
51 So CH, Verma V, Alijaniaram M, Cheng R, Rashid AJ, O'Dowd BF et al. Calcium
signaling by dopamine D5 receptor and D5-D2 receptor hetero-oligomers occurs
by a mechanism distinct from that for dopamine D1-D2 receptor hetero-oligomers. Mol Pharmacol 2009; 75: 843–854.
52 Hasbi A, O'Dowd BF, George SR. Heteromerization of dopamine D2 receptors with
dopamine D1 or D5 receptors generates intracellular calcium signaling by different mechanisms. Curr Opin Pharmacol 2010; 10: 93–99.
53 Downes RP, Waddington JL. Grooming and vacuous chewing induced by SK&F
83959, an agonist of dopamine 'D1-like' receptors that inhibits dopaminesensitive adenylyl cyclase. Eur J Pharmacol 1993; 234: 135–136.
54 Deveney AM, Waddington JL. Pharmacological characterization of behavioural
responses to SK&F 83959 in relation to 'D1-like' dopamine receptors not linked to
adenylyl cyclase. Br J Pharmacol 1995; 116: 2120–2126.
55 Zhen X, Goswami S, Abdali SA, Gil M, Bakshi K, Friedman E. Regulation of cyclindependent kinase 5 and calcium/calmodulin-dependent protein kinase II by
phosphatidylinositol-linked dopamine receptor in rat brain. Mol Pharmacol 2004;
66: 1500–1507.
56 Gustin RM, Shonesy BC, Robinson SL, Rentz TJ, Baucum AJ 2nd, Jalan-Sakrikar N
et al. Loss of Thr286 phosphorylation disrupts synaptic CaMKIIalpha targeting,
NMDAR activity and behavior in pre-adolescent mice. Mol Cell Neurosci 2011; 47:
286–292.
57 Giese KP, Fedorov NB, Filipkowski RK, Silva AJ. Autophosphorylation at Thr286 of the
alpha calcium-calmodulin kinase II in LTP and learning. Science 1998; 279: 870–873.
58 Gerfen CR. The neostriatal mosaic: multiple levels of compartmental organization.
Trends Neurosci 1992; 15: 133–139.
59 Hersch SM, Ciliax BJ, Gutekunst CA, Rees HD, Heilman CJ, Yung KK et al. Electron
microscopic analysis of D1 and D2 dopamine receptor proteins in the dorsal
striatum and their synaptic relationships with motor corticostriatal afferents.
J Neurosci 1995; 15(Pt 2): 5222–5237.
60 Gangarossa G, Espallergues J, de Kerchove d'Exaerde A, El Mestikawy S, Gerfen CR,
Herve D et al. Distribution and compartmental organization of GABAergic
medium-sized spiny neurons in the mouse nucleus accumbens. Front Neural
Circuits 2013; 7: 22.
61 Yung KK, Bolam JP, Smith AD, Hersch SM, Ciliax BJ, Levey AI. Immunocytochemical
localization of D1 and D2 dopamine receptors in the basal ganglia of the rat: light
and electron microscopy. Neuroscience 1995; 65: 709–730.
62 Wang HY, Undie AS, Friedman E. Evidence for the coupling of Gq protein to D1like dopamine sites in rat striatum: possible role in dopamine-mediated inositol
phosphate formation. Mol Pharmacol 1995; 48: 988–994.

© 2015 Macmillan Publishers Limited

102

Evidence against D1/D2 heteromers
AL Frederick et al

1385
63 Mannoury la Cour C, Vidal S, Pasteau V, Cussac D, Millan MJ. Dopamine D1
receptor coupling to Gs/olf and Gq in rat striatum and cortex: a scintillation
proximity assay (SPA)/antibody-capture characterization of benzazepine agonists.
Neuropharmacology 2007; 52: 1003–1014.
64 Wadenberg ML, Kapur S, Soliman A, Jones C, Vaccarino F. Dopamine D2
receptor occupancy predicts catalepsy and the suppression of conditioned avoidance response behavior in rats. Psychopharmacology 2000; 150:
422–429.
65 Surmeier DJ, Song WJ, Yan Z. Coordinated expression of dopamine receptors in
neostriatal medium spiny neurons. J Neurosci 1996; 16: 6579–6591.
66 Matamales M, Bertran-Gonzalez J, Salomon L, Degos B, Deniau JM, Valjent E et al.
Striatal medium-sized spiny neurons: identiﬁcation by nuclear staining and
study of neuronal subpopulations in BAC transgenic mice. PloS One 2009; 4:
e4770.

67 Cahill E, Pascoli V, Triﬁlieff P, Savoldi D, Kappes V, Luscher C et al. D1R/GluN1
complexes in the striatum integrate dopamine and glutamate signalling to
control synaptic plasticity and cocaine-induced responses. Mol Psychiatry 2014;
19: 1295–1304.
68 Perreault ML, Hasbi A, Alijaniaram M, O'Dowd BF, George SR. Reduced striatal
dopamine D1-D2 receptor heteromer expression and behavioural subsensitivity
in juvenile rats. Neuroscience 2012; 225: 130–139.
69 Perreault ML, Hasbi A, O'Dowd BF, George SR. Heteromeric dopamine receptor
signaling complexes: emerging neurobiology and disease relevance. Neuropsychopharmacology 2014; 39: 156–168.
70 Rosell DR, Zaluda LC, McClure MM, Perez-Rodriguez MM, Strike KS, Barch DM et al.
Effects of the D dopamine receptor agonist dihydrexidine (DAR-0100A) on working
memory in schizotypal personality disorder. Neuropsychopharmacology advance
online publication, 30 July 2014; doi:10.1038/npp.2014.192 (e-pub ahead of print).

Supplementary Information accompanies the paper on the Molecular Psychiatry website (http://www.nature.com/mp)

Molecular Psychiatry (2015), 1373 – 1385

© 2015 Macmillan Publishers Limited

103

a r t ic l e s

Fluorescent false neurotransmitter reveals functionally
silent dopamine vesicle clusters in the striatum

npg

© 2016 Nature America, Inc. All rights reserved.
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Neurotransmission at dopaminergic synapses has been studied with techniques that provide high temporal resolution,
but cannot resolve individual synapses. To elucidate the spatial dynamics and heterogeneity of individual dopamine boutons,
we developed fluorescent false neurotransmitter 200 (FFN200), a vesicular monoamine transporter 2 (VMAT2) substrate that
selectively traces monoamine exocytosis in both neuronal cell culture and brain tissue. By monitoring electrically evoked Ca 2+
transients with GCaMP3 and FFN200 release simultaneously, we found that only a small fraction of dopamine boutons that
exhibited Ca2+ influx engaged in exocytosis, a result confirmed with activity-dependent loading of the endocytic probe FM1-43.
Thus, only a low fraction of striatal dopamine axonal sites with uptake-competent VMAT2 vesicles are capable of transmitter
release. This is consistent with the presence of functionally ‘silent’ dopamine vesicle clusters and represents, to the best of our
knowledge, the first report suggestive of presynaptically silent neuromodulatory synapses.
Dopaminergic neurotransmission is important for habit formation,
motor learning and reward-seeking behaviors, and abnormalities in
dopamine transmission underlie important features of psychiatric and
neurological disorders. Elucidating mechanisms that regulate dopamine
release is essential for understanding normal and diseased brain
function. Striatal dopamine exocytosis has been characterized with
high chemical specificity by microdialysis1 and high temporal resolution with carbon fiber cyclic voltammetry (CV) and amperometry2,3.
Although these methods have greatly advanced our knowledge of
dopaminergic neurotransmission, they integrate release and reuptake
from hundreds of boutons and lack the ability to monitor the
range of responses and spatial dynamics of transmitter release from
individual synapses.
Electron microscopy studies have suggested morphological heterogeneity of striatal dopaminergic synapses, with a fraction of synaptic
vesicle–containing axonal sites lacking synaptic membrane densities4,5.
Little is known, however, about the functional range of dopaminergic
‘presynaptic sites’ in the striatum. Optical techniques provide the spatial resolution required to address these issues. Endocytic FM dyes6
and the genetically encoded synaptopHluorins7 have been used to
study dopaminergic exocytosis in cultured neurons8–11. These probes,
however, are not specific for dopamine boutons, and post hoc immunostaining is required to confirm dopaminergic identity, which is
impractical when studying brain tissue. We recently introduced the

fluorescent false neurotransmitters (FFNs) FFN511 and FFN102,
fluorescent dopamine analogs that let us detect transmitter release
from dopamine boutons in brain tissue12,13. These FFNs, however,
possess intrinsic characteristics that complicate the accurate monitoring of destaining kinetics and do not successfully label dopaminergic
synapses in cultured neurons.
We developed FFN200 as the first FFN to label dopaminergic
neurons in both culture and the acute brain slice. We found that the
majority of striatal FFN200-labeled axonal sites loaded the probe
into VMAT2-containing vesicles and exhibited electrically evoked
GCaMP3-monitored Ca2+ transients. Only a small fraction of these
vesicle clusters, however, exhibited exocytosis in response to local
electrical stimulation, which was independently confirmed by the
well-characterized endocytic tracer FM1-43. Our results suggest that,
in dopaminergic axons, the majority of vesicle clusters capable of
accumulating neurotransmitter are functionally silent, as a result of
a blockade of exocytosis at a step downstream from Ca2+ influx.
RESULTS
FFN200 selectively labels striatal dopamine axons
With the aim of developing optical probes to study monoamine exocytosis from individual boutons, we designed FFN200 as a fluorescent
substrate of VMAT2 (Fig. 1a), the predominant isoform of the synaptic
vesicle monoamine transporter in the CNS14. FFN200 was confirmed
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as a VMAT2 substrate, as its accumulation in VMAT2-transfected
HEK cells was inhibited by tetrabenazine (TBZ) and exhibited a Km
of 13.7 ± 2.7 µM (n = 3, Online Methods). The fluorescence excitation and emission maxima of FFN200 were determined to be 352
and 451 nm (Fig. 1b), respectively, allowing good spectral separation
from most green and red fluorophores. The logD of FFN200, which
indicates the probe’s partition between octanol and pH 7.4 potassium
phosphate buffer, was −1.29, indicating that FFN200 is a highly polar
compound unlikely to diffuse across membranes.
Striatal brain slices incubated with FFN200 exhibited a punctate
pattern of fluorescent labeling that was suggestive of synaptic bouton
staining (Fig. 1c). To investigate the selectivity of FFN200 toward
dopaminergic structures, we used striatal slices from mice expressing GFP under the tyrosine hydroxylase promoter (TH-GFP mice)15.
In the striatum, GFP was expressed mostly in dopaminergic axons,
the predominant monoaminergic input to this brain region16,17. The
majority of FFN200 puncta colocalized with GFP (84.6 ± 2.6%, n = 5
slices from 5 mice; Fig. 1c), indicating that the probe is selective
for striatal dopaminergic axonal profiles and ruling out a substantial
fraction of serotonergic boutons.
Given that no monoamine-specific optical tracers have been
identified that monitor exocytosis in cultured dopaminergic neurons,
we analyzed FFN200 staining of TH-GFP ventral midbrain neuronal
cultures. Approximately 70% of cultured dopamine neurons, identified by the presence of GFP, were found to accumulate FFN200
(Supplementary Fig. 1). Conversely, 100% of FFN200-positive cells
were immunolabeled for TH after FFN200 imaging (immunolabeling for TH was performed, as not all cultured TH-positive neurons
from TH-GFP mouse expressed GFP; Fig. 1d). These results indicate
that FFN200 selectively labels ventral midbrain dopaminergic cell
bodies in culture.
To determine whether there is differential accumulation of
FFN200 between substantia nigra (SN) and ventral tegmental area
(VTA) dopaminergic neurons, we double labeled midbrain neuronal cultures for TH and calbindin after FFN200 imaging (Fig. 1d).
Calbindin is predominantly present in VTA and is absent in SN
dopamine neurons18. In these cultures, 66% of TH-positive neurons
expressed calbindin. FFN200-positive and FFN200-negative neurons
exhibited comparable percentages of calbindin expression: 67%
and 63%, respectively (40 cells, representative of two independent
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Figure 1 Structure, spectral properties and
selectivity of FFN200. (a) Structure of FFN200.
(b) Excitation and emission spectra of FFN200.
(c) Representative images of FFN200-GFP
colocalization. Striatal slices of TH-GFP mouse
brains were loaded with FFN200 (10 µM, 30 min)
and imaged sequentially for FFN200 and GFP.
(d) Representative images of FFN200-labeled
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subsequently immunolabeled for TH and calbindin
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FFN200-loaded neurons are indicated with empty
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axonal fields in midbrain neuronal cultures labeled
with FFN200, and immunostained for TH and
synaptophysin (syn). Neurons were incubated with
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cell culture preparations). These results suggest that FFN200 does
not discriminate between SN- and VTA-derived dopaminergic neurons in culture.
The distribution of FFN200 in cell bodies and dendrites of
cultured neurons was diffuse, suggesting that, in addition to labeling
VMAT2-containing organelles, a substantial fraction of the probe is
located in the cytosol (Fig. 1d). In axonal regions of cultured neurons,
FFN200 fluorescence was characterized by a clear punctate pattern,
which is likely to be the correlate of striatal slice FFN200 puncta,
superimposed on a lighter diffuse signal that filled the axonal cytosol
(Fig. 1e). Triple colocalization between FFN200, TH and the synaptic
vesicle protein synaptophysin revealed that 86 ± 6% of all TH-labeled
FFN200 puncta expressed synaptophysin (total of 193 puncta from
five cell culture preparations; Fig. 1e). The data indicate that most
FFN200 puncta represent sites of synaptic vesicle accumulation in
cultured dopaminergic neurons.
FFN200 accumulation in striatal axons depends on VMAT2
To understand the mechanism of FFN200 accumulation, we investigated the putative role of the plasma membrane and synaptic vesicle
dopamine transporters. No difference was found in the number and
intensity of FFN200 puncta in the dorsolateral striatum of mice lacking the Slc6a3 gene, which encodes the DAT protein, and wild-type
littermates using identical FFN200 loading protocols (number of
puncta per field of view: wild type, 441.7 ± 35.2; DAT knockout (KO),
412.9 ± 33.4; n = 3 mice per condition with 2 slices averaged per
mouse, P = 0.59, two-tailed unpaired t test; Fig. 2a,b). DAT inhibition with nomifensine had no significant effect on striatal FFN200
accumulation (number of puncta: wild type, 418.8 ± 20.5; nomifensine, 434.8 ± 20.5; n = 4 mice per condition with two slices averaged
per mouse, P = 0.60, two-tailed unpaired t test; Fig. 2a,b). Moreover,
FFN200 loading into cultured midbrain dopamine neurons was not
impaired by either DAT KO (data not shown) or iso-osmotic replacement of Na+ with choline (FFN200-labeled dopamine neurons: NaCl,
59.0 ± 12.0%; choline Cl, 60.0 ± 10.0%; n = 3 independent cell cultures, P = 0.95, two-tailed unpaired t test). Thus, FFN200, in contrast
with FFN102 (ref. 13), does not rely on DAT or other Na+-dependent
transporters for loading into dopaminergic neurons.
FFN200 puncta intensity was reduced by approximately 30% in the
dorsolateral striatum of VMAT2 hypomorph striatal slices, which
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Figure 2 Effect of DAT and VMAT2 inhibition or genetic ablation on FFN200 loading in the dorsal striatum. (a,c) Representative images of FFN200-loaded
striatal slices from wild-type and DAT KO (a) or VMAT2 hypomorph mice (VMAT2 hypo; c) (top panels) and of untreated control slices and slices treated with
5 µM nomifensine for 10 min before and during FFN200 incubation (a) or dTBZ-treated slices (5 µM dTBZ for 1 h before and during FFN200 loading; c)
(bottom panels). (b,d) FFN200 puncta intensity in slices of versus DAT KO mice (n = 3) and in control versus nomifensine-treated slices (n = 4) (b),
and in slices from wild-type versus VMAT2 hypomorph mice (n = 5) and in control versus dTBZ-treated slices (n = 4) (d). Puncta intensities were
background-subtracted and normalized to the corresponding mean wild-type or control value and are plotted as a scatter plot including mean ± s.e.m.
(n = 3–5 mice, as indicated above, with two slices averaged per mouse) with significant differences indicated (two-tailed unpaired t test, *P < 0.05,
**P < 0.01; wild-type versus DAT KO, P = 0.54; control versus nomifensine, P = 0.13; wild-type versus VMAT2 hypomorph, P = 0.0027; control versus
dTBZ, P = 0.031). (e,f) Histograms of puncta intensities, in arbitrary units (a.u.), for all FFN200 puncta of wild-type versus VMAT2 hypomorph (e) and
control versus dTBZ-treated slices (f).

express ~5% of wild-type VMAT2 protein levels19,20 (Fig. 2c,d).
A similar reduction in puncta intensity was observed following
treatment with the VMAT2 inhibitor dihydrotetrabenazine (dTBZ)
under conditions that led to maximal VMAT2 inhibition, as assessed
by measuring evoked dopamine release with CV (Fig. 2c,d and
Supplementary Fig. 2). The entire distribution of FFN200 puncta
intensities was shifted to lower values in both VMAT2 hypomorph
and dTBZ-treated slices (Fig. 2e,f), indicating that the majority
of FFN200 puncta had lower intensity when VMAT2 activity was
decreased. The number of FFN200 puncta was also reduced by dTBZ
(control, 351.5 ± 9.8 puncta; dTBZ, 249.0 ± 2.9; n = 4 mice with
2 slices averaged per mouse, P < 0.0001, two-tailed unpaired t test)
and in the VMAT2 hypomorphs (wild type, 378.7 ± 4.8 puncta;
VMAT2 hypomorph, 265.5 ± 2.3; n = 5 mice with 2 slices averaged
per mouse, P < 0.0001, two-tailed unpaired t test), which suggests that
some puncta fell below the detection threshold as a result of decreased
intensity. These data suggest that FFN200 loading in striatal slices is
in part dependent on VMAT2, the majority of puncta have FFN200
in VMAT2-containing vesicles and ~30% of the total FFN200 in each
punctum is located in VMAT2 vesicles.
FFN200 activity–induced release is strictly VMAT2 dependent
Time lapse imaging of FFN200 puncta in striatal slices revealed that
FFN200 was released into the extracellular space following perfusion
with 40 mM KCl-containing buffer (Fig. 3a), as measured by the
increase in background intensity, that is, the average fluorescence
intensity in non-punctal regions (given that high K+ depolarization

caused considerable tissue distortion, we did not analyze FFN200
destaining from individual puncta; Fig. 3b). KCl depolarization
also induced FFN200 release in midbrain dopamine neurons in
culture (Fig. 3c,d), confirming that the probe can be used to monitor
dopamine exocytosis in cultured neurons. Notably, although most
FFN200 puncta in cultured neurons colocalized with synaptophysin
(86%; Fig. 1e), a subset did not destain in response to KCl (Fig. 3c).
Moreover, substantial axonal FFN200 fluorescence remained,
which is consistent with cytoplasmic localization of a fraction of
FFN200 (Fig. 1d).
High K+ depolarization did not significantly destain FFN200 in
VMAT2 hypomorph striatal slices, as indicated by the lack of change
in background fluorescence intensity (P < 0.0001, two-way ANOVA;
Fig. 3a,b). These results indicate that the majority of activity-induced
FFN200 release in the striatum originates from VMAT2-expressing
vesicles and that the remaining fluorescence of FFN200 puncta in
VMAT2 hypomorphs is located in the cytoplasm or organelles that
do not undergo stimulus-dependent exocytosis.
FFN200 provides monitoring of individual bouton exocytosis
Local electrical stimulation of striatal axons at 15 Hz, a frequency
associated with dopamine neuron burst firing21, induced destaining
of a subset of FFN200 puncta (Fig. 4a). Representative time-lapse
images and destaining curves for individual puncta showed a range
of destaining kinetics (Fig. 4a,b). Some puncta did not respond
to stimulation and were indistinguishable from those in nonstimulated slices (Fig. 4a,b). FFN200 release into the extracellular
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milieu was confirmed by measuring the increase in background intensity following stimulation (Fig. 4c). This activity-induced release of
FFN200 was Ca2+ dependent, as the background intensity failed to
increase in slices stimulated in the presence of the Ca2+ channel blocker
CdCl2 (200 µM; Fig. 4c) or in 0 mM Ca2+ buffer (Supplementary
Fig. 3a). Consistently, changes in the intensity of FFN200 puncta in
slices stimulated in the presence of Cd2+ were indistinguishable from
those of unstimulated slices (Fig. 4a,b). Stimulation-evoked FFN200
destaining was blocked by 1 µM tetrodotoxin (TTX; Supplementary
Fig. 3a). The results indicate a requirement for action potential conduction through axonal processes to evoke FFN200 release, similar to
results from CV recordings of evoked dopamine release3.
To reliably analyze the FFN200 puncta that destain following stimulation, we developed a Matlab program to discriminate destaining
from non-destaining puncta in a consistent and unbiased manner
(Online Methods). We obtained a percentage of ‘destaining’ puncta
of 4.0 ± 0.9%, 2.9 ± 0.6%, 4.7 ± 1.3% and 3.3 ± 1.1% for unstimulated
slices and slices stimulated in the presence of Cd2+ or TTX or in 0
mM Ca2+, respectively (Fig. 4d and Supplementary Fig. 3b), which
represent the rate of false positives obtained with this method. The
percentage of destaining puncta for 15-Hz stimulated slices was significantly higher at 17.2 ± 2.0% (P < 0.001, one-way ANOVA with
Bonferroni’s multiple comparison test; Fig. 4d).
We examined the change in FFN200 puncta intensity over time, corrected for the baseline rundown, for destaining and non-destaining
puncta (Fig. 4e). There was an average of 28% evoked decrease in
fluorescence per destaining punctum, consistent with the VMAT2
hypomorph and dTBZ data suggesting that ~30% of each punctum’s fluorescence is present in VMAT2-containing compartments
(Fig. 2b,d). As evident from the first derivative of the destaining curve
(Fig. 4f), the loss in FFN200 intensity was greatest at the onset of
stimulation and decreased thereafter. Individual destaining curves
were fit by monoexponential decay functions and the distribution of
destaining halftimes (t1/2s) was plotted (Fig. 4g). The average of the
median t1/2 values obtained for each slice was 25.7 ± 2.5 s. Comparing
FFN200 and FFN102 destaining at 15 Hz revealed slower destaining
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Figure 3 KCl-induced destaining of FFN200
a
b
–47 s
0s
47 s
in striatal slices and ventral midbrain cell
cultures. (a) Representative images at the three
160
KCI
indicated time points of KCl-induced FFN200
***
140
destaining experiments in wild-type and VMAT2
hypomorph (VMAT2 hypo) dorsal striatum.
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Wild type
Time 0 s represents the final image before
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VMAT2
high K+ stimulation. (b) Quantification of
hypo
80
background fluorescence intensity, showing
KCl-induced release of FFN200. Data are
normalized to the intensity value at time point
5 µm
Time (s)
zero (Fi) and presented as mean percentage of
Fi ± s.e.m. (n = 5 mice per genotype with
c
d
1–2 slices averaged per mouse). Wild-type and
VMAT2 hypomorph curves were significantly
–5 s
0s
5s
10 s
120
different (P < 0.0001, two-way ANOVA) as was
KCI
the effect of KCl over time (P < 0.0001) and
100
the interaction between genotype and KCl
(P < 0.0001). The wild-type and VMAT2
80
hypomorph curves were also significantly
different at the indicated time points (Bonferroni
60
post test, ***P < 0.001). (c) Representative
images of KCl (90 mM)-evoked release of
5 µm
Time (s)
FFN200 in cultured midbrain neurons.
Examples of destaining and non-destaining
puncta are indicated with arrowheads and rectangles, respectively. (d) Intensity versus time plot for FFN200 puncta that destained by at least 20% in
response to high K+ in cultured midbrain neurons. Data is presented as mean percentage of Fi ± s.e.m. (n = 6 different cell cultures).

kinetics for FFN102 (Supplementary Fig. 4c,d). This may be a
result of the pH dependence of FFN102 fluorescence, which, for
example, complicates adequate background subtraction (we found
a greater increase in FFN102 background fluorescence without a
significant increase in the fraction of destaining puncta as a result
of the increased FFN102 intensity at neutral pH at λexc = 770 nm;
P = 0.1269, two-tailed unpaired t test; Supplementary Fig. 4a,b)13.
The pH-independent fluorescence of FFN200 makes this probe a
better indicator of neurotransmitter release kinetics.
We monitored FFN200 destaining at a range of stimulation
frequencies and found that, although the percentage of destaining puncta
did not change significantly (P = 0.1039 by one-way ANOVA; Fig. 5a),
destaining kinetics became faster with increased frequency, as expected
(Fig. 5b,c). Plotting the decrease of puncta intensity as a function of
stimulation pulse number revealed that the amount of FFN200 released
per pulse decreased as stimulation frequency increased (Fig. 5d),
consistent with electrochemically recorded dopamine release in striatal brain slices22,23. The t1/2 of FFN200 release was reached at 318,
135, 41 and 5 stimulation pulses at 15, 4, 1 and 0.1 Hz, respectively.
Moreover, ~17% of FFN200-labeled vesicles in the releasable pool
underwent exocytosis in response to a single stimulus pulse (compare
first stimulus at 0.1 Hz (4.7% decrease) to maximal release (28.5%);
Fig. 5d,e), consistent with the high levels of dopamine release elicited
by individual pulses22,23. Thus, FFN200 release triggered by a single
stimulus can be measured with this approach.
FFN200 and FM1-43 reveal silent dopamine vesicle clusters
The percentage of FFN200 puncta that destained in response to
15 Hz stimulation was 17.2 ± 2.0% (Fig. 4d). The density of striatal FFN200 puncta was found to be 0.126 ± 0.009 puncta µm−3
(determined in maximal projections of stacks of five z sections,
acquired 0.5 µm apart; n = 5 slices from different mice), similar to
the density of striatal dopamine synapses previously reported by
serial section electron microscopy (~0.1 synapses µm−3; dopamine
synapses were defined as a cluster of vesicles in close proximity
to symmetric membrane densities in 5-OHDA–labeled axons)24,25.
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The low fraction of destaining puncta is therefore unlikely to represent axonal regions that lack synaptic vesicles, as the density
of FFN200 puncta would otherwise be considerably higher.
Furthermore, the shift of the entire distribution of FFN200 puncta
intensities to lower values in VMAT2 knockdown and inhibition
experiments (Fig. 2e,f) indicates that the majority of FFN200 puncta
contain the probe in VMAT2-expressing vesicles.
Putative leakage of FFN200 from synaptic vesicles or depletion of
vesicular FFN200 by spontaneous vesicle fusion could in principle
occur during the 45-min wash time chosen for optimal signal selectivity.
Decreasing the washout to 25 min, however, did not substantially
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increase the fraction of destaining puncta nor the amount of destaining
(Supplementary Fig. 5a,b) as would be expected if there were extensive leakage or spontaneous fusion. Moreover, non-destaining and
destaining puncta exhibited similar mean fluorescence intensity
immediately before stimulation (0.090 ± 0.005 a.u. versus 0.099 ±
0.005 a.u., respectively, for n = 15 slices from different mice, P = 0.1840
by unpaired two-tailed t test). Thus, although depletion of vesicular
FFN200 may occur in some puncta, it is unlikely to be a major cause
of the high fraction of unresponsive vesicle clusters.
As an alternative approach to estimate dopamine bouton activity,
we used the endocytic dye FM1-43, which loads into recycling
Figure 5 FFN200 release dependence on stimulus frequency in dorsal
striatum. (a) Scatter plot of the percentage of destaining puncta in each
independent experiment including mean ± s.e.m., for each indicated
stimulation frequency (n = 7, 8, 11 and 12 for 0.1, 1, 4 and 15 Hz,
respectively, for all panels of this figure, where n is number of mice with 1–2
slices averaged per mouse; n.s. indicates not significantly different, P = 0.1039
by one-way ANOVA). (b) Background-subtracted puncta fluorescence intensity
over time, corrected for baseline fluorescence rundown (mean percentage of
Fi ± s.e.m.). (c) Dependence of destaining t1/2 with stimulation frequency
(mean of the median t1/2 for each independent experiment ± s.e.m.; *P < 0.05,
**P < 0.01, ***P < 0.001, as determined by one-way ANOVA with NewmanKeuls multiple comparison test for the indicated frequencies when compared to
15 Hz). (d) Puncta destaining curves shown in b represented here as a function
of stimulation pulse number. Error bars represent ± s.e.m. As images were
acquired every 10–11 s, each acquisition point represents a different number
of pulses at different frequencies (~1, 11, 42 and 162 pulses/acquisition
point for 0.1, 1, 4 and 15 Hz, respectively; for comparison, only the first
500 pulses are represented). (e) First derivative of the puncta intensity versus
time curves shown in b for 0.1 and 15 Hz. Error bars represent ±s.e.m.
Error bars are included in all plots, but in some cases are occluded by the symbols.
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synaptic vesicles as they undergo endocytosis6. In neuronal cultures,
lack of FM1-43 loading has been used to identify ‘presynaptically
silent’ synapses that were otherwise labeled with general synaptic
markers26–30. FM1-43 was loaded into striatal presynaptic boutons
by local stimulation at 15 Hz, and was followed by FFN102 loading to identify dopamine structures (FFN102 was used as it requires
shorter washes than FFN200, rendering the long labeling protocol
feasible). Given that FM1-43 shows substantial non-specific binding,
we used subsequent KCl depolarization to identify the specific activity-dependent signal in recycling vesicles (data not shown).
We found that 10.4 ± 1.7% of activity-dependent FM1-43 puncta
colocalized with FFN102 (n = 5 slices from different mice; Fig. 6).
Notably, only 2.2 ± 0.5% of all FFN102 puncta loaded FM1-43 in an
activity-dependent manner (Fig. 6). This corresponds to a density of
0.0026 ± 0.0006 puncta µm−3, about 2.5% of the reported density of
striatal dopaminergic synapses (see above). The difference in the fraction of responsive dopaminergic vesicle clusters assessed with FFN200
destaining and FM1-43 loading may be a result of FM1-43 nonspecific
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Figure 7 Quasi-simultaneous imaging of FFN200 destaining
and GCaMP3-monitored Ca2+ transients in striatal dopamine
axonal sites. (a–d) Representative images of midbrain (a,b) and
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striatal (c,d) sections from DAT-GCaMP3 mice showing colocalization
of GCaMP3 and TH, detected with antibodies to GFP and TH.
An overview of VTA and SN, obtained by a collage of three maximal projections acquired at low magnification, is shown in a and a higher magnification
of SN is shown in b. Low- and high-magnification images are shown in c and d, respectively, of dorsal striatum GCaMP3 and TH signals (STR, striatum;
CC, corpus callosum; CTX, cortex). (e) Representative images of FFN200 and GCaMP3 in the same fields of view in striatal slices (0 s, final time
point before stimulation). Arrowheads indicate a destaining FFN200 punctum with increased GCaMP3 signal (red, bottom panels) and FFN200 nondestaining puncta with (green) or without (white) a GCaMP3 response to 15 Hz (top panels). (f) Scatter plot of the percentage of FFN200 destaining
and non-destaining puncta with a GCaMP3 response to 15 Hz, including mean and s.e.m. (n = 4 slices from different mice for this and following panels;
*P < 0.05, two-tailed unpaired t-test; P = 0.037). (g,h) Normalized amplitude of GCaMP3 fluorescence (g) and corresponding FFN200 intensity (h) in
FFN200 destaining and non-destaining puncta showing a GCaMP3 response to 15 Hz (GCaMP3 signal: mean fold Fi ± s.e.m.; two-way ANOVA: P = 0.91
for destaining versus non-destaining comparison, P < 0.0001 for the effect of time, P = 1.0 for the interaction; FFN200 fluorescence: background and
baseline-rundown corrected intensity as mean percentage of Fi ± s.e.m.).
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FFN200 non-destaining puncta exhibit typical Ca2+ signals
To determine whether the high fraction of FFN200 non-destaining
puncta was a consequence of inefficient stimulation or impaired Ca2+
influx, we investigated Ca2+ signaling at striatal dopamine axons. The
genetically encoded Ca2+ indicator GCaMP3 was recently used in
striatal dopamine axons to study the role of different Ca2+ channels
in evoked Ca2+ transients, but individual bouton response was not
assessed31. We generated transgenic mice expressing GCaMP3 in
dopamine neurons by crossing the Ai38 floxed GCaMP3 reporter32
and DATIREScre (ref. 33) mouse lines. We confirmed the specificity of
GCaMP3 localization in midbrain VTA and SN dopamine neurons
of resulting DAT-GCaMP3 mice by immunohistochemistry, using
antibodies to GFP and TH to identify GCaMP3 and dopamine neurons, respectively (98.1 ± 0.1% of GCaMP3 cell bodies were labeled
for TH, 100% of TH cell bodies were colabeled with GCaMP3;
n = 2 mice, 2 fields of view per mouse, each with 20–39 cells; Fig. 7a,b).
GCaMP3 was selectively expressed in dopamine axons, as the signal was mostly confined to the striatum and very low in the cortex
and corpus callosum of striatal slices, matching the pattern of TH
label (Fig. 7c). We found a high degree of colocalization between
GCaMP3- and TH-positive axonal profiles (73.6 ± 3.4% of GCaMP3
structures expressed TH, 79.7 ± 7.4% of TH axonal profiles colabeled for GCaMP3; n = 2 mice, 2 fields of view per mouse, each with
198–350 axonal structures; Fig. 7d).
Imaging of GCaMP3 signals and FFN200 destaining from the
same dopamine axonal structures was performed in striatal slices

Percentage of FFN200
puncta w/ GCaMP3
response to 15 Hz

© 2016 Nature America, Inc. All rights reserved.

Figure 6 Identification of active presynaptic dopaminergic boutons in
the dorsal striatum by FM1-43 loading. Representative images of striatal
slices sequentially loaded with 10 µM FM1-43 (3,000 stimulation pulses
at 15 Hz) and 15 µM FFN102 (10-min incubation). Specific activitydependent FM1-43 puncta were identified as they disappeared following
subsequent stimulation with 40 mM KCl. White circles indicate activitydependent FM1-43 puncta that colocalized with FFN102.
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by sequential line scanning of the two fluorophores. The fraction
of FFN200-releasing puncta and t1/2 of destaining in these experiments were 15.5 ± 1.1% and 16.8 ± 1.9 s (n = 4 slices from different
mice), indicating that dopamine exocytosis was not affected in DATGCaMP3 animals. The vast majority of destaining puncta (85.2 ± 6.2%;
Fig. 7e) showed substantial increases in GCaMP3 fluorescence intensity in response to 15-Hz stimulation (Fig. 7f). Notably, 65.0 ± 4.3%
of non-destaining puncta also exhibited substantial increases in
GCaMP3 signal following 15-Hz stimulation (Fig. 7e,f). Non-destaining
puncta lacking a GCaMP3 response to 15 Hz (Fig. 7e) were either
not efficiently stimulated by our procedure or exhibited Ca2+ signals
below detection, as subsequent perfusion with 40 mM KCl induced
GCaMP3 responses in 94.6 ± 2.6% (n = 4 slices from different mice)
of these puncta.
The amplitudes of the 15-Hz evoked GCaMP3 signals in responsive
puncta were not significantly different between FFN200 destaining
and non-destaining cohorts (P = 0.91, two-way ANOVA; Fig. 7g).
The amplitude of the GCaMP3 response to high K+, although higher
on average than that evoked by 15-Hz stimulation, was also similar
between destaining and non-destaining puncta (Fig. 7g). Our results
indicate that more than half of FFN200 non-destaining puncta exhibited Ca2+ signals that were indistinguishable from those detected in
destaining puncta, suggesting that their lack of transmitter release is a
result of a factor downstream from Ca2+ influx. We note, however, that
Ca2+ microdomains in the puncta are not resolved by these techniques
and that differences in small regions, including the vicinity of active
zones, are expected to regulate synaptic vesicle fusion.
Puncta that displayed a GCaMP3 signal, but no FFN200 release,
in response to 15-Hz stimulation showed a substantial decrease in
FFN200 fluorescence when subsequently stimulated with high K +
(Fig. 7h). In contrast, puncta that released FFN200 in response to
15-Hz stimuli displayed a significantly smaller response to KCl
depolarization (KCl response slopes between time points 41 and 48:
non-destaining puncta, −0.17 ± 0.04; destaining puncta, −0.07 ± 0.02;
P = 0.049, two-tailed paired t test; Fig. 7h). Thus, under certain conditions, silent vesicle clusters can be recruited to release.
DISCUSSION
We developed FFN200 as the first fluorescent probe to label monoamine neurons in both primary neuronal cultures and brain slice, and
used it to identify unexpected heterogeneity among striatal dopaminergic vesicle clusters. The activity-dependent destaining of this probe
in the striatum was fully dependent on VMAT2, confirming FFN200
as a selective optical tracer of monoamine exocytosis. We found that
only ~17% of striatal FFN200-labeled vesicle clusters released the
probe following electrical stimulation. Independent assessment of
synaptic exocytotic activity with the well-characterized probe FM1-43
was also consistent with a low density of active dopamine synapses.
The majority of FFN200 non-destaining puncta, however, exhibited
stimulation-dependent Ca 2+ signals that were indistinguishable
from those elicited at destaining puncta. These findings indicate that
the majority of axonal sites containing synaptic vesicles capable of
accumulating VMAT2 substrates are silent in response to activitydependent Ca2+ influx in striatal slices.
FFN200 provides an effective tool for imaging exocytosis from
striatal dopamine axons, as it is a monoamine-selective probe that
does not require subsequent identification of monoamine boutons;
its loading involves a simple incubation step and does not require
transfection or any pre-stimulation steps that may cause synaptic
plasticity, in contrast with synaptopHluorins and FM1-43; it is the
first developed FFN that labels dopamine vesicle clusters both in

neuronal cultures and in brain slices; and its pH-independent fluorescence enables a more accurate monitoring of destaining kinetics
than the pH-dependent FFN102.
Although FFN102 loading is strictly DAT dependent13, FFN200 does
not rely on DAT to enter the cell, and the means by which it crosses the
plasma membrane are currently unknown. FFN200 specificity toward
dopamine neuron cell bodies in culture is high, suggesting that the
diffuse FFN200 signal throughout the cell relies on either an active
Na+-independent cell-specific mechanism of loading or the presence
of a cytosolic factor that retains FFN200 specifically in dopaminergic
cells. FFN200 accumulation in striatal axonal sites was partly VMAT2
dependent: puncta intensity was reduced by ~30% and the entire
distribution of intensities of individual puncta was shifted to lower
values when VMAT2 function or expression was inhibited (Fig. 2d–f),
suggesting that the majority of puncta accumulate FFN200 in VMAT2containing compartments. Notably, no activity-induced release of
FFN200 was observed in VMAT2 hypomorph striatum (Fig. 3a,b).
Together, these results suggest that ~30% of the total FFN200 signal is in VMAT2-expressing compartments and can be destained
in response to stimulation, providing a straightforward means to
measure exocytosis from striatal dopaminergic axonal boutons, the
primary monoaminergic input to the striatum16,17.
The kinetics of FFN200 destaining from striatal boutons at high
stimulation frequency is comparable to the kinetics of FM dye release
in midbrain dopamine neuronal cultures9 and hippocampal slice
CA3-CA1 synapses34 (t1/2s of ~25 s at 10 Hz). At lower stimulation
frequencies, however, FFN200 release from striatal boutons was faster
than FM1-43 release from glutamatergic synapses (t1/2 of ~130 s at
1 Hz)34. This parallels the high level of dopamine release recorded
electrochemically in the slice preparation in response to a single
stimulus (or the first of a train of pulses)22,23, which is mostly attributed to nicotinic receptor activation35,36. Dopamine release decreases
sharply in response to subsequent stimuli in a frequency-dependent
manner (higher frequencies result in higher inhibition)22,23,35,36. Our
results are therefore consistent with the kinetics of dopamine release
measured by CV and they further suggest that the high level of single
pulse–evoked dopamine release is a result of exocytosis of a considerable fraction of releasable vesicles (~17%; Fig. 5d,e). In comparison,
glutamate synapses release less than 1% of their vesicle pool per action
potential measured, however, by a technique with a different readout
mechanism (endocytic dyes)34.
FFN200 imaging at striatal dopamine axons revealed a surprisingly
small fraction of destaining vesicle clusters in response to stimulation. It seems unlikely that the large cohort of unresponsive puncta
represent axonal areas lacking labeled synaptic vesicles given that
the density of FFN200 puncta was similar to the reported density
of dopamine synapses in rat striatum24,25, the majority of FFN200
puncta showed decreased fluorescence intensity following VMAT2
knockdown or inhibition, and the fraction of FFN102-tagged striatal
dopamine axonal sites that loaded the endocytic probe FM1-43 was
very low (Fig. 5). Moreover, the majority of non-destaining puncta
displayed electrically evoked Ca2+ signals that were indistinguishable
from those in destaining puncta, as monitored by GCaMP3 imaging (Fig. 6f,g). FFN200 non-releasing axonal sites therefore contain
the probe in VMAT2-expressing vesicles and exhibit Ca2+ influx in
response to stimulus trains, but fail to release transmitter.
Although release in response to a single stimulus can be measured
with this approach, we cannot exclude the possibility that non-destaining
puncta release a low amount of FFN200 that is below detection limits.
Techniques resolving single-vesicle exocytosis in the brain slice will
be required to address this issue. Our results also do not address
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whether a similarly high fraction of non-releasing vesicle clusters
occurs in vivo or how the slice preparation may affect factors that
regulate neurotransmission. We note, however, that FFN200 release
was observed in response to KCl stimulation from puncta that did
not destain in response to 15 Hz, suggesting that some silent vesicle
clusters are capable of release under certain conditions.
Presynaptically silent synapses were initially proposed in studies
of the neuromuscular junction and motoneuron synapses37–39 and
have been recently described in hippocampal glutamatergic 26–28
and GABAergic29,40 neurons, and cerebellar granule neurons30,41.
Our study represents, to the best of our knowledge, a first report on
silent neuromodulatory synapses. Moreover, the ability of FFN200
to label both active and silent vesicle clusters enabled, to the best
of our knowledge, the first direct quantification of presynaptically
silent synapses in brain tissue. The absence of exocytosis in silent
dopaminergic vesicle clusters could be a result of multiple mechanisms, including a local inhibitory factor impairing vesicle fusion
downstream from Ca2+ entry or the lack of a component essential
for exocytosis. Previous reports have suggested that modulation of
vesicle priming, for example, may underlie presynaptic silencing42,43.
Another possibility would be lack of an active zone in close proximity
to most FFN-labeled vesicle clusters; note, however, that the density
of striatal dopamine synapses, as defined by a cluster of vesicles juxtaposed to symmetric membrane densities, closely matches the density
of FFN200 puncta. It is unlikely that the majority of non-destaining
vesicle clusters represent synaptic vesicles traveling along the axon en
route to an actual synapse, as the majority of puncta (>95%) remained
stationary for imaging periods up to ~13 min (data not shown).
Given that dopaminergic axons cover very extensive areas in the
striatum44, restricting dopamine release to a minority of axonal sites
would confer spatial selectivity to the modulation of striatal synapses
by dopamine. Small ‘hot spots’ of high dopamine release have been
reported in response to sucrose and ethanol-directed behaviors45,46.
Silent axonal sites could underlie the size and location of such hot spots.
Silent dopamine vesicle clusters may also be involved in the formation
of new release sites, as suggested for presynaptically silent glutamatergic
synapses in the hippocampus47–49. Indeed, a theory of motor learning
in the cerebellum assumes a preponderance of presynaptically silent
granule cell synapses50 and may be a useful model for basal ganglia
learning. Finally, the state of silent vesicle clusters may be important in
disorders such as schizophrenia, which show striatal hyperdopaminergia and cortical hypodopaminergia, and processes of ‘unsilencing’ may
have clinical applications for diseases such as Parkinson’s disease.
Methods
Methods and any associated references are available in the online
version of the paper.
Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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Materials. FFN200 and FFN102 were synthetized in our laboratories.
(+)−(2R,3R,11bR)-alpha-dihydrotetrabenazine (dTBZ) was a gift from the
National Institute of Mental Health (NIMH) Chemical Synthesis and Drug
supply program (http://nimh-repository.rti.org/) while racemic TBZ, used for
Km determination, was from Sigma-Aldrich. The anti-TH mouse monoclonal
(MAB5280) and rabbit polyclonal (657012) antibodies as well as the anti-GFP
rabbit polyclonal antibody (AB3080) were from Millipore/Calbiochem, the
mouse monoclonal anti-synaptophysin antibody (IR776; clone SY38) was from
DAKO and the mouse monoclonal anti-calbindin D-28K antibody (C9848;
clone CB-955) was from Sigma-Aldrich. Secondary anti-mouse and anti-rabbit
antibodies conjugated to either Alexa 488 or Alexa 594, as well as FM1-43, were
from Molecular Probes (Life Technologies) and the ADVASEP-7 was from
Cydex Pharmaceuticals. HEPES, DMEM and FBS were from Invitrogen (Life
Technologies). AP-5, NBQX and TTX were from Tocris Bioscience. All other
reagents were from Sigma-Aldrich.
FFN200 nuclear magnetic resonance (NMR) characterization and molecular
weight determination. FFN200 was prepared as a FFN200 HCl salt of pale yellow
appearance. 1H NMR and 13C NMR spectra were recorded on Bruker 400 MHz NMR
spectrometer. Proton chemical shifts δ are expressed in parts per million (p.p.m.)
and are referenced to residual proton in the NMR solvent (D2O, δ = 4.79 p.p.m.).
Data for 1H NMR are reported as follows: chemical shift, multiplicity
(s = singlet, d = doublet, t = triplet, m = multiplet, br. = broad peak), coupling
constant in Hz, integration. Carbon chemical shifts are referenced to the carbon
resonance of the NMR solvent (CD3OD, δ = 49.0 p.p.m.). Mass spectra were
recorded on a JEOL LCmate instrument (ionization mode: APCI+). 1H NMR
(400 MHz, D2O): δ 7.68 (d, J = 8.7 Hz, 1H, H-5), 7.04 (dd, J = 8.7, 2.2 Hz, 1H,
H-6), 6.97 (d, J = 2.2 Hz, 1H, H-8), 6.26 (s, 1H, H-3), 3.39 (t, J = 7.5 Hz, 2H,
N-CH2), 3.21 (t, J = 7.5 Hz, 2H, CH2). 13C NMR (101 MHz, CD3OD): δ 164.0,
157.7, 155.1, 154.0, 126.5, 113.3, 109.5, 109.2, 100.8, 39.5, 30.4. LRMS (APCI+):
Calculated for C11H12N2O2 204.1, measured 205.2 (MH+). The molecular
weight of FFN200 HCl salt was determined by 1H NMR spectroscopy in CD3OD
with 1,4-dimethoxybenzene as an internal standard. Found molecular weight
of 275.6 g mol−1 corresponds to FFN200 with two molecules of HCl.
FFN200 photophysical characterization. Fluorescence excitation and emission
spectra of FFN200 were acquired on a Jobin Yvon Fluorolog fluorescence spectrofluorometer (Horiba). Fluorescence measurements were taken of a final probe
concentration of 5 µM in potassium phosphate buffer with pH adjusted to 7.4.
FFN200 logD measurement. LogD was determined according to the European
Union Organization for Economic Cooperation and Development Guideline for
the Testing of Chemicals (Section 1: Physical Chemical Properties, Test No. 107).
A traditional shake flask method was employed in the test. The probe concentration in octanol and aqueous layers was determined using fluorimetry and
subsequently fitting the respective values onto calibration curves. All measurements were performed at three different concentrations in duplicate. Probe stock
solution was added to a mixture of octanol and pH 7.4 potassium phosphate
buffer and thoroughly mixed by inverting the tube at least 100 times and subsequently spinning at 3,000 rpm for 5 min to facilitate phase separation. The probe
concentrations in each layer were determined by interpolation from standard
curves of fluorescence emission of the probe against concentration. LogD was
calculated based on the equation: logD = log[probe]octanol − log[probe]buffer,
where [probe]octanol and [probe]buffer are measured concentrations of the probe
in n-octanol and pH 7.4 potassium phosphate buffer, respectively.
Determination of FFN200 Km. The human embryonic kidney cells stably transfected with VMAT2, described previously51, were used. Functional VMAT2
expression in these cells was previously validated by western blot, immunocytochemistry, [3H]dTBZ binding and [3H]serotonin uptake51. Cells were plated
at 0.03–0.04 × 106 cells per well in poly-d-lysine–coated (0.1 mg ml−1) 96-well
plates. No signs of mycoplasma contamination were observed by nuclear staining. After reaching confluence (~3 d), cells were incubated with TBZ (2 µM,
100 µl per well) or DMSO vehicle (0.02%) for 1 h in experimental medium
(DMEM without phenol red containing 25 mM HEPES and 1% FBS). Cells were
then incubated with FFN200 at different concentrations (50, 25, 12.5, 6, 3, and

1 µM), together with 2 µM TBZ or DMSO in experimental medium, for 12 min at
22–24 °C. FFN200 uptake was terminated by washing with PBS and fluorescence
was measured in each well with a BioTek H1MF plate reader (BioTek) in bottom
read mode with excitation and emission wavelengths of 352 nm and 451 nm,
respectively. The specific uptake at each concentration of FFN200 was determined by subtracting the fluorescence intensity of TBZ-treated cells from that of
uninhibited (DMSO-treated) cells, and was linear for concentrations of FFN200
of 50 µM or less for times up to 12 min. The initial rates of specific uptake for
each concentration were fit to the Michaelis-Menten equation using GraphPad
Prism 5 (GraphPad Software) to derive the Km value for FFN200 uptake by
VMAT2. Each experiment consisted of duplicate plates, and Km was calculated
from the mean of three independent experiments.
Mice. All animal protocols followed US National Institutes of Health guidelines
and were approved by Columbia University’s Institutional Animal Care and
Use Committee. Mice were housed in groups of five or less per cage, in a 12-h
day/12-h night cycle with ad libitum access to food and water. TH-GFP mice15
were kindly provided by K. Kobayashi (Fukushima Medical University) and the
DAT KO mice52 were a kind gift of M. Caron (Duke University). A. Salahpour
(University of Toronto) kindly provided the VMAT2 hypomorph mice19,20.
Wild-type C57BL/6 mice and the DATIREScre (ref. 33, strain name: B6.SJLSlc6a3tm1.1(cre)Bkmn/J) and Ai38 floxed GCaMP3 reporter32 (strain name: B6;129SGt(ROSA)26Sortm38(CAG-GCaMP3)Hze/J) mouse lines were obtained from The
Jackson Laboratory. To obtain transgenic mice expressing GCaMP3 in dopamine
neurons, we crossed the Ai38 floxed GCaMP3 reporter and DATIREScre mouse
lines. The Ai38 mice express GCaMP3 from the ROSA26 locus, driven by a CAG
promoter, in a Cre-dependent manner due to the presence of a lox-stop-lox cassette. Crossing with DATIREScre mice, which express the Cre recombinase under
the transcriptional control of the endogenous DAT promoter, leads to selective
GCaMP3 expression in DAT-expressing tissues. DATIREScre/wt heterozygous mice
were crossed with heterozygous Ai38 mice and the resulting heterozygous mice
for both transgenes were identified by PCR according to protocols provided on
the vendor’s website and used in all GCaMP3 imaging experiments. We termed
these animals “DAT-GCaMP3” mice.
Preparation of wild-type and transgenic mouse brain slices. Striatal slices
were prepared as previously described13, with minor modifications. Briefly,
7–12 week-old mice were killed by cervical dislocation and decapitated. Wildtype male mice were used and in the case of the transgenic mice, both female
and male DAT-GCaMP3 animals were used (due to limited number of animals
available), while sex-matched transgene and control littermates were used in
experiments with DAT knockouts and VMAT2 hypomorphs. Three of five sets
of VMAT2 hypomorph and wild-type littermates were 16–22 weeks old. Since
results did not differ between animals of different age, data from both groups
were pooled together. Acute 250 µm thick coronal brain slices were cut on a
Leica VT1200 vibratome (Leica Microsystems), kept at 22–25 °C in oxygenated
(95% O2, 5% CO2) artificial cerebrospinal fluid (ACSF [in mM]: 125.2 NaCl,
2.5 KCl, 26 NaHCO3, 0.3 KH2PO4, 2.4 CaCl2, 1.3 MgSO4, 10 glucose, 0.8 HEPES,
pH 7.3–7.4, 295–305 mOsm), and used within 1–5 h.
Cell culture preparation. Ventral midbrain neuronal cultures derived from
postnatal day 0–3 mouse pups were prepared as previously described53.
A detailed protocol is available on our laboratory’s website (http://sulzerlab.org/
Sulzer_VM_culture_protocol_book_version6%201.pdf). Briefly, neurons were
dissociated and plated at a density of approximately 100,000 neurons cm−2 on a
layer of rat cortical glial cells grown on either round glass coverslips or glass bottom culture dishes. They were maintained in culture medium supplemented with
10 ng ml−1 glial cell line–derived neurotrophic factor in a 5% CO2 incubator
at 37 °C for 2–3 weeks.
FFN loading and imaging. Brain slices. Striatal slices were incubated in ACSF
with 10 µM FFN for 30 min at 22–24 °C and washed for 20 min in the case of
FFN102 or 45–50 min for FFN200 (a washout of at least 45 min is needed to
ensure optimal selectivity toward striatal dopamine boutons; not shown), unless
otherwise indicated. For the DAT and VMAT2 inhibition experiments, slices were
pre-incubated with either 5 µM nomifensine for 15 min or 5 µM dTBZ for 1 h
before FFN200 incubation in the presence of 5 µM of the corresponding inhibitor.
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Slices were then washed for 45 min in the absence of any drugs before the onset
of imaging. For the DAT KO and VMAT2 hypomorph experiments, wild-type
and transgenic slices were imaged on the same day, at approximately the same
time after sectioning, under the same conditions. For TH-GFP colocalization and
pharmacology experiments, slices were imaged by two-photon microscopy on
a Leica SP5 confocal/multi-photon microscope (Leica Microsystems) equipped
with a Spectra-Physics BB titanium-sapphire pulsed laser (Newport) and either
a 40× 0.8 NA (Olympus; TH-GFP colocalization experiments) or a 63× 0.9 NA
(Leica Microsystems; dTBZ and nomifensine inhibition experiments) water
immersion objective. For all other experiments, slices were imaged on Prairie
Ultima Multiphoton Microscopy Systems (Bruker/Prairie Technologies) equipped
either with a Spectra-Physics MaiTai HP DeepSee titanium-sapphire pulsed laser
(Newport) or Coherent Chameleon Ultra II and Vision II titanium-sapphire
pulsed lasers (Coherent) and either a 60× 0.9 NA (Olympus) or a 63× 1.0 NA (Carl
Zeiss Microscopy) water immersion objective. Slices were placed in a QE-1 imaging chamber (Warner Instruments), held in place with a custom-made platinum
wire and nylon holder54, and superfused with oxygenated ACSF (2–3 ml min−1)
using an Instech peristaltic pump (Instech Laboratories). All images were acquired
at a depth of at least 30 µm. TH-GFP colocalization experiments were performed
on the Leica microscope as described previously13. Briefly, FFN200 and GFP were
detected by sequential imaging of the same sample field (single z-plane 8-bit
images; 38 × 38 µm field of view; 512 × 512 pixel resolution) using the following
parameters: GFP was excited at 910–920 nm and detected in the wavelength range
of 510–600 nm; FFN200 was excited at 760 nm and detected at 440–490 nm. Lack
of signal bleed-through between the FFN200 and GFP channels was confirmed by
acquiring FFN200-GFP image sequences in FFN200-incubated wild type slices
and in TH-GFP slices devoid of FFN200. To avoid underestimating GFP-FFN200
colocalization due to shifts in the z-plane, we acquired FFN200-GFP-FFN200
sequences and discarded any sequences showing less than 85% colocalization
between the first and second FFN images. All other FFN200 imaging experiments
were performed using excitation wavelengths of 740–770 nm and an emission
range of 440–500 nm. For nomifensine and dTBZ experiments, single z-plane
8-bit images were acquired on the Leica two-photon microscope with a size of
41 × 41 µm at 512 × 512 pixel resolution. For the DAT KO and VMAT2 hypomorph experiments, single z-plane 12-bit images were acquired on a Prairie
two-photon microscope with a 38 × 38 µm field of view at 512 × 512 pixel resolution. Imaging parameters for the KCl and electrical destaining experiments,
including the ones using DAT-GCaMP3 mice, will be detailed in a following
section. All live brain slice imaging experiments were conducted at 22–24 °C.
Cell culture. Ventral midbrain neuronal cultures prepared as above on glass
coverslips were incubated for 30 min at 37 °C with 10 or 20 µM FFN200 in the
presence of 50 µM AP-5 and 10 µM NBQX, in culture medium. Cultures were
then transferred into closed imaging chambers (RC-21BRFS, 260 µl volume,
Warner Instruments) and perfused (0.5 ml min−1) with Tyrode’s solution (in mM:
119 NaCl, 2.5 KCl, 25 HEPES sodium salt, 2 MgCl2, 2 CaCl2, 30 glucose, 50 µM
AP-5, 10 µM NBQX, pH 7.5; osmolarity, 320 mOsm) at 24–26 °C. Following at
least 10 min of Tyrode’s superfusion to wash out FFN200, images were acquired
using MetaMorph software (Molecular Devices) on an Olympus IX8-ZDC
inverted fluorescence microscope with focus drift compensation (Olympus)
equipped with a ProScan digitized stage (Prior Scientific) and a Photometrics Cool
Snap HQ camera (Roper Scientific). For high potassium destaining experiments,
images were acquired every 5 s at 200 ms exposure time using a 60× 1.35 NA
oil objective (Olympus), a fluorescence filter set for DAPI (#3100v2; Chroma
Technology) and a 1.3 neutral density filter. Solutions were switched from regular Tyrode’s to 90 mM KCl-containing Tyrode’s solution (in mM: 31.5 NaCl,
90 KCl, other components same), for at least 1 min, with a perfusion valve control
system (Warner Instruments). For immunostaining experiments, stage positions
of FFN200-labeled cell bodies were recorded before fixation. For synaptophysin
staining, fixative was added to the culture dish while FFN200 images were being
acquired. This method allowed us to minimize underestimating the colocalization between FFN200 and synaptophysin caused by movement of FFN-labeled
organelles. FFN200, calbindin and TH colocalization images were acquired on
a Zeiss Axiovert 100 microscope equipped with a Zeiss AxioCam MRm camera
using a 20 × 0.5 NA objective (Carl Zeiss Microscopy).
Immunocytochemisty. Cultures were fixed with 4% paraformaldehyde for
5 min at 22–24 °C, followed by 10 min in 100% methanol at −20 °C. Cultures were

then stained overnight at 4 °C with anti-calbindin antibody at 1:400, anti-TH
antibody at 1:500–1:1,000 or anti-synaptophysin antibody at 1:100, followed by
incubation with secondary antibodies conjugated to Alexa Fluor 350, 488 or 594,
at 1:200, for 1 h at 22–24 °C.
Immunohistochemistry and imaging of DAT-GCaMP3 mouse brain cryosections. DAT-GCaMP3 mice were superfused with phosphate-buffered 4%
paraformaldehyde and their brains were postfixed overnight and cryoprotected
in 30% sucrose for 2 d. Coronal cryosections of the midbrain and striatum were
cut at 30–40-µm thickness and blocked overnight in phosphate buffered saline
with 0.03% Triton (PBS-T) and 10% normal donkey serum (NDS). Sections were
immunostained with rabbit anti-GFP (1:500) and mouse anti-TH (1:1,000) antibodies overnight at 4 °C (in PBS-T with 2% NDS), following by a 1 h incubation
at 22–24 °C in donkey anti-rabbit Alexa 488 and anti-mouse Alexa 594 antibodies (both 1:400). The two fluorophores were visualized on mounted sections
by sequential imaging using the Leica SP5 confocal/multi-photon microscope
(Leica Microsystems) using the Argon 488 and DPSS 561 lasers and emission
wavelengths of 500–550 and 590–680 nm, respectively. No signal bleed-through
was observed between channels when imaging single-stained slices, using these
conditions. Low magnification images of the ventral midbrain and dorsolateral
striatum were taken with a 10× 0.3 NA dry objective (stacks of z sections taken
every 5 µm in a volume of 25–30 µm; 911 × 911 µm field of view; 1,024 × 1,024
pixel resolution). For higher magnification images, 20× 0.7 NA and 63× 1.4 NA
oil objectives were used for SN neurons (similar parameters as above but with a
456 × 456 µm field of view) and dorsolateral striatum axonal profiles (stacks of
z sections taken every 100 nm in a volume of ~2 µm; 49 × 49 µm field of view;
1024 × 1024 pixels), respectively, which were subsequently used for quantification. Colocalization between GCaMP3 and TH in SN cell bodies and dorsostriatal
axonal structures was determined on single z-sections essentially as previously
described13 using Volocity’s ‘Measure Object Colocalization’ task. A colocalization coefficient of 0.5 or higher was considered to be indicative of colocalization.
Intensity threshold and size parameters were adjusted for the size and signal to
noise ratio of the structures analyzed.
High K+- and electrical stimulation–induced FFN destaining in brain slices.
FFN200 and FFN102 release in response to K+ depolarization or local electrical
stimulation was monitored by time-lapse imaging on a Prairie Ultima Multiphoton
Microscope (see above) with some modifications from the methods described
previously13. FFN-labeled slices were imaged using excitation wavelengths of
740–770 nm and an emission range of 440–500 nm. To compensate for shifts
in the z plane, z-stacks comprised of five 12-bit images acquired every 0.5 µm
were continuously acquired over time and z sections representing the same field
of view were selected for all time points for quantification. Image acquisition was
performed averaging four frames of 22.5 × 22.5 µm and 256 × 256 pixels using a
dwell time/pixel of 4.4 µs. This resulted in a time frame of 10–11s/z-stack. High
K+-induced destaining of FFN200 was performed by switching the perfusion
solution to ACSF containing 40 mM KCl (prepared by isotonic replacement of
NaCl), for at least 90 s, using a Rheodyne 7010 switching valve (Rheodyne/IDEX).
For electrical stimulation experiments, the AMPA and NMDA receptor inhibitors
NBQX (10 µM) and AP-5 (50 µM), respectively, were present in the perfused
ACSF for 10 min before the onset of imaging and throughout the remainder
of the experiment to prevent glutamatergic excitotoxicity. Slices were imaged
for 35 time points and local electrical stimulation was applied from the beginning of time point 21 to the end of the recording. Stimulation pulses (each pulse
600 µs × 100 µA; number of pulses: 16, 160, 640 and 2,400, at 0.1, 1, 4 and 15 Hz,
respectively) were applied locally to the dorsal striatum by an Iso-Flex stimulus
isolator triggered by a Master-8 pulse generator (AMPI), using platinum bipolar
electrodes (Plastics One). All images were acquired within 50–100 µm of one of
the stimulating electrode poles. For Cd2+ and TTX experiments, 200 µM CdCl2
or 1 µM TTX were present for 20 min before imaging and throughout the experiment. For 0 mM Ca2+ experiments, perfusion was switched to ACSF containing
2.4 mM MgCl2 instead of CaCl2 and 1 mM EGTA, 10 min before imaging onset.
For the imaging of GCaMP3 and FFN200 destaining, slices were imaged essentially as above with the following exceptions. Images were continuously acquired
in two channels with an interlaced sequential line scanning pattern using different imaging parameters for the two probes: FFN200 was excited at 770 nm and
detected at an emission range of 435–485 nm and GCaMP3 was excited at 900 nm
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and detected at 500–550 nm. Four frames of 19 × 19 µm and 180 × 180 pixels
were averaged for each acquired image using a dwell time/pixel of 6.0 µs. Electrical
stimulation was performed as above. After a short resting period, a 100 s pulse
of 40 mM KCl was applied. Since Ca2+ signals in response to individual action
potentials can be resolved by GCaMP3 monitoring at rates up to 6 Hz (ref. 55),
15 Hz trains were expected to elicit a sustained plateau-like increase in GCaMP3
intensity, amenable for detection with our image acquisition rate.
FFN image analysis. Quantification of brain slice FFN200 puncta number and
intensity. FFN200 images and those used for the calculation of FFN200 puncta
density were analyzed using Volocity 4.4 (Improvision/PerkinElmer) as described
previously13. Briefly, fluorescent puncta were identified by defining a threshold of
intensity as well as size and shape constraints. Similar analysis parameters were
applied to conditions that were directly compared. After an automatic selection by
the program, regions of interest (ROIs) that did not conform to a certain number
of properties (for example, appropriate size and well-delimited boundaries) were
manually discarded. Background fluorescence intensity was determined as the
mean fluorescence intensity of areas of the image that excluded puncta. The
mean background-subtracted fluorescent puncta intensity was then calculated
by subtracting the mean background intensity from the mean fluorescence intensity measured at the puncta. For the calculation of FFN200 puncta density, we
determined the size of the optical slice in z as the full-width half maximum of
the squared illumination point spread function56. That value was 1.35 µm for
an excitation wavelength of 750 nm and objective NA of 0.9. We then calculated
the volume of a z-stack of five z-sections of 37.5 × 37.5 µm taken 0.5 µm apart
to be 4.71 × 103 µm3 and quantified the number of FFN200 puncta present in a
maximal projection of the image z-stack as described above.
Quantification of brain slice FFN200-GFP colocalization. Colocalization
between FFN200 fluorescent puncta and GFP was determined using Volocity’s
‘Measure Object Colocalization’ task as described above for GCaMP3 and TH
colocalization analysis. Visual inspection of each ‘object’ or ROI was performed
to rule out obvious false positives and false negatives.
Cell culture FFN200 puncta analysis. To determine the percentage of dopamine
neurons in mouse TH-GFP midbrain cultures that accumulated FFN200, GFPpositive neurons were considered FFN200-positive when their fluorescence
intensity was greater than 2 s.d. above the mean FFN200 intensity of GFPnegative cells. For FFN200-synaptophysin colocalization analysis, FFN200 images
were thresholded and ROIs were created for FFN200 fluorescent puncta using
MetaMorph software (Molecular Devices). These ROIs were then applied to the
corresponding synaptophysin images and the average synaptophysin fluorescence
intensity was determined for each ROI. ROIs with a mean intensity value of
at least 2 s.d. above the background were considered positive and the percentage of synaptophysin-positive FFN200 ROIs was calculated. Cultures were also
stained for TH to confirm that analysis was performed exclusively on dopaminergic axons. FFN200-calbindin colocalization analysis of cell body images was
performed in a similar manner as described for FFN200-synaptophysin colocalization, using the AxioVision software (Carl Zeiss Microscopy).
Quantification of KCl-induced FFN200 destaining. For brain slice experiments,
MacBiophotonics ImageJ (NIH) was used to analyze KCl-induced FFN200
destaining. As KCl produces extensive xy and z shifts and distortion within the
slice, we measured FFN200 fluorescence increase in the background, which
was less prone to artifacts than puncta analysis. An in-house written macro was
used to correct for shifts in the z dimension by selecting z sections representing
the same field of view for all time points. Registration in xy was achieved using
the ‘PoorMan3Dreg’ plugin (written by M. Liebling, a modification of Philippe
Thévenaz’s plugin StackReg). The mean background intensity of registered
images was then calculated using ImageJ’s ‘rolling ball’ method (Process/Subtract
background/Create background). For cell culture experiments, acquired timelapse images were corrected for xy shift in ImageJ using the ‘PoorMan3DReg’
plugin mentioned above. The first image of the time course was thresholded by
eye and the resulting ROIs, corresponding to puncta between 0.4 and 16 µm2 in
size, were used to determine puncta intensities at all time points using MetaMorph
software. The average puncta intensity for each time point was corrected for
bleaching measured at 3–4 regions of FFN200-positive neurites that contained no
punctate structures. Background fluorescence intensity, as measured in three areas
devoid of cells, was subtracted from all values. For the plot shown in Figure 3d,
only puncta destaining more than 20% were included.

Quantification of FFN200 and FFN102 destaining evoked by electrical
stimulation. Image series were analyzed by custom-written Matlab software.
Briefly, this routine registers image sets in xy and z dimensions, calculates and
subtracts the background at each time point, and corrects individual puncta
intensity versus time plots to remove the baseline rundown component throughout the trace. Puncta are then classified as destaining if they conform to two
criteria described below. To correct for movement in the z-plane, an algorithm
was written to identify a conserved subset of images at each time point. This
algorithm measured the normalized two-dimensional cross-correlation in
frequency space of every image to each image of the stack collected at the first
time point, creating a plot of the movement of the image information present in
each z section. A subset of images that were well-correlated were next registered
in xy using a subpixel fast Fourier transform algorithm. The images at each time
point were then averaged to reduce noise with no appreciable loss of signal. Each
image was then thresholded using a multiple thresholding method to incrementally form ROIs over puncta without requiring a minimum brightness intensity.
To account for stochastic movements made by puncta in the xy dimension during the imaging experiment, the ROIs were enlarged using a seeded watershed
transform method in which the seeds were the centers of the puncta and the
basin of the watershed an area around the puncta equivalent to a circle with a
diameter equal to the median of the interpunctal distance. Puncta that appeared
in the initial images but then disappeared before stimulation were automatically
discarded using an algorithm that correlated ROIs at the different time points
to each other. Any ROI that was not generated at both time points 1 and 20 was
discarded. Image intensities were then collected for all ROIs and processed to
subtract the background fluorescence and correct for baseline rundown. The
background was measured by calculating the image intensities outside of the
ROIs. We characterized this background increase as isotropic, permitting the subtraction of an average background intensity from the intensities of each punctum.
The background-subtracted intensity for each ROI was normalized to the time
point before stimulation. We then corrected the intensity plots to eliminate the
contribution of the baseline rundown of FFN intensity, which showed a punctaspecific set of kinetics. The baseline rundown was determined for each punctum
individually by fitting the baseline intensity values to an exponential decay function. To obtain the baseline-corrected intensities, the background-subtracted,
normalized intensities of each punctum were divided by the baseline exponential
fit for that punctum. This division was carried out over the domain of time points
from the beginning of the image series to the first inflection point of the empirical
function: puncta intensity − exponential fit intensity. Puncta were then classified
as non-destaining or destaining, using a combination of principal component
analysis and outlier analysis. For the principal component analysis, a matrix of
all intensity over time data for all puncta was created. The principal components
of this matrix were calculated using Matlab. Because the primary source of variability for the puncta was a result of the destaining at the point of stimulation,
the puncta were then sorted into two groups, based on their weighting in the first
principal component, using k-means clustering in order to minimize the total
variance of weightings within each cluster. For the outlier analysis, a z-score was
calculated for each intensity value after the stimulation begins using the mean
and the s.d. of the baseline intensity values. To be considered as a destaining
punctum, a z-score inferior to −2 s.d. of the mean baseline intensity was required
in at least 10 out of the 15 time points during which stimulation was being applied.
Only those puncta categorized as destaining by both principal component and
the outlier methods were considered to destain and all remaining puncta were
considered non-destaining. The intensity versus time plots of destaining puncta
were then analyzed using GraphPad Prism 5 (GraphPad Software) to obtain
the halftimes of destaining (t1/2s) by fitting data with a monoexponential decay
function. Puncta whose fit was determined as ambiguous or interrupted by the
software and those with t1/2 values determined to be extreme outliers for each
condition (extreme outliers defined as t1/2 values superior to 75% percentile +
3 × [25–75% interquartile range]) were discarded and were not included in the
analysis. Due to experimental variability in the fraction of FFN destaining puncta
and t1/2 of destaining, conditions that were directly compared were performed
on the same day, or if not possible, the same week.
Quantification of GCaMP3 signals evoked by electrical stimulation. The average
GCaMP3 intensity corresponding to each FFN200 puncta ROI was determined
using Matlab for GCaMP3 image series registered using the x, y and z registration information determined by the software for the matching FFN200 images.
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To identify FFN200 puncta exhibiting a significant increase in GCaMP3 intensity
in response to 15-Hz trains, the number of time points during the stimulation
period that displayed GCaMP3 intensity values at least two s.d. above the mean
baseline intensity were calculated for each puncta. A minimum of four stimulation time points with GCaMP3 intensities above the threshold was determined
as a valid criterion to classify FFN200 puncta as exhibiting a GCaMP3 response
to 15-Hz stimulation.
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Code availability. An ImageJ macro to correct for shifts in the z dimension and
the Matlab script for fluorescent puncta destaining analysis is available from our
laboratory’s website at http://sulzerlab.org/.
Imaging and analysis of FFN102 and FM1-43 colocalization. Striatal slices
were incubated in the QE-1 imaging chamber with 10 µM FM1-43 in ACSF for
15 min in the presence of 50 µM AP-5 and 10 µM NBQX, under continuous
oxygenation but without perfusion. FM1-43 loading was then performed in the
same solution by local stimulation of the dorsal striatum with 3000 pulses at 15 Hz
(each pulse 600 µs × 250 µA), as described above for FFN200 destaining but
using stainless steel bipolar electrodes (Plastics One). Slices were then perfused at
6 ml min−1 with ACSF for 2 min followed by ACSF containing 100 µM
ADVASEP-7 for 20 min, to maximize removal of extracellular FM1-43.
After another 2 min of ACSF wash, perfusion was halted and slices were incubated in the imaging chamber with ACSF containing 15 µM FFN102 for 10 min.
ACSF perfusion was resumed at 2 ml min−1 and imaging started 10 min later.
Simultaneous z-stacks (5 z-sections taken 0.5 µm apart) of FFN102 and FM1-43
were acquired in two channels with a Prairie Ultima Multiphoton Microscope
using an excitation wavelength of 760 nm and emission band pass filters of
440–500 nm and 570–640 nm, respectively, averaging four frames of a
38 × 38 µm field of view at 512 × 512 pixel resolution. Although a weak FM1-43
signal was detectible with 760-nm excitation, switching to 875-nm excitation
afforded optimal FM1-43 signal. A single z image taken at 875 nm was then registered in xy with the corresponding single z image of FM1-43 taken simultaneously
with FFN102 at 760 nm, for colocalization with the FFN. Depolarization with
40 mM KCl was then used to identify the specific activity-dependent FM1-43
signal. FFN102 and FM1-43 fluorescent puncta were identified using Volocity
4.4, as described above for FFN200. Activity-dependent FM1-43 puncta disappear completely upon KCl stimulation enabling identification. Colocalization
analysis was performed by visual examination of several z sections following
high K+ stimulation, as this stimulus tended to distort the tissue.
CV. CV recordings of endogenous dopamine release were performed as detailed
elsewhere57, with some modifications. Carbon fiber electrodes of 5 µm in diameter were placed in the dorsal striatum (close to corpus callosum) ~70 µm into the
slice. A triangular voltage wave (−450 to +800 mV at 294 mV ms−1) was applied
to the electrode every 100 ms and the resulting current was detected with an
Axopatch 200B amplifier (Axon Instruments) using a 10 kHz low-pass Bessel

Filter setting and a sampling rate of 25 kHz. Data was digitized using the ITC-18
board (Instrutech) and recorded with IGOR Pro 5.03 software (WaveMetrics),
using an in-house written acquisition procedure. Striatal slices, kept under
constant perfusion (2 ml min−1) with oxygenated ACSF, were stimulated with a
bipolar stainless steel electrode placed ~150 µm from the recording electrode,
using an Iso-Flex stimulus isolator triggered by a Master-8 pulse generator
(AMPI). Five single pulses (prepulses; 1 ms × 40 µA) were applied every 2 min to
achieve constant dopamine release and from then onwards slices were stimulated
with single pulses every 5 min. In dTBZ-treated slices, the perfusion solution was
switched to ACSF containing 5 µM dTBZ, 8 min and 20 s into the recording (time
point zero). Data were analyzed using an in-house written procedure in IGOR
Pro. Current in response to each pulse was normalized to the average current of
the five prepulses and results are expressed as mean normalized current ± s.e.m.
All recordings were performed at 30 °C.
Statistics. Data is presented as mean ± s.e.m. and standard parametric tests were
used for statistical analysis. When two conditions were compared, two-tailed
t-tests were used while one way ANOVA was used for comparisons of three or
more conditions. Two way ANOVA was used to compare intensity versus time
traces between two conditions. The statistical test used in each experiment is
defined in the corresponding figure legend. Sample size was chosen based on
studies using related methods and is similar to what is generally employed in the
field. Normal distribution of the data analyzed by parametric tests was confirmed
by the Kolmogorov-Smirnov test whenever possible or otherwise assumed to be
normal without a formal test. Equal variance of data groups being compared by
two-tailed t-test was confirmed using F test or assumed without formal testing
for ANOVA comparisons. Data collection and analysis were not randomized or
performed blind to the conditions of the experiments.
A Supplementary Methods Checklist is available.
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Decreasing Striatopallidal Pathway Function Enhances
Motivation by Energizing the Initiation of Goal-Directed
Action
X Fernanda Carvalho Poyraz,1 X Eva Holzner,1,5 X Matthew R. Bailey,1 Jozsef Meszaros,1 Lindsay Kenney,1
Mazen A. Kheirbek,1,4 X Peter D. Balsam,1,5* and Christoph Kellendonk1,2,3*
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Altered dopamine D2 receptor (D2R) binding in the striatum has been associated with abnormal motivation in neuropsychiatric disorders, including schizophrenia. Here, we tested whether motivational deficits observed in mice with upregulated D2Rs (D2R-OEdev mice)
are reversed by decreasing function of the striatopallidal “no-go” pathway. To this end, we expressed the G␣i-coupled designer receptor
hM4D in adult striatopallidal neurons and activated the receptor with clozapine-N-oxide (CNO). Using a head-mounted miniature
microscope we confirmed with calcium imaging in awake mice that hM4D activation by CNO inhibits striatopallidal function measured
as disinhibited downstream activity in the globus pallidus. Mice were then tested in three operant tasks that address motivated behavior,
the progressive ratio task, the progressive hold-down task, and outcome devaluation. Decreasing striatopallidal function in the dorsomedial striatum or nucleus accumbens core enhanced motivation in D2R-OEdev mice and control littermates. This effect was due to
increased response initiation but came at the cost of goal-directed efficiency. Moreover, response vigor and the sensitivity to changes in
reward value were not altered. Chronic activation of hM4D by administering CNO for 2 weeks in drinking water did not affect motivation
due to a tolerance effect. However, the acute effect of CNO on motivation was reinstated after discontinuing chronic treatment for 48 h.
Used as a therapeutic approach, striatopallidal inhibition should consider the risk of impairing goal-directed efficiency and behavioral
desensitization.
Key words: calcium imaging; DREADD; indirect pathway; motivation; striatum

Significance Statement
Motivation involves a directional component that allows subjects to efficiently select the behavior that will lead to an optimal
outcome and an activational component that initiates and maintains the vigor and persistence of actions. Striatal output pathways
modulate motivated behavior, but it remains unknown how these pathways regulate specific components of motivation. Here, we
found that the indirect pathway controls response initiation without affecting response vigor or the sensitivity to changes in the
reward outcome. A specific enhancement in the activational component of motivation, however, can come at the cost of goaldirected efficiency when a sustained response is required to obtain the goal. These data should inform treatment strategies for
brain disorders with impaired motivation such as schizophrenia and Parkinson’s disease.

Introduction
Motivation can be defined as the activation of goal-directed behavior. It involves a “directional” component, allowing subjects
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to efficiently select a behavior leading to optimal outcome, and an
“activational” component that initiates and maintains the vigor
and persistence of actions (Salamone, 1988; Simpson and Balsam, 2015). Different striatal subregions have been implicated in
motivation, including the dorsomedial striatum (DMS) (Yin et
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al., 2005a, b; Shiflett et al., 2010; Tai et al., 2012) and nucleus
accumbens core (NAc) (Corbit et al., 2001; Nowend et al., 2001;
Lex and Hauber, 2010; Mai et al., 2012). However, it remains
unclear whether the activational and directional components of
motivation can be dissociated (Bailey et al., 2015) and what the
relative contributions of DMS and NAc are in regulating these
components.
The striatum is the input nucleus of the basal ganglia (BG),
which projects to BG output nuclei via two parallel pathways. The
indirect pathway is formed by striatopallidal neurons that predominantly express dopamine D2 receptors (D2Rs). It projects
from the dorsal striatum to the external segment of the globus
pallidus (GPe) or from the NA to the ventral pallidum (VP). The
latter pallidal structures further connect to BG output nuclei, the
internal segment of the globus pallidus (GPi) and substantia
nigra (SNr) (Gerfen and Surmeier, 2011). In contrast, the direct
pathway is formed by striatonigral neurons that express dopamine D1 receptors (D1Rs) and project monosynaptically to BG
output nuclei. However, this anatomical segregation is not complete because neurons expressing D1Rs also innervate the “indirect” pallidum (Fujiyama et al., 2011; Cazorla et al., 2014;
Kupchik et al., 2015). Direct and indirect pathways are often
described as “go” and “no-go” pathways because the former disinhibits, whereas the latter inhibits thalamocortical activity (Albin et al., 1989).
D2Rs are G␣i-coupled receptors that largely inhibit neuronal
function. In humans, dopaminergic function and D2R binding
have been linked to motivation in healthy individuals (Tomer et
al., 2008) and individuals with neuropsychiatric disorders, including drug addiction (Volkow et al., 2002) and Parkinson’s
disease (Pedersen et al., 2009; Thobois et al., 2010). Decreased
motivation is a negative symptom of schizophrenia, and brain
imaging studies have shown increased availability of D2Rs in the
striatum of drug-naive patients with schizophrenia (Laruelle,
1998; Abi-Dargham et al., 2000; Howes and Kapur, 2009).
Using a mouse model of selective D2R hyperfunction (D2ROEdev mice), we previously showed that striatal D2R upregulation starting in late embryonic development results in deficits in
incentive motivation, replicating the negative symptoms of
schizophrenia (Drew et al., 2007; Ward et al., 2009). Moreover,
D2R upregulation increases excitability of striatal projections
neurons by downregulating inward-rectifier potassium channels
(Kir channels) (Cazorla et al., 2012, 2014). We therefore tested
whether the motivation deficit of D2R-OEdev mice could be rescued by decreasing indirect-pathway function to offset increased
excitability of striatal projection neurons in these animals.
To this end, we used the designer G␣i-coupled receptor
hM4D, which previously had been used to decrease indirectpathway function (Ferguson et al., 2011). Using in vivo calcium
imaging, we verified that acutely activating G␣i-coupled signaling
in striatopallidal neurons disinhibits GPe activity. At the behavioral level, inhibiting striatopallidal neurons in the DMS and NAc
enhanced motivation in D2R-OEdev and control littermates by
modulating initiation of the goal-directed action. However, enhanced performance on a task that requires rapid repetition of a
brief action came at the cost of goal-directed efficiency in a task
Correspondence should be addressed to either Dr. Christoph Kellendonk or Dr. Peter D. Balsam, Columbia
University/New York State Psychiatric Institute, 1051 Riverside Drive, New York, NY 10032. E-mail:
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that requires an action of extended duration. Despite the effects
on initiation of goal-directed action, response vigor and sensitivity to changes in reward value were not affected.
Because disorders associated with impaired motivation are
often chronic conditions, we also investigated the behavioral effects of chronically decreasing indirect-pathway function. Surprisingly, chronic hM4D activation did not affect motivation due
to a tolerance effect that was reversed 48 h after drug discontinuation. These findings have important implications for drug
therapies to enhance motivation by targeting GPCRs and BG
circuitry.

Materials and Methods
Experimental subjects
All animal protocols used in the present study were approved by the
Institutional Animal Care and Use Committees of Columbia University
and New York State Psychiatric Institute. The generation of D2R-OEdev
mice has been described previously (Kellendonk et al., 2006). TetO-D2R
mice have been backcrossed for over 20 generations onto the C57BL/6J
background, and CaMKII␣-tTA mice backcrossed onto the 129SveVTac
background. To generate D2R-OEdev mice, tetO-D2R/C57BL/6 mice
were crossed to CaMKII␣-tTA/129SveVTac mice. Double transgenic
mice express the transgenic D2R, and these animals were crossed to
Drd2-Cre (ER44Gsat/Mmcd; GENSAT) mice backcrossed to C57BL/6J
to obtain the transgenic D2R-OEdev/Drd2-Cre mice. For experiments
that included D2R-OEdev animals, controls were littermates of D2ROEdev/Drd2-Cre mice that were positive for the Cre transgene but negative for the TetO or tTa transgenes. For experiments that did not include
D2R-OEdev mice, animals were Drd2-Cre backcrossed onto the
C57BL/6J background. Both male and female adult mice at least 8 weeks
old were used in this study. Mice were housed (up to 5 animals per cage)
under a 12:12 h light/dark cycle in a temperature-controlled environment, and all behavioral testing was done during the light cycle. Food and
water were available ad libitum, except for experiments that required
restriction. Animals were food-deprived when being trained or tested in
operant behavioral tasks and maintained at 85% of their baseline weight.
For chronic CNO treatment, mice had ad libitum access to CNO-treated
water (0.25 mg/ml) instead of regular drinking water. Animals were
water-restricted for 16 h before experiments that involved acute oral
CNO treatment.

Stereotactic viral injections and lens implantation
For all viral injection surgeries that did not involve lens implantation for
calcium imaging, mice were anesthetized with a mixture of ketamine and
xylazine (100 mg/kg and 10 mg/kg), injected intraperitoneally, and
placed into a stereotaxic apparatus. For viral injection surgeries involving
lens implantation for calcium imaging, mice were anesthetized by inhalation with isoflurane (3.0% for induction, 1.0% for maintenance) mixed
with oxygen (1 L/min). For all surgeries, body temperature was maintained at 37°C with a heating pad. Surgical incision to expose the cranium
was made, and small cranial windows (⬍0.5 mm) were drilled at the
appropriate sites. The AAV5/hSyn-DIO-hM4D-mCherry virus (University of North Carolina) was used for Cre-dependent expression of the
hM4D receptor at a titer of 10 13 particles/ml. It was delivered at an
average rate of 100 nl/min using glass pipettes (tip diameter 10 –15 m).
All stereotactic coordinates were measured relative to bregma. A total of
0.4 – 0.5 l volume was delivered into each site for all injections. Two sites
of injection were used for bilaterally targeting the DMS to allow diffusion
of the virus to the entire region (site A: anteroposterior: 1.3 mm, mediolateral: ⫾1.4 mm, dorsoventral: ⫺3.3; site B: anteroposterior 0.9 mm,
mediolateral ⫾2.0 mm, dorsoventral ⫺3.4 mm). The NAc was targeted
bilaterally with one set of coordinates (anteroposterior: 1.7 mm, mediolateral: ⫾1.2 mm, dorsoventral: 4.0 mm). For all animals, except those
used for calcium imaging, the skin incision was closed using tissue adhesive after viral injection, and animals were allowed to recover for 4 weeks
before behavior experiments were initiated.
In mice used for calcium imaging of the GPe, after the AAV5/hSynDIO-hM4D-mCherry virus was injected into the DMS as described
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above, a 2 mm cranial window was drilled over the intended lens implantation site on the right hemisphere, followed by removal of the dura and
aspiration of portions around the edges of the craniotomy. The AAV1/
hSyn-GCaMP6f (University of Pennsylvania Vector Core) virus was then
injected into the GPe in discrete pulses, covering a 0.3 mm distance in the
dorsoventral axis (anteroposterior 0.0 mm, mediolateral: 1.8 mm, dorsoventral: ⫺3.9 to ⫺4.1 mm). A gradient index lens, measuring 0.5 mm
in diameter and ⬃8.4 mm in length (Inscopix), was lowered into the
same site used for viral injection into the GPe with alternate retractions of
0.5 mm for every 1 mm ventral increment to allow penetrated tissue to
properly settle around the lens. After implantation, the portion of the
lens extending above the skull was fixed in place using dental cement and
anchored by 3 screws attached to different plates on the skull. The lens
was covered with a silicone elastomer to protect the imaging surface from
external damage, and mice were allowed to recover from surgery. The
silicone elastomer was removed 4 weeks after surgery for attachment of a
baseplate (Inscopix) to support the miniature microscope (Inscopix) on
each animal’s head. For this procedure, mice were once again anesthetized with isoflurane. The silicone mold was removed, and the miniature
microscope with a baseplate attached and the 473 nm LED turned on was
positioned above the implanted lens and lowered with a micromanipulator until fluorescence could be detected. Once the microscope was
positioned for imaging at an adequate focal plane, the magnetic baseplate
was cemented around the lens adjoined to the dental cement previously
placed at the time of initial surgery. The microscope was subsequently
detached, and a magnetic cover plate (Inscopix) was secured onto the
baseplate with a screw set to protect the lens until imaging.

Drug treatments
CNO was provided by the National Institutes of Health as part of the
National Institutes of Mental Health Chemical Synthesis and Drug Supply Program. For behavioral experiments, CNO was freshly dissolved in
sterile PBS on the day of treatment. For acute treatment, the drug was
prepared at 0.2 mg/ml and delivered at 2 mg/kg dose (i.p.) 30 min before
a behavioral task, unless otherwise indicated. Saline injections for control
conditions consisted of 10 ml/kg sterile PBS. Animals were kept in their
home cages after injection with drug or saline before behavioral testing.
For chronic treatment, CNO was dissolved in animals’ regular drinking
water at a concentration of 0.25 mg/ml. Animals treated with CNO
chronically had this CNO solution as their only source of drinking water
ad libitum for at least 2 weeks. Except where otherwise indicated, CNO
solution in the drinking water was freshly prepared on the day before
start of chronic treatment, and freshly prepared solution was replenished
as needed every 2– 4 d for the duration of chronic treatment. Vehicle
chronic treatment consisted of regular mouse drinking water. For acute
oral CNO administration, animals were allowed to freely consume CNO
solution in drinking water at 0.25 mg/ml for 1 h before behavioral testing.
Crossover designs for drug treatment were used for testing in all behavioral assays, unless otherwise indicated, with animals receiving CNO or
saline/vehicle on alternate days of testing, counterbalancing for genotype, virally targeted brain region, sex, cage, and behavior testing
chamber.

In vivo calcium imaging
For calcium imaging experiments, cellular activity and locomotor activity were simultaneously measured while animals moved freely in an open
field. Before each imaging session, the miniature microscope was connected to the magnetic baseplate attached to each animal’s cranium and
fixed in place by the baseplate screw set while the mouse was briefly
anesthetized with isoflurane. Each animal was placed back into its home
cage for 20 min to recover from anesthesia before drug injection and
imaging. During imaging sessions, mice were placed in acrylic activity
chambers (42 cm long ⫻ 42 cm wide ⫻ 38 cm high) ⬍1 min before
optical recording with the miniature microscope was initiated. The Ethovision XT system (Noldus) was used to trigger both start and end of
recording sessions using a TTL pulse converter. This software was also
used to track each animal’s locomotor activity using a video camera
placed over the open field area. On a single day of testing, an animal was
subjected to two imaging session starting 30 min after acute treatment

with saline or CNO. Drug treatments for paired session in one day consisted of either two sessions after saline treatment or one session after
treatment with saline followed by a session after treatment with CNO.
During each imaging session, calcium activity was recorded over a total
of 5 min.

Calcium imaging data processing and statistical analysis
Calcium imaging recordings were acquired at 20 frames per second, and
independent cellular units were identified and processed using Mosaic
software (Inscopix). Briefly, videos were spatially and temporally binned
by a factor of 4, motion corrected, and independent cellular units were
identified. First, movies were spatially down-sampled by a factor of 4. To
correct for brain movement, all frames in movie sequences acquired
from the same mouse at the same focal plane were registered to one single
frame and concatenated in time. To normalize fluorescence signals to the
average fluorescence of the entire frame, we used the mean z-projection
image of the entire movie as reference (F) to generate a movie representing percentage-change-over-baseline (⌬F/F). Calcium transients from
individual cells were isolated and identified with an automated cellsorting algorithm that uses independent and principal component analyses of each ⌬F/F movie. The independent components identified by the
algorithms were visually inspected for spatial configuration, and temporal properties of calcium traces and those that appeared like calcium
transients from individual cell bodies were used for further analysis.
Histograms for the average calcium activity of all cells imaged from one
mouse at the same focal plane were generated for different drug conditions: after treatment with either saline or CNO or after two treatments
with saline. Student’s t tests for paired data were used to compare calcium
activity between drug conditions. In addition, calcium transients from
individual cells imaged over 5 min during different drug conditions were
separated into 12 s time bins. For individual cell analysis, average calcium
activity in 12 s bins measured for each individual cell at the same focal
plane, after treatment first with saline and then with CNO or after two
treatments with saline, were also compared using Student’s t tests for
paired data. Cells that displayed a significant increase or decrease in
activity in between sessions were identified, and the proportions of cells
that became significantly more active or less active were compared using
a  2 test to determine whether these proportions were different from
what would be expected by chance.

Behavioral assays: operant training and progressive ratio task
All mice that underwent testing in the progressive ratio task started initial
lever press training at least 2 weeks after viral injection surgery, and
testing in the progressive ratio task occurred at least 4 weeks after surgery.
Training and testing were done in experimental chambers equipped with
liquid dippers, retractable levers, a head entry detector in the food magazine, a house light, and an exhaust fan. Unless otherwise indicated, for
every session, the dipper was submerged into a tray containing evaporated milk so that raising the dipper provided a reward of one 0.01 ml
drop of evaporated milk into the feeder trough.
Dipper training. For the first phase of training, animals learned to
retrieve the milk reward from the feeder trough. Mice were placed inside
the chambers with the dipper in the raised position, providing access to a
drop of evaporated milk. The dipper was retracted 10 s after the first head
entry into the feeder trough. A variable intertrial interval between 1 and
108 s ensued, followed by a new trial identical to the first. The session
ended after 30 min or 20 dipper presentations. On the following day,
mice underwent another session similar to the first, except that the dipper retraction was response-independent. During each trial, the dipper
was raised for 8 s and then lowered independently of whether mice had
made a head entry. The session ended after 30 min or 20 dipper presentations. All mice underwent dipper training for 2 d before moving on to
Pavlovian training.
Pavlovian (auto-shaping) training. During the 1 h Pavlovian training
session, the lever was extended into the chamber for 6 s and immediately
followed by a 5 s dipper presentation to allow mice to associate the lever
extension with the milk reward. Each pairing was separated by a variable
intertrial interval averaging 60 s, and dipper presentation always occurred at the termination of lever presentation, independent of whether
or not a lever press occurred.
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Continuous reinforcement training. In the subsequent phase of training, mice were required to press a lever to earn the reward. At the beginning of the session, the lever was extended into the chamber, and every
lever press was reinforced. In this and all subsequent sessions, the reward
consisted of raising the dipper with a drop of evaporated milk in it for 5 s.
The lever was retracted after every two times the mouse earned a reward
and then was reextended after a variable intertrial interval, averaging 30 s.
The session ended when the mouse earned 60 reinforcements or 1 h
elapsed. Mice continued to undergo daily continuous reinforcement sessions until they earned 60 rewards in two consecutive sessions. When all
mice reached criterion, they were moved to random interval (RI)
schedules.
RI training. In RI schedule training, the lever remained extended
throughout the session, but lever presses were not reinforced until after a
random interval had elapsed. The average time between one reinforcer
and the time at which the next one can be earned is defined by the RI
schedule. All mice began on the RI 3 s schedule, meaning that a lever press
was reinforced only after 3 s on average elapsed from the start of a session
or from the time of the last reward. When a mouse earned at least 40
rewards in one session, the RI schedule was increased. The RI schedules
used were 3, 10, 15, and 20 s. When all mice reached the criterion of 40
rewards in one session on the RI 20 s schedule, they began experimental
testing on a progressive ratio schedule. Mice continued to undergo RI
20 s sessions for 1–2 d in between each progressive ratio session to prevent lever pressing behavior from being extinguished after not earning
many rewards in progressive ratio sessions.
Progressive ratio task. The progressive ratio task directly assays operant
motivation by quantifying the amount of effort a subject is willing to
expend to earn a reward. The program was designed so that the first
reward was earned after two presses and the number of presses required
to obtain each successive reward increased geometrically by doubling
after each reward. Each session could last up to 2 h but ended early if the
mouse did not press the lever for 3 min. Motivation was measured by
recording the number of rewards earned during a session, the total number of lever presses made in a session, the breakpoint, or ratio requirement at which animals stopped responding in a session, as well as the
session duration, or how long a subject continued to respond before
giving up in a session.

Progressive hold-down task
Following the progressive ratio, all mice were tested in the progressive
hold-down task (Bailey et al., 2015) in which rewards could be earned by
continuously holding the lever in a depressed position for a criterion
duration. Specific training for the progressive hold-down test consisted
of variable interval hold-down (VIH) schedules. Each VIH session involved up to 40 trials. At the beginning of each trial, the required hold
duration was drawn randomly from a distribution with a mean specified
by the session. Each session ended when a mouse successfully completed 40 trials or when 1 h elapsed. This hold requirement remained in
place until the subject was reinforced for completing the trial. During the
first session, the distribution of required hold durations had a mean of
0.5 s (VIH 0.5 s). When all mice in the cohort earned 40 rewards in one
session, they were moved to the subsequent VIH schedule, following the
sequence VIH 0.5, 1, 2, 4, 6, 8, and 10 s. Animals were only tested in the
progressive hold-down test after all subjects in the cohort were able to
complete all 40 trials in VIH 10 s schedule. For the progressive holddown task, the first required hold duration was fixed at 3 s, and the
requirement for subsequent hold durations was increased sequentially by
a factor of 1.4. The sessions could last up to 2 h but ended early if the
mouse did not press the lever for 10 min. Motivation was assayed by
measuring the number of lever presses made, how long subjects continued to respond in a session, and the number of rewards earned in a
session.

Outcome devaluation
In this task, mice were tested for their sensitivity to alterations in reward
value. For example, a manipulation that facilitates habit formation or it
makes animals less sensitive to within-session changes of reward value by
satiation ought to be reflected in a diminished impact of explicitly deval-

uing the reinforcer. The milk reward was devalued by allowing mice to
have unlimited access to milk for 30 min before operant testing. As a
control, on different days, mice were given unlimited access to standard
mouse chow for 1 h before testing. Mice were acutely treated with either
CNO or saline 1 h after the start of prefeeding. Thirty minutes after the
drug administration, mice were placed in an operant chamber with an
extended lever for 15 min, but lever presses were not reinforced throughout the session. Testing occurred on 4 different days in a randomized
design so that each mouse received each experimental manipulation once
( prefeeding with milk or chow and drug treatment with either CNO or
saline). The number of lever presses made in each session was measured
for assessment of outcome devaluation. Because this nonreinforced test
extinguished pressing behavior, mice were trained in random ratio sessions for 2–3 d in between devaluation testing days to maintain high rates
of lever pressing. In a random ratio schedule, there is a constant probability of reinforcement for each lever press. The specific schedule used,
random ratio 20, required the animal to press the lever on average 20
times before receiving a reward.

Open field
For open-field experiments that did not involve calcium imaging (described above), exploration and reactivity to an open field was assayed in
acrylic activity chambers (42 cm long ⫻ 42 cm wide ⫻ 38 cm high)
equipped with infrared photobeams for motion detection (Kinder Scientific). Mice were placed in the open field, and activity was automatically recorded for a specified amount of time (90 or 120 min). For
experiments involving acute drug administration, the open-field system
was programmed to pause recording 30 min after the start, at which point
mice were administered CNO or saline and placed back in the open field.
Recording of locomotor activity resumed immediately after acute drug
injections. For open-field experiments involving acute oral administration of CNO (data not shown), animals were water-deprived and allowed
to freely consume CNO-treated or untreated water for 1 h immediately
before being placed in the open field. Each animal was subjected to three
total sessions, including control sessions, on different days. In one session, animals were given untreated water before testing; in another session, animals were given freshly prepared CNO-treated water before
testing. In yet another session, animals were given CNO-treated water
that had been prepared 1 month prior and stored at room temperature (1
mo old CNO works as well as freshly prepared CNO; data not shown).

Histology and microscopy
For all histological analysis of brain tissue following behavioral experiments, mice were anesthetized with a mixture of ketamine and xylazine
(100 mg/kg and 10 mg/kg, respectively) injected intraperitoneally and
transcardially perfused, first with PBS and then with 4% PFA. Following
perfusion, brains were postfixed in 4% PFA for 24 h and then transferred
to PBS. Brains were then sliced into 50 m sagittal or coronal sections
using a vibratome, and every section was collected. Immunohistochemistry using fluorescence was performed on these free-floating sections by
treating sections first with blocking buffer (0.5% BSA, 5% horse serum,
0.2% Triton X-100), followed by overnight incubation with one or more
primary antibodies and subsequently with the appropriate secondary
antibodies conjugated to a fluorophore. The primary antibodies used
included rabbit anti-dsRed (1:250, Clontech, catalog #632496), mouse
anti-RFP (1:1000, Abcam, catalog #AB65856), rabbit anti-Cre (1:2000)
(Kellendonk et al., 1999), and goat anti-ChAT (1:100, Millipore, catalog
#AB144P). Sections were washed with 0.2% Triton X-100 in between
primary and secondary antibody incubations and with 50 mM Tris-Cl,
pH 7.4, before mounting. Sections were mounted on glass slides and
subsequently coverslipped for imaging with VectaShield containing
DAPI (Vector Labs). For confirmation of spread of viral infection in
targeted structures, images were acquired at 2.5⫻ magnification using a
Hamamatsu camera attached to a Carl Zeiss epifluorescence microscope.
For analysis of coexpression of fluorescent and immune-labeled proteins, images were acquired at 20⫻ or 40⫻ using a Nikon Ti Eclipse
inverted microscope for scanning confocal microscopy. Micrographs
were processed using ImageJ software (National Institutes of Health).
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Behavioral data processing and statistical analysis
All data collected in the current study were processed with Excel (Microsoft) or with custom scripts and functions written with MATLAB
(The MathWorks). Statistical analyses were done with Prism 5 (GraphPad). All statistical tests were two-tailed, and ␣ level was set to 0.05. For
operant tests of motivation, the behavioral measures used for analysis
included the total number of lever presses and reinforcers earned in a
session, as well as the session duration, for the progressive ratio and
progressive hold-down tests. For outcome devaluation tests, total number of lever presses made in a session was the parameter analyzed. To
compare normally distributed parameters, such as reinforcers earned,
number of lever presses, and breakpoint, under different conditions,
repeated-measures ANOVA tests were used to test for statistical significance. The log-rank Mantel-Cox test, a nonparametric statistical test, was
used to compare whether or not the independent variables significantly
affected session duration. To analyze the effect of drug on locomotor
activity in an open field, the sums of the total ambulatory distance from
a time point 30 min after intraperitoneal injection until the end of each
session were obtained. These measures obtained under different conditions were used to test for statistical significance between groups using
repeated-measures ANOVA tests. Alternatively, we calculated the distance traveled per minute 30 min after intraperitoneal injection as a
percentage of baseline distance traveled per minute before acute treatment. We then performed two-way ANOVAs to compare locomotor
response to acute treatment between groups.

Results
Activating hM4D receptors in indirect-pathway medium
spiny neurons (MSNs) leads to increased neuronal activity in
GPe
We first verified in vivo that the hM4D designer receptor can be
used to inhibit striatopallidal spiny neurons. Previous work in
brain slices has shown that activating hM4D receptors in D2Rpostive MSNs in the NAc decreases evoked IPSCs in the VP after
optogenetic stimulation of the indirect pathway (Bock et al.,
2013). We therefore hypothesized that decreasing function of the
indirect pathway using the hM4D/CNO system should disinhibit
neuronal activity in the GPe in vivo. To test this hypothesis, we
injected a GCaMP6f virus in the GPe and a Cre-dependent hM4D
virus in the DMS of Drd2-Cre mice and further implanted a
microlens in the GPe (Fig. 1A). We then imaged activity of cells in
the GPe in three freely behaving animals after acutely treating
these animals with CNO or saline. Figure 1B shows sample calcium traces for 10 neurons imaged after treatment with saline or
CNO, illustrating the activity of individual GPe cells in response
to each drug condition.
We performed two different statistical analyses to test for the
effect of CNO on the activity of GPe neurons. First, the average
calcium activity over 5 min of the same cells imaged during different drug conditions was compared directly. As a control, comparison of average activity of cells imaged after two consecutive
saline conditions (SAL-SAL) revealed a small decrease in activity
in the second session compared with the first session (t(210) ⫽
2.308, p ⫽ 0.0220, n ⫽ 211) (Fig. 1C). In contrast, comparison of
the average activity of cells imaged first after saline treatment and
then after CNO treatment (SAL-CNO) showed a robust increase
in activity after CNO treatment compared with saline treatment
(t(208) ⫽ 6.857, p ⬍ 0.0001, n ⫽ 209) (Fig. 1D). Increased GPe cell
activity after treatment with CNO was observed for all 3 mice
imaged (SAL-SAL experiments: mouse 1: t(102) ⫽ 0.2217, p ⫽
0.8250, n ⫽ 103 cells; mouse 2: t(39) ⫽ 1.329, p ⫽ 0.1917, n ⫽ 40
cells; and mouse 3: t(68) ⫽ 2.577, p ⫽ 0.0121, n ⫽ 69 cells; SALCNO experiments: mouse 1: t(97) ⫽ 4.803, p ⬍ 0.0001, n ⫽ 98;
mouse 2: t(49) ⫽ 3.755, p ⫽ 0.0005, n ⫽ 50; and mouse 3: t(60) ⫽
3.225, p ⫽ 0.0020, n ⫽ 61).

Second, we confirmed these findings by obtaining the average
activity of each cell in 12 s bins and analyzing the proportion of
cells that showed significantly increased or decreased activity after each drug condition. For this analysis, we found in the SALSAL control condition that 3.37% of cells showed significantly
increased activity and 3.79% of cells displayed significantly decreased activity in the second SAL session (SAL-SAL, 211 cells
from 3 animals) (Fig. 1C, inset). In contrast, similar analysis for
the SAL-CNO experiments showed that 10.05% of cells imaged
displayed significantly increased activity, whereas only 0.48% of
cells showed significantly decreased activity in the CNO session
compared with the SAL session (SAL-CNO, 209 cells from 3 animals; Fig. 1D, inset). Analysis of these proportions for SAL-SAL
and SAL-CNO experiments demonstrated that the frequency of
cells showing increased activity after CNO treatment was greater
than expected by chance (共22 兲 ⫽ 8.889, p ⫽ 0.0117). These findings demonstrate that activation of the G␣i-coupled receptor
hM4D in indirect-pathway MSNs enhances GPe activity.
Decreasing function of the indirect pathway increases
motivation in D2R-OEdev and control littermates
We then analyzed the effects of inhibiting indirect pathway neurons of D2R-OEdev and control mice on motivated behavior. We
expressed hM4D in the DMS and NAc because both subregions
of the striatum are known to support motivated behavior (Corbit
and Balleine, 2011; Hilario et al., 2012; Burton et al., 2015) (Fig.
2 A, B). No fluorescence signal was observed in the brain structures targeted by the direct pathway, the SNr and GPi (data not
shown). Costaining for hM4D and Cre revealed that 95% of
hM4D-positive cells were immune-positive for Cre recombinase.
Efficiency of transfection and recombination were high, as 86%
of Cre-positive cells within the constraints of the virally infected
region were immune-positive for hM4D (n ⫽ 150/175 Crepositive cells from 4 mice). Cholinergic interneurons that represent ⬃2% of neurons in the striatum are also known to express
D2Rs (Dawson et al., 1990). We found that only 5% of neurons
positive for ChAT, a marker for cholinergic interneurons, were
also immune-positive for hM4D in the virally infected region
(n ⫽ 6/110 ChAT-positive neurons from 4 mice), in agreement
with previous results using this BAC transgenic Cre mouse line
(Kravitz et al., 2010; Gallo et al., 2015).
Mice were then tested in a progressive ratio schedule of reinforcement, which measures how much effort an animal is willing
to expend to obtain a reward. As previously reported, D2R-OEdev
mice showed a deficit in the progressive ratio task (Drew et al.,
2007), as they stopped responding sooner than control littermates (共21 兲 ⫽ 4.235, p ⫽ 0.0121; Fig. 2C), earned fewer rewards
(t(20) ⫽ 2.692, p ⫽ 0.0140; Fig. 2D), had a lower breakpoint
(t(20) ⫽ 2.535, p ⫽ 0.0197; Fig. 2E), and made fewer lever presses (t(20) ⫽ 2.846, p ⫽ 0.0100; Fig. 2F ). We then retested the
animals after treatment with saline or CNO using a withinsubject design in which animals received treatment with saline or
CNO on alternate days of testing. We found that both D2R-OEdev
and control mice continued to respond for significantly longer
times during a session after treatment with CNO compared with
treatment with saline (D2R-OEdev: 共21 兲 ⫽ 19.56, p ⬍ 0.0001; Control: 共21 兲 ⫽ 9.671, p ⫽ 0.0019; Figure 2G). Both D2R-OEdev and
control mice earned more reinforcers after treatment with CNO
compared with saline (Fdrug(1,22) ⫽ 65.49, p ⬍ 0.0001,
Fgenotype(1,22) ⫽ 7.526, p ⫽ 0.0119, Finteraction(1,22) ⫽ 2.285, p ⫽
0.1448; Figure 2G). Consistent with these results, both D2ROEdev and control animals also had a higher breakpoint
(Fdrug(1,22) ⫽ 55.87, p ⬍ 0.0001, Fgenotype(1,22) ⫽ 10.87, p ⫽ 0.0033,
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Figure 1. Activating hM4D receptors in indirect-pathway MSNs leads to increased neuronal activity in GPe. A, Top, Diagram of coronal section showing targeted injection sites in DMS and GPe for
calcium imaging. Bottom, Micrograph of sagittal section showing region in the DMS and GPe virally targeted for in vivo calcium imaging of GPe cells expressing GCaMP6f (green) and indirectpathway MSNs in the DMS expressing hM4D (red). Both red and green fluorescence can be observed in the GPe, corresponding to axon terminal fields of indirect-pathway MSNs expressing hM4D and
GPe cell bodies expressing GCaMP6f, respectively. The lens was implanted in the GPe for imaging using a miniature microscope, and the track of the lens can be seen in the tissue ending at the level
of the GPe. Scale bar, 1 mm. B, Representative scaled calcium traces (⌬F/F) for 10 isolated GPe neurons imaged in a freely behaving mouse 30 min after treatment with saline and 30 min after
treatment with CNO (SAL-CNO), in two separate 600 s imaging sessions, conducted on the same day without subjecting animals to anesthesia in between sessions. The scaling factors used for
representative cell traces 1–10 were 0.12, 0.18, 0.45, 0.29, 0.17, 0.41, 0.30, 0.86, 0.13, and 0.26, respectively. C, D, Histograms of average calcium activity for all cells imaged in (C) control SAL-SAL
experiments, revealing a small decrease in activity in the second session compared with the first session (t(210) ⫽ 2.308, p ⫽ 0.0220, n ⫽ 211), and (D) SAL-CNO experiments, showing a robust
increase in activity after CNO treatment compared with saline treatment (t(208) ⫽ 6.857, p ⬍ 0.0001, n ⫽ 209). Insets, Plots of percentage of cells that showed a significant decrease (red) or increase
(green) in activity when (C, inset) comparing control paired sessions done after treatment with saline (SAL-SAL condition: 3.37% significantly increased, 3.79% significantly decreased), and (D,
inset) comparing sessions done after treatment with saline to sessions after treatment with CNO (SAL-CNO condition: 10.05% significantly increased, 0.48% significantly decreased). A significant
increase in the proportion of cells that showed increased activity can be attributed to CNO treatment when comparing proportions across conditions ( p ⫽ 0.0117). A total of 211 cells for the SAL-CNO
condition and 209 cells for the SAL-SAL condition from 3 different animals were used to calculate all statistics reported above.

Finteraction(1,22) ⫽ 10.23, p ⫽ 0.0041; Figure 2I ) and showed increased total number of lever presses in sessions after CNO treatment compared with saline treatment (Fdrug(1,22) ⫽ 69.21, p ⬍
0.0001, Fgenotype(1,22) ⫽ 7.912, p ⫽ 0.0101, Finteraction(1,22) ⫽ 7.528,
p ⫽ 0.0119; Figure 2J ). However, while CNO robustly enhanced
motivation in both groups, D2R-OEdev mice still displayed decreased performance in the task compared with control littermates while on the drug, as measured by how long animals
continued to respond in the task (CNO condition: 共21 兲 10.49, p ⫽
0.0012; Fig. 2G), the number of reinforcers earned (Bonferroni
post hoc test, p ⬍ 0.01; Fig. 2H ), the breakpoint (Bonferroni post
hoc test, p ⬍ 0.001; Fig. 2I ), and the total number of lever presses
made (Bonferroni post hoc test, p ⬍ 0.001; Fig. 2J ). Moreover,
although mice in both groups showed enhanced performance in
the progressive ratio task after CNO treatment, this enhancement

cannot be attributed to a general increase in response vigor because, for each ratio requirement, mice in both groups showed
unaltered press rates after treatment with CNO compared with
saline (F(1,44) ⫽ 1.894, p ⫽ 0.1446; Fig. 2K ).
Optogenetic stimulation and genetic lesion studies suggest
that D2-MSNs inhibit motor activity (Kravitz et al., 2010; Durieux et al., 2012; Lenz and Lobo, 2013; Cazorla et al., 2014).
Thus, we hypothesized that inhibiting indirect-pathway MSNs in
the DMS and NAc by acutely activating hM4D receptors would
energize motor behavior. To test this hypothesis, we tracked
open-field locomotion of D2R-OEdev and control littermates expressing hM4D in indirect-pathway MSNs before and after treatment with CNO or saline. We found that both D2R-OEdev and
control littermates showed increased ambulation after treatment
with CNO (F(1,22) ⫽ 32.36, p ⬍ 0.0001), which peaked ⬃30 min
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Figure 2. Decreasing function of the indirect pathway increases motivation in D2R-OEdev and control littermates. A, Coronal section micrograph showing hM4D-mCherry expression in the DMS
and NAc of a Drd2-Cre mouse. Scale bar, 1 mm. B, Superimposed traces of viral spread from coronal sections at ⬃1.0 mm anterior to bregma for all animals (D2R-OEdev and control littermates)
injected with the AAV5/hSyn-DIO-hM4D-mCherry virus into the DMS and NAc. Traces were overlaid onto a diagram of the corresponding coronal section adapted from Paxinos’ mouse brain atlas
(Franklin and Paxinos, 2008). C, D2R-OEdev mice expressing hM4D and injected with saline showed a decreased performance in the progressive ratio task compared with control littermates,
measured by survival functions for session duration ( p ⫽ 0.012) (C), total number of reinforcers earned ( p ⫽ 0.014) (D), breakpoint ( p ⫽ 0.0197) (E), and total number of lever presses made ( p ⫽
0.0100) (F ). G–J, Both D2R-OEdev and control mice expressing hM4D in indirect-pathway MSNs in the DMS and NAc showed enhanced performance in a second session of the progressive ratio task
after treatment with CNO compared with saline, measured by survival functions for session duration (D2R-OEdev: p ⬍ 0.0001; control: p ⫽ 0.0019) (G), total number of reinforcers earned ( p ⬍
0.0001) (H ), breakpoint ( p ⬍ 0.0001) (I ), and total number of lever presses made ( p ⬍ 0.0001) (J ) for each session. When comparing performance across genotypes after treatment with CNO in
the progressive ratio task, D2R-OEdev continued to respond in the task for shorter times ( p ⫽ 0.0012) (G), earned fewer reinforcers ( p ⬍ 0.01) (H ), had a lower breakpoint ( p ⬍ 0.001) (I ), and made
fewer total lever presses ( p ⬍ 0.001) (J ) per session compared with control littermates. K, Analysis of animals’ press rate per ratio requirement shows that subjects of either genotype did not exhibit
a general increase in rate of pressing when treated with CNO compared with saline ( p ⫽ 0.1446). L, Plot of locomotion in an open field across time showed that both D2R-OEdev and control mice
increased ambulatory activity after treatment with CNO compared with treatment with saline ( p ⬍ 0.0001). The increase in locomotion reached maximum level ⬃30 min after injection with CNO
for mice of both genotypes. No difference was observed between D2R-OEdev and control littermates in their response to CNO treatment ( p ⫽ 0.2513). Data from 12 animals per genotype were used
to calculate all statistics reported above using a crossover design. Error bars indicate SEM. *p ⱕ 0.05, **p ⱕ 0.01, ***p ⱕ 0.001.
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Figure 3. Inhibiting the indirect pathway in either DMS or NAc leads to enhanced motivation and does not affect
sensitivity to reward devaluation. A, Sagittal section micrograph showing hM4D-mCherry expression in the DMS and GPe of
a representative D2-Cre mouse. Scale bar, 1 mm. B, C, Superimposed traces of viral spread from sagittal sections at ⬃1.4
and 2.0 mm right and left of bregma for all animals injected with the AAV5/hSyn-DIO-hM4D-mCherry virus into the DMS.
Traces were overlaid onto a diagram of the corresponding sagittal section adapted from Paxinos’ mouse brain atlas
(Franklin and Paxinos, 2008). D–F, Mice expressing hM4D in indirect-pathway MSNs selectively in the DMS showed
enhanced performance in the progressive ratio task of motivation after treatment with CNO compared with saline, measured by survival functions for session duration ( p ⫽ 0.0054) (D), breakpoint ( p ⫽ 0.0043) (E), and total number of lever
presses made in each session ( p ⫽ 0.0091) (F ). G, In a test of outcome devaluation, compared with a control condition in
which mice were prefed chow, a food that had never been previously associated with lever pressing, mice expressing hM4D
in the DMS showed similar decreased rates of pressing after prefeeding with evaporated milk and treatment with CNO or
saline (prefeeding: p ⫽ 0.0075; drug: p ⫽ 0.9699). H, Sagittal section micrograph showing hM4D-mCherry expression in
the NAc and VP. Scale bar, 1 mm. I, J, Superimposed traces of viral spread from sagittal sections at ⬃1.1 and 1.3 mm right
and left of bregma for all animals injected with the AAV5/hSyn-DIO-hM4D-mCherry virus into the NAc. Traces were overlaid
onto a diagram of the corresponding sagittal section adapted from Paxinos’ mouse brain atlas (Franklin and Paxinos, 2008).
K–M, Mice expressing hM4D in indirect-pathway MSNs selectively in the NAc showed enhanced performance in the
progressive ratio task of motivation after treatment with CNO compared with saline, measured by survival functions for
session duration ( p ⫽ 0.0641, statistical trend) (K ), breakpoint ( p ⫽ 0.0115) (L), and total number of lever presses made
in each session ( p ⫽ 0.0232) (M ). N, Mice expressing hM4D in the NAc were sensitive to reward value in the outcome
devaluation task in both drug treatment conditions, as they showed similar decreased rates of pressing after prefeeding
with evaporated milk and treatment with CNO or saline (prefeeding: p ⫽ 0.0037; drug: p ⫽ 0.5529). There were no
differences in the relative responses to CNO between animals expressing hM4D in indirect-pathway MSNs in the DMS and
those expressing hM4D in the NAc, measured by survival functions for session duration ( p ⫽ 0.7547) (D, K ), breakpoint
( p ⫽ 0.7766) (E, L), or total number of lever presses made in each session ( p ⫽ 0.7237) (F, M ). Data from 8 animals
expressing hM4D in the DMS and 9 animals expressing hM4D in the NAc were used to calculate all statistics reported above
using a crossover design. Error bars indicate SEM. *p ⱕ 0.05, **p ⱕ 0.01.
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Inhibiting the indirect pathway in
either DMS or NAc leads to
enhanced motivation
Medial regions of the striatum have been
shown to support incentive motivation in
instrumental tasks of reinforcement (Corbit and Balleine, 2011; Hilario et al., 2012;
Burton et al., 2015). In the results presented above, we targeted both the DMS
and NAc, and it was still unclear whether
the DMS or NAc might have been specifically responsible for the effect. We therefore injected Cre-dependent hM4D virus
in Drd2-Cre mice bilaterally in either the
DMS or NAc selectively. These animals
were then trained and tested in the progressive ratio task. In animals injected in
the DMS, histology confirmed hM4D expression in the DMS and in axon terminal
fields in the GPe (Fig. 3A–C). Acutely activating G␣i signaling in indirect-pathway
MSNs in the DMS enhanced motivation
in mice, as they continued responding for
longer times (DMS: 共21 兲 ⫽ 7.745, p ⫽
0.0054; Fig. 3D), had higher breakpoints
(DMS: t(7) ⫽ 4.147, p ⫽ 0.0043; Fig. 3E),
and made a greater number of lever
presses (DMS: t(7) ⫽ 3.572, p ⫽ 0.0091;
Fig. 3F ). In animals injected in the NAc,
histology confirmed hM4D expression in
the NAc and in axon terminal fields in the
VP (Fig. 3H–J ). Acutely inhibiting
indirect-pathway MSNs in the NAc enhanced motivation in mice, as they continued responding for longer times (NAc:
共21 兲 ⫽ 3.427, p ⫽ 0.0641, statistical trend;
Fig. 3K ), had higher breakpoints (NAc:
t(8) ⫽ 3.261, p ⫽ 0.0115; Fig. 3L), and
made a greater number of lever presses
(NAc: t(8) ⫽ 2.495, p ⫽ 0.0232; Fig. 3M ).
In some animals of the NAc group, viral
injection spread unilaterally to the DMS
(Fig. 3 I, J ). When we analyzed performance in the progressive ratio task of only
those mice in which the injection was
completely restricted to the NAc, we
found it to be enhanced in each individual
animal. There were no differences in the
relative responses to CNO between animals expressing hM4D in indirectpathway MSNs in the DMS and those
expressing hM4D in the NAc, measured
by survival functions for session duration
(共21 兲 ⫽ 0.09760, p ⫽ 0.7547; Fig. 3 D, K ),
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breakpoint (t(15) ⫽ 0.2889, p ⫽ 0.7766; Fig. 3 E, L), or total number of lever presses made in each session (t(15) ⫽ 0.3602, p ⫽
0.7237; Fig. 3 F, M ).
Moreover, as observed for mice expressing hM4D in both
DMS and NAc, the response to CNO in mice expressing hM4D
separately in each striatal subregion cannot be attributed to a
change in response vigor: for each ratio requirement reached by
all animals in the study, mice in each group showed similar rates
of lever pressing after treatment with CNO or saline (DMS:
F(1,14) ⫽ 0.1406, p ⫽ 0.7126, saline: 27.30 ⫾ 9.972 presses/min,
CNO: 26.71 ⫾ 4.087 presses/min, n ⫽ 8 mice; NAc: F(1,14) ⫽
0.005455, p ⫽ 0.9422, saline: 21.07 ⫾ 3.881 presses/min, CNO:
19.75 ⫾ 3.183 presses/min, n ⫽ 9 mice) (data not shown).
We also investigated the contributions of the DMS and NAc to
the locomotor effect of acutely decreasing function of the indirect
pathway. Both groups displayed increased ambulatory activity
after treatment with CNO (DMS: t(7) ⫽ 4.041, p ⫽ 0.0049, saline:
83.62 ⫾ 4.125 cm/min, CNO: 151.2 ⫾ 19.28 cm/min, n ⫽ 8 mice;
NAc: t(8) ⫽ 5.718, p ⫽ 0.0004, saline: 71.81 ⫾ 5.439 cm/min,
CNO: 139.7 ⫾ 10.67 cm/min, n ⫽ 9 mice) (data not shown).
Inhibiting the indirect pathway in either DMS or NAc does
not affect the sensitivity to reward devaluation
We then tested whether inhibiting indirect-pathway function in
DMS or NAc alters the sensitivity to changes in the value of the
reward. Since all animals were trained to press a lever to obtain
evaporated milk as a food reward, we tested whether devaluation
of the reward by prefeeding animals with evaporated milk would
decrease their rate of operant responding in extinction trials. We
found that, compared with prefeeding with chow, prefeeding
with milk resulted in reduced lever pressing after treatment with
saline as well as after treatment with CNO (DMS group: prefeeding: F(1,13) ⫽ 10.32, p ⫽ 0.0075, drug: F(1,13) ⫽ 0.001480, p ⫽
0.9699; Bonferroni post hoc tests: p ⬎ 0.05 for chow and milk;
NAc group: prefeeding: F(1,14) ⫽ 12.10, p ⫽ 0.0037, drug:
F(1,14) ⫽ 0.3697, p ⫽ 0.5529; Bonferroni post hoc tests: p ⬎ 0.05
for chow and milk) (Fig. 3G,N ). These findings show that activating G␣i signaling in indirect-pathway MSNs in either the DMS
or NAc does not affect animals’ sensitivity to a change in the value
of the reward, suggesting that inhibition of indirect-pathway
function does not result in habitual lever pressing or a decreased
sensitivity to satiation.
Decreasing function of the indirect pathway energizes
behavior at the expense of goal-directed efficiency when a
sustained response is required to obtain the goal
Incentive motivation is thought to consist of two components: a
directional and an activational component. The directional component involves selecting the actions most likely to reach a goal.
The activational or arousal component regulates the initiation,
vigor, and persistence of the action. A change in any or all of these
activational components will affect performance on the progressive ratio schedule of reinforcement (Salamone and Correa, 2002;
Bailey et al., 2015). Given that inhibiting indirect-pathway function leads to hyperactivity in the open field and enhanced performance in the progressive ratio task, we asked whether this
manipulation alters specific activational components of motivation. To this end, we tested D2R-OEdev and control mice expressing hM4D in the indirect pathway of NAc and DMS in the
progressive hold-down task. This task requires mice to hold
down a lever for progressively longer intervals of time to earn
each subsequent reward (Bailey et al., 2015). Both D2R-OEdev

and control mice acquired the task successfully (data not shown).
After acute treatment with CNO compared with saline, both genotypes continued to engage in the task for longer times (control:
 2 ⫽ 12.02, p ⫽ 0.005; D2R-OEdev:  2 ⫽ 21.23, p ⬍ 0.0001;
Fig. 4A). As in the progressive ratio task, they also made more
lever presses (Fdrug(1,21) ⫽ 44.82, p ⬍ 0.0001, Fgenotype(1,21) ⫽
2.215, p ⫽ 0.1516, Finteraction(1,21) ⫽ 1.370, p ⫽ 0.2549) (Fig. 4B).
However, in contrast to the progressive ratio task, both genotypes
earned fewer rewards after being treated with CNO (Fdrug(1,21) ⫽
31.92, p ⬍ 0.0001, Fgenotype(1,21) ⫽ 0.8983, p ⫽ 0.3540,
Finteraction(1,21) ⫽ 0.8442, p ⫽ 0.3686) (Fig. 4C). This observation
is consistent with reduced efficiency at making longer presses,
which we confirmed by calculating the proportion of rewarded
presses per hold requirement. This measure decreased for hold
requirements ⱖ8.2 s for CNO- versus saline-treated mice (F(1,21)
⫽ 7.080, p ⫽ 0.0143) (Fig. 4D). Figure 4E shows a plot of the
distribution of press durations for all lever presses made on different days of testing by one representative subject. Although this
mouse made progressively longer hold-down presses on saline
treatment days, it made generally shorter and more frequent
presses on days when it was treated with CNO (Fig. 4E). These
results suggest that activating G␣i signaling in indirect-pathway
MSNs in the DMS and NAc leads to increased motivation by
energizing repeated initiation of the goal-directed action, even
when this effect results in decreased efficiency in earning rewards.
Chronic activation of hM4D does not affect motivation in
mice and leads to drug tolerance that can be reversed by 48 h
of drug abstinence
Because neuropsychiatric diseases generally require long-term
pharmacological treatment, we investigated whether continuous
activation of hM4D receptors in indirect-pathway MSNs in the
DMS and NAc also enhances motivation. Chronic CNO treatment did not affect performance of mice expressing hM4D in
indirect-pathway MSNs in either DMS or NAc in the progressive
ratio task, measured by either session duration (DMS:  2 ⫽
0.02327, p ⫽ 0.8788; NAc:  2 ⫽ 0.8556, p ⫽ 0.3550; Fig. 5A),
number of lever presses (DMS: t(7) ⫽ 0.8276, p ⫽ 0.4352, NAc:
t(8) ⫽ 0.5896, p ⫽ 0.5717; Figure 5B), or breakpoint (DMS: t(7) ⫽
0.4952, p ⫽ 0.6357, NAc: t(8) ⫽ 0.2526, p ⫽ 0.8069; Figure 5C).
Similar lack of effect was also observed for D2R-OEdev mice or
control littermates expressing hM4D in indirect-pathway MSNs
in both the DMS and NAc (session duration: control:  2 ⫽
0.2393, p ⫽ 0.6247, median survival: 19.5 min; D2R-OEdev:  2 ⫽
3.690, p ⫽ 0.2969, median survival: 21.5 min; number of lever
presses: Fdrug(1,20) ⫽ 1.671, p ⫽ 0.2108, Fgenotype(1,20) ⫽ 0.01001,
p ⫽ 0.9213, Finteraction(1,20) ⫽ 0.1.907, p ⫽ 0.1825, vehicle:
363.667 ⫾ 61.667 min, CNO: 256.0 ⫾ 53.333 min, n ⫽ 6 mice per
group) (data not shown). Importantly, the absence of a CNO
effect was not due to the different routes of administration
(drinking water vs intraperitoneal injection) or instability of
CNO in water or room temperature (data not shown).
We then asked whether animals that are treated with CNO for
2 weeks still exhibit a behavioral response to an acute intraperitoneal injection of CNO. As a control experiment, we found that
wild-type animals expressing hM4D in the DMS receiving untreated water (chronic vehicle) responded to acute CNO treatment with increased total number of lever presses (t(7) ⫽ 3.222,
p ⫽ 0.0097) (Fig. 6A) and longer session duration ( 2 ⫽ 4.719,
p ⫽ 0.0314) (Fig. 6B). In contrast, wild-type animals on chronic
treatment with CNO did not exhibit an acute response to the
drug injection, measured by total number of lever presses (t(7) ⫽
0.4880, p ⫽ 0.6405) (Fig. 6C) and session duration ( 2 ⫽
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48 h off chronic treatment with CNO was
sufficient to re-elicit the behavioral response to acute treatment with CNO
compared with acute treatment with saline (number of lever presses: t(7) ⫽ 4.211,
p ⫽ 0.0040; session duration:  2 ⫽ 12.33,
p ⫽ 0.0004) (Fig. 6G,H ). Comparable results were obtained for mice expressing
hM4D in the NAc (data not shown). And
a similar recovery from CNO tolerance
was observed for ambulatory activity in
the open field (data not shown). Mice
therefore recover their sensitivity to CNO
after 48 h of drug withdrawal.

Discussion

Here, we determined whether motivational deficits induced by upregulation of
6
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3
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Press number
remained intact. It was also not mediated by increased response vigor beFigure 4. Decreasing function of the indirect pathway energizes behavior at the expense of goal-directed efficiency when a cause the rate of lever pressing during
sustained response is required to obtain the goal. A–D, D2R-OEdev and control littermates expressing hM4D in indirect-pathway progressive ratio testing was unaltered.
MSNs show decreased efficiency in the progressive hold-down task after treatment with CNO compared with treatment with
Selective manipulation of MSNs in eisaline. Mice of both genotypes continued to respond for longer times when on CNO compared with saline, measured by survival
functions for session duration (control: p ⫽ 0.005, D2R-OEdev: p ⬍ 0.0001) (A). Mice on CNO made a greater number of lever ther the DMS or NAc showed that both
presses ( p ⬍ 0.0001) (B) and earned fewer reinforcers ( p ⬍ 0.0001) (C) in a session compared with saline. For each hold striatal subregions contribute to this efrequirement, mice treated with CNO showed lower efficiency in responding compared with treatment with saline, measured by the fect on motivation. Furthermore, we
proportion of rewarded presses ( p ⫽ 0.0143) (D). E, Distribution of the press duration for all presses made on different days of also investigated the behavioral effects
testing by one representative subject: while this mouse made progressively longer presses on saline treatment days, it made of chronically decreasing function of the
generally shorter presses and a greater number of presses on days when it was treated with CNO. Data from 12 animals per indirect pathway on motivation, and we
genotype were used to calculate all statistics reported above using a crossover design. Error bars indicate SEM. ***p ⱕ 0.001.
found that chronic activation of G␣i signaling in indirect-pathway MSNs leads
to a behavioral desensitization that is re0.01117, p ⫽ 0.8931) (Fig. 6D). Comparable results were obversible upon discontinuation of hM4D activation.
tained for mice expressing hM4D in the NAc (data not shown).
These findings show that a response to acute CNO in the progressive ratio task can no longer be elicited while animals are chronInhibiting indirect-pathway function enhances motivation in
ically treated with CNO in their drinking water.
D2R-OEdev and wild-type mice
D2R-OEdev mice show deficits in motivation that are associated
We then tested the persistence of this tolerance effect after
with enhanced MSN excitability. Because the hM4D receptor has
discontinuing chronic CNO treatment. Mice expressing hM4D
been previously used to decrease MSN excitability in rodents
in the DMS that had been treated with CNO for 2 weeks were
(Ferguson et al., 2011), we inferred that, if hyperexcitability of
taken off the CNO treatment and 48 h later injected intraperitoindirect-pathway MSNs is at the origin of the motivational deficit
neally with CNO or saline. As expected, mice that were chroniof D2R-OEdev mice, activating hM4D receptors in this neuronal
cally treated with vehicle (control condition) demonstrated
population would rescue their motivational deficit. However, as
enhanced motivation in response to acute CNO, measured by
both D2R-OEdev and control mice showed increased perfornumber of lever presses (t(7) ⫽ 3.261, p ⫽ 0.0138) (Fig. 6E) and
session duration ( 2 ⫽ 8.170, p ⫽ 0.0045) (Fig. 6F ). Moreover,
mance in the progressive ratio task after treatment with CNO, it is
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we could not detect an effect of hM4D activation on somatic excitability of
indirect-pathway neurons (data not
shown). But consistent with an inhibitory
effect of hM4D activation on synaptic
transmission in the GPe, we found that
this manipulation disinhibited GPe activity in vivo. We propose that inhibiting
function of the indirect pathway may represent a more general strategy to ameliorate deficits in motivation than just
rescuing the deficit in D2R-OEdev mice.
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Figure 5. Chronically activating G␣i signaling in indirect-pathway MSNs in either DMS and NAc does not affect motivation in
mice using a crossover design. A, No effect of chronic CNO was observed in the survival function for average session duration in the
progressive ratio schedule for D2-Cre mice expressing hM4D in indirect-pathway MSNs in either DMS ( p ⫽ 0.8788) or NAc ( p ⫽
0.3550). B, The number of lever presses made in a progressive ratio session was not changed after chronic CNO treatment for mice
expressing hM4D in indirect-pathway MSNs in either DMS ( p ⫽ 0.4352) or NAc ( p ⫽ 0.5717). C, The breakpoint was also not
changed as a result of chronic CNO treatment for mice expressing hM4D in indirect-pathway MSNs in either DMS ( p ⫽ 0.6357) or
NAc ( p ⫽ 0.8069). A total of 8 mice in the DMS group and 9 mice in the NAc were used to calculate all statistics reported above. Error
bars indicate SEM.

Inhibiting indirect-pathway function
energizes the initiation of behavior
Using the progressive hold-down task,
we demonstrated that inhibiting function of the indirect pathway energizes the initiation of behavior, which, however,
comes at the expense of goal-directed efficiency. In the progressive hold-down task, maximal efficiency requires animals
to suppress any tendency to initiate new behaviors to successfully hold down a lever until a reward is obtained. Inhibition of
the indirect pathway caused both D2R-OEdev and control mice
to continue to engage in this task for longer times. However,
acute CNO treatment also caused animals to make many responses of short duration and thus earn fewer rewards in the
progressive hold-down task. These observations suggest that
inhibition of the indirect pathway in the NAc and DMS enhances motivation by primarily regulating the readiness to
initiate behaviors rather than affecting processes related to the
optimal selection of specific behaviors or to processes that
regulate the vigor or persistence of actions. This increased
tendency to affect initiation of prepotent behavior could account for the effects we observed in both operant tasks and in
the open field.
Our results are interesting in light of earlier studies showing
that D1R antagonists interferes with the initiation of actions
(Choi et al., 2009, 2011). In these studies, pharmacologically induced blockade of D1R function, presumably inhibiting function
of the direct pathway, led to impairments of initiation, whereas in
our study inhibiting indirect-pathway function led to enhanced
action initiation. Together, these results indicate that the initiation of action depends on a balance between activity in both
indirect and direct pathways, consistent with previous observations that both pathways are active during the onset of new actions (Cui et al., 2013).
It is possible, however, that the primary consequence of inhibiting indirect-pathway function is not enhanced initiation but a
reduction in hold times, which would then lead to a faster reinitiation of responding. This interpretation would be in line with
the observation that the D2R antagonist raclopride increases hold
times (Fowler and Liou, 1994).
Moreover, although our data are consistent with an increased
action initiation, altered sensitivity to reward cannot be fully excluded. Whereas CNO enhanced the number of lever presses in
the progressive ratio task, we did not observe any enhancement of
lever pressing in the devaluation task. This may be due to the fact

that a lower effort is required during the devaluation task or,
alternatively, that no reward is delivered in the devaluation task.
Enhanced responding in the progressive ratio task could therefore also be influenced by an enhanced sensitivity to
reinforcement.
Inhibiting indirect pathway in both DMS and NAc
enhances motivation
Previous studies have shown that the NAc, and not the DMS,
plays a key role in goal-directed behavior by regulating how animals allocate effort to achieve specific outcomes based on the
rewarding value of those outcomes (Nowend et al., 2001; Mai et
al., 2012). These studies often used instrumental tasks that were
inherently different from the progressive ratio task used here. In
the latter studies, animals chose between a high-effort action that
led to a high-value reward and a low-effort action that led to a
low-value reward. Lesioning or antagonizing D1R and D2R function in the NAc made animals less motivated, choosing low-effort
actions that led to smaller rewards (Nowend et al., 2001; Mai et
al., 2012). It is likely, therefore, that the NAc plays a specific role
in effort-related choices. Our findings that acutely decreasing
function of the indirect pathway selectively in either the NAc or
DMS led to similar enhanced motivation, without affecting outcome devaluation, suggest that both subregions of the striatum
work together to regulate at least the initiation of motivated behavior. Consistent with these observations, a number of studies
have established a role for the DMS in motivated behavior (Yin et
al., 2005b; Shiflett et al., 2010; Hilario et al., 2012). Other behavioral assays of instrumental performance, such as tasks that measure sensitivity to response contingencies or effort/value
relationships, may potentially reveal dissociations between the
role of the indirect pathway arising from the DMS and NAc in
motivation.
Possible therapeutic relevance of inhibiting
indirect-pathway function
The link between initiation of motor behaviors, motivation, and
function of the indirect pathway is also relevant for Parkinson’s
patients who present with both difficulty initiating motor actions
and deficits in motivation. In a rodent model of Parkinson’s disease using 6-OHDA lesions, animals exhibited a deficit in moti-
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Figure 6. Chronic activation of hM4D does not affect motivation in mice and leads to drug tolerance that can be reversed by 48 h of drug abstinence. A, B, D2-Cre animals expressing hM4D in the
DMS on the chronic vehicle treatment condition responded to acute CNO treatment with increased total number of lever presses ( p ⫽ 0.0097) (A) and longer session duration ( p ⫽ 0.0314) (B)
compared with their response to acute saline in the progressive ratio task. C, D, When animals were tested in the same task while being treated chronically with CNO, there was no difference in their
performance after acute treatment with saline or CNO, measured by number of lever presses ( p ⫽ 0.6405) (C) and session duration ( p ⫽ 0.8931) (D). E, F, After being taken off chronic treatment
for 48 h, the same animals previously treated with vehicle showed enhanced performance in the progressive ratio task in response to acute CNO treatment, measured by total number of lever presses
( p ⫽ 0.0138) (E) and session duration ( p ⫽ 0.0045) (F ). G, H, Among animals previously treated with chronic CNO, 48 h off the chronic drug was sufficient to re-elicit a behavioral response to acute
treatment with CNO in the progressive ratio task because, under these conditions, mice made more lever presses ( p ⫽ 0.0040) (G) and continued to respond for longer times in the task ( p ⫽ 0.0004)
(H ) compared with their performance after acute treatment with saline. A total of 8 mice expressing hM4D in the DMS were used for these statistical analyses using a crossover design. Error bars
indicate SEM. *p ⱕ 0.05, **p ⱕ 0.01, ***p ⱕ 0.001.

vation that was reversed by a D2R agonist (Favier et al., 2014).
Moreover, D2R agonists have also been effective in treating lack
of motivation in patients with Parkinson’s disease (Thobois et al.,
2013). These findings in animals and patients lacking dopamine
neurons are interesting because the behavioral effects of D2R
activation on striatal MSNs have been difficult to study pharmacologically in the intact BG due to D2 autoreceptors in dopaminergic axon terminals projecting to the striatum (Sesack et
al., 1994; Ford, 2014). Consistent with these findings, the behavioral effects demonstrated in the current study using a
system that selectively activates G␣i signaling in D2R-positive
MSNs suggest that selective therapeutic approaches targeting
indirect-pathway function may be useful in treating motivational deficits in Parkinson’s disease and other brain disorders. However, our data also suggest that a specific
enhancement in the activational component of motivation
can come at the cost of goal-directed efficiency, which should
be considered when choosing such treatment strategy.

Because brain disorders are chronic and require continuous,
long-term pharmacological treatment, we also tested whether
chronically inhibiting function of the indirect pathway would
also enhance motivation in our experimental system. Surprisingly, we found that chronically activating G␣i signaling in
indirect-pathway MSNs did not affect motivation or locomotion
in mice. One explanation for the lack of behavioral response to
chronic treatment is that the mutated G␣i-protein-coupled
hM4D receptor became desensitized during chronic CNO administration. To address this question, we administered an acute
intraperitoneal injection of CNO or saline to mice expressing
hM4D in indirect-pathway MSNs, while they were chronically
consuming CNO, and found no effect of the injection. We then
demonstrated that this behavioral desensitization was not permanent because motivation and locomotion responses to an
acute CNO injection could be re-elicited 48 h after discontinuing
chronic treatment. Although we did not directly address the
mechanism of behavioral desensitization, one likely possibility is
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that the G␣i-coupled receptor becomes desensitized due to internalization after chronic stimulation (Gainetdinov et al., 2004).
Alternatively, behavioral desensitization may be mediated by
circuit-level adaptations. The fast recovery of the response suggests that structural anatomical rewiring may not be required, but
the desensitization effect could be mediated by circuit-level plasticity, which is known to occur at shorter timescales (Caroni et al.,
2014). Thus, receptor desensitization or circuit adaptations are to
be taken into consideration when developing chronic therapies
for neuropsychiatric disorders. Our results may explain why
drugs that target GPCRs may not improve motivation when
taken chronically by patients (Catapano and Manji, 2007).
In conclusion, the present study shows that the indirect
pathway is important for regulating response initiation, a process that can be pharmacologically manipulated to increase
behavioral activation. However, inhibiting the indirect pathway may also lead to inefficient responding at the cost of
reduced reward outcome in situations in which a long duration of action is required to obtain a goal. These findings
provide insight into BG function and should inform the development of new treatments for neuropsychiatric disorders
with abnormal motivation.
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