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Abstract The development of addictive behavior is asso-
ciated with functional and structural plasticity in the
mesocorticolimbic pathway. Increased connectivity upon
cocaine administration has been inferred from increases in
dendritic spine density, but without observations of
presynaptic elements. Recently, we established a method
that enables analyses of both dendritic spines and gluta-
matergic boutons and presented evidence that cocaine
induces changes in striatal connectivity. As the pharma-
cological and behavioral effects of cocaine directly impli-
cate dopaminergic neurons and their afferents, a remaining
question is whether dopaminergic striatal innervations also
undergo structural plasticity. To address this issue, we
generated transgenic mice in which the fluorophore tdTo-
mato is expressed under the promoter of the dopamine
transporter gene. In these mice, specific labeling of
dopaminergic boutons was observed in the striatum. Of
note, the accordance of our results for control mice with
previous electron microscopy studies confirms that our
method can be used to decipher the spatial organization of
boutons in relation to dendritic elements. Following
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repeated cocaine administration that led to behavioral
locomotor sensitization, an increased density of dopamin-
ergic boutons was observed 1 day later in the nucleus
accumbens shell specifically, and not in other striatal
regions. Combined labeling of dopaminergic boutons and
striatal dendrites showed that cocaine significantly
increased the percentage of dendritic spines associated with
a dopaminergic bouton. Our results show that chronic
cocaine administration induces structural plasticity of
dopaminergic boutons that could participate in dopamine-
dependent neuronal adaptations in the striatum.

Keywords Dopamine - Cocaine - Dendritic spine - 3D
imaging - Striatum

Introduction

It is now widely accepted that structural plasticity is
implicated in long-term adaptations that underlie several
psychiatric disorders, including drug addiction (Bernar-
dinelli et al. 2014; Russo et al. 2010). Structural plasticity
is, however, most often studied at the level of the postsy-
naptic structure only. Although observation of spine den-
sity along the dendrite is a valuable estimation of
connectivity, the knowledge of the structural plasticity at
the level of the axon is a critical issue for a proper
understanding of synapse formation (Wierenga et al. 2008;
Hiibener and Bonhoeffer 2010; Schoonover et al. 2014;
Yang et al. 2016; Johnson et al. 2016). Recently, we
developed a method for observing and analyzing gluta-
matergic pre and postsynapses (Heck et al. 2015). This
approach enabled us to demonstrate that synapse formation
indeed occurred after cocaine administration, for which an
increase in spine density had previously been shown
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(Russo et al. 2010). Those spines also receive dopaminer-
gic inputs from the mesencephalon, which encode reward-
prediction error signals (Schulz 2002). By blocking the
dopamine transporter (DAT), cocaine induces an increase
in extracellular dopamine (DA) levels (Di Chiara and
Imperato 1988) and thereby hijacks, the reward-driven
learning circuit. This process is thought to promote a
pathological form of memory leading to the addicted state
(Hyman et al. 2006). The associated mechanisms include
synaptic plasticity, activation of signaling pathways, gene
expression changes and epigenetic modifications in striatal
projection neurons (SPN), which all contribute to the long-
term modifications of the network that sustains behavioral
alterations induced by drugs of abuse (Liischer and Mal-
enka 2011; Robison and Nestler 2011). Whether structural
changes occur at the level of DA afferents onto SPN
remains an open question. Among others SPN receive
glutamatergic as well as DA inputs, which synergistically
activate the Extracellular-signal Regulated (ERK) pathway
(Pascoli et al. 2014). Hence, a change in DA synaptic
organization onto SPN could participate in the cellular
events involved in cocaine-induced neuroplasticity. DA
neurons located in the midbrain, project axons that spread
their arborization in the striatum (Matsuda et al. 2009;
Aransay et al. 2015; Rodriguez-Lopez et al. 2017). The
released DA modulates the activity and plasticity of striatal
neurons (Gerfen and Surmeier 2011; Tritsch and Sabatini
2012). DA boutons can form synaptic contacts on the neck
of dendritic spines of SPN, but most boutons do not
establish any synaptic contact (Descarries et al. 1996;
Sesack and Grace 2010; Bérubé-Carriére et al. 2012). DA
afferents thus form a dense lattice, and the released DA
acts through volume transmission within the striatum
(Moss and Bolam 2008). Here, the density and spatial
organization of DA boutons was measured in the striatum
of mice that showed locomotor sensitization following
repeated administration of cocaine. The present study
reveals a structural plasticity of the DA innervation on the
nucleus accumbens shell, which likely participates in the
neuronal and behavioral adaptations induced by cocaine.

Materials and methods
Mice

Animal care was conducted in accordance with the Euro-
pean Commission Guidelines on the Care and Use of
Laboratory Animals (Directive 86/609/EEC), and the
experiments were approved by the local ethic committee
C2EA-05. Mice expressing the Cre recombinase under the
DAT promoter (Turiault et al. 2007) were crossed with
mice carrying a ROSA-tdTomato reporter acquired from
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Jackson Laboratories [Gt(ROSA)26Sortm9(CAG-tdTo-
mato)Hze] (Madisen et al. 2010). Male mice from the
C57BL6 strain weighing 22-24 g were housed five per
cage and acclimatized to the laboratory conditions (12 h
light/dark cycle, 21 + 1 °C room temperature) with ad li-
bitum access to food and water.

Locomotor sensitization

Adult male mice were injected intraperitoneally with saline
(0.9% NaCl) and placed in the activity box for 60 min on
three consecutive days for habituation. The mice were then
treated with either saline or cocaine (20 mg/kg in saline,
Sigma-Aldrich) for five consecutive days and perfused on
the sixth day for morphological analysis. Locomotor
activity was measured for 30 min after the saline or
cocaine injection using rectangular activity boxes (Im-
metronic). Locomotor activity was counted as total travel
distance, measured by interruption of photocell beams
located 15 mm above the floor.

Slice preparation

Mice were deeply anesthetized with an intraperitoneal
injection of pentobarbital and perfused intracardially with
30 ml of paraformaldehyde (PFA) at 1.5% in 0.1 M
phosphate buffer, pH 7.4 at 4 °C. The brain was removed
from the skull and placed in 1.5% PFA for 1 h at 4 °C.
Slices of 150 um thickness were cut in the frontal plane
using a vibratome (Leica) and stored in phosphate-buffered
saline (PBS).

Immunofluorescence

Brain slices were permeabilized for 30 min with 0.1%
Triton X-100 and 3% bovine serum albumin (BSA) in PBS.
Rabbit polyclonal antibodies against tyrosine hydroxylase
(TH) (1/1000, Sigma) or vesicular monoamine transporter-
2 (VMAT2) (1/1000, C3Bf from B. Giros Lab) were
incubated overnight at 4 °C in 0.01% Triton and 3% BSA
in PBS. The slices were washed in PBS and incubated with
the secondary antibody coupled to Alexa 488 (anti-rabbit
1/500, Invitrogen) for 2 h in 0.01% Triton 3% BSA in PBS.
The slices were washed in PBS and mounted in Prolong
(Invitrogen).

Image acquisition

The principles of image acquisition and deconvolution
have been extensively described in Heck et al. (2012).
Image stacks coded in 16-bit were taken using a confocal
laser scanning microscope (SP5, Leica) equipped with a
1.4 NA objective (oil immersion, Leica) with a pinhole
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aperture set to 1 Airy unit, pixel size of 60 nm and z-step of
200 nm. The excitation wavelength and emission range
were 488 and 500-550 for Alexa 488 and DiO, 561 and
570-650 for tdTomato. Laser intensity and PMT gain were
set so that each image occupied the full dynamic range of
the detector. Metrology measurements were regularly
performed using fluorescent beads to confirm proper laser
alignment, laser power and field homogeneity using the
ImageJ-based Metrolo]J plugin. Deconvolution with
experimental point spread function from fluorescent beads
using a maximum likelihood estimation algorithm was
performed with Huygens software (Scientific Volume
Imaging). One hundred fifty iterations were applied in
classical mode, background intensity was averaged from
the voxels with lowest intensity, and signal to noise ratio
values were set to a value of 15 for Tomato signal and 20
for DiO dendritic signal.

Segmentation of synaptic objects, volume
measurement, co-localization analysis

Three-dimensional segmentation and analysis of tdTomato-
positive and immunolabeled boutons were performed using
the procedure described in Heck et al. (2015). The proce-
dures were run using custom ImageJ macros and the 3D
functionalities of the 3D ImageJ Suite plugin. Of note, the
workflow has been implemented in a user-friendly plugin
called DiAna (Gilles et al. 2017). For image segmentation,
a 3D watershed procedure defined the boundaries of space
regions that contained objects, and local maxima were
detected in the image. Histogram analysis and image
inspection allowed a threshold intensity to be defined so
that only local maxima from objects were retained. For
each local maximum, corresponding to one object, the 3D
intensity distribution centered on the local maxima was
computed and fitted to a Gaussian curve. The intensity
value covering 95.4% of the surface of the Gaussian curve
was determined as the intensity threshold of the border of
the object. Voxels located around the local maximum were
then included in the object if they fulfilled the following
three criteria of acceptance: intensity higher than the
threshold; intensity lower than the previously included
voxel; and inclusion of neighboring voxels; the last criteria
was defined for acute object shape extraction). As the
segmentation of each object is based on the analysis of its
3D intensity distribution, the procedure ensures that bou-
tons of similar size but different intensity are extracted as
objects of similar size. The volume of each extracted object
was computed using the 3D ImageJ Suite plugin.
Object-based co-localization analysis was performed
following segmentation. For each region of interest

corresponding to a segmented tdTomato-positive DA
bouton, the intensity in the other segmented channel was
measured. Hence, co-localization was considered to occur
when a TH or VMAT?2 segmented object overlapped with a
tdTomato-positive segmented object. For each pair of co-
localizing objects, the 3D center-to-center distance
between the two objects was computed using the 3D
ImagelJ Suite plugin.

Dendrite labeling and dendritic spine analysis

Dendrites and dendritic spines were labeled using the
Diolistic technique described by Gan et al. (2000). Briefly,
50 mg of tungsten beads (Bio-Rad) was mixed with 3 mg
of solid green DiO (3,3'-dioctadecyloxacarbocyanine per-
chlorate, Molecular Probes) dissolved in methylene chlo-
ride. Dil-coated beads were coated on the inner surface of a
polyvinylpyrrolidone (Sigma-Aldrich)-pretreated Teflon
tube. The tube was then cut in pieces, which were inserted
as cartridges in a gene gun device (Bio-Rad). Helium gas
pressure (150 psi) applied through the gene gun ejected the
beads out of the cartridge onto the brain slice. The beads
were delivered through a 3-pm pore-size filter (Isopore
polycarbonate, Millipore) to avoid clusters. After labeling,
the slices were kept in PBS at room temperature for at least
2 h and mounted in Prolong Gold.

Dendritic spine density was defined as the number of
spines normalized to a 10 pm length of dendrite. Neuron-
studio software (version 0.9.92) (Rodriguez et al. 2008)
was used to reconstruct the dendrite and detect dendritic
spines. When necessary, manual correction was applied.
For each striatal neuron, a dendritic segment of 20-70 um
in length and distant from at least 50 um from the soma or
after the first branching point was considered. The per-
centage of spines for which the neck was in contact with a
dopaminergic bouton was manually counted by visual
inspection in 3D through confocal image stacks.

Computation of 3D distance between dopaminergic
boutons and potential receptor targets

A custom ImageJ macro was built, incorporating functions
from the 3D ImageJ Suite plugin. For each segmented
image of DA boutons, 100 dots (one voxel size) were
placed at random positions within the 3D space in between
DA boutons. A mask was built so that the points were
never placed within cell soma. The minimal distance from
each point to the border of the closest DA bouton was
measured. The distributions of minimal distances for the
images from the saline and cocaine conditions were then
computed.
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Results

Observation and identification of dopaminergic
boutons in the striatum

To observe DA boutons in the striatum, a mouse line
expressing the Cre recombinase under the control of the DA
neuron-specific promoter of the DAT gene was crossed with
a mouse line carrying a floxed gene driving the expression of
the fluorescent protein tdTomato (Fig. 1a). Hence, DA
neurons express tdTomato in these mice. The expression
level and brightness of tdTomato fluorescence allowed for
the observation of boutons in the striatum, whereas signals
in the axons were not detected with the chosen image
acquisition parameters. tdTomato-positive spots were seg-
mented from 3D images (Fig. 1b). The average volume of
the segmented objects was 0.297 £ 0.017 um?, corre-
sponding a sphere 0.827 pum in diameter, a value consistent
with the size of DA boutons reported in studies conducted in
dorsal striatum with serial electron microscopy (Moss and
Bolam 2008). Slightly smaller diameters have been reported
in the ventral striatum in a 2D electron microscopy study
(Bérubé-Carriere et al. 2012). It is noteworthy that optical
microscopy has lower resolution in z-axis compared to xy-
axis, and, despite restoration by deconvolution, our mea-
surements of volumes may be over-estimated. This however
would not impair the comparison of volumes objects
between different conditions. The specificity of the labeling
was confirmed by immunostaining against TH, which is
expressed in DA axons innervating the striatum (Fig. 1c).
Following segmentation, 3D co-localization analysis
revealed extensive overlap, with 88.4% of tdTomato-posi-
tive objects co-localizing with TH objects (n = 1883
tdTomato-positive objects from n = 2 mice). To confirm
that the tdTomato-positive objects contained dopaminergic
vesicles, immunostaining against VMAT2 was performed
(Fig. 1d). Of all tdTomato-positive segmented objects,
95.2% co-localized with VMAT2 segmented objects
(n = 4610 tdTomato-positive objects from n = 2 mice).
The center-to-center distance from tdTomato-positive
objects to VMAT?2 objects was computed in 3D. Measure-
ments from n = 3775 object pairs retrieved a value of
227 £+ 0.008 nm, which indicates accurate co-localization
and thus confirms that the tdTomato-positive objects are DA
boutons.

Chronic cocaine exposure induces structural
plasticity of dopaminergic boutons in the nucleus
accumbens

The possible reorganization of DA inputs upon repeated

cocaine exposure was studied in a locomotor sensitization
paradigm (Fig. 2a). Mice received either a single dose of
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Fig. 1 Specific detection of dopaminergic boutons in the striatum.p
a To specifically label DA boutons in the mouse brain, the DAT::Cre
mice were crossed with the tdTomato “flex” mice to specifically
express the fluorescent protein tdTomato in DA neurons and in their
striatal afferents. b Single plane from a confocal image stack showing
tdTomato labeling. False-color rendering enables better visualization
of the high heterogeneity in the size and fluorescence intensity of the
objects. Following a custom segmentation procedure, tdTomato-
positive objects are extracted. The output of the segmentation is
shown on the same single plane of the confocal stack as the original
image, and with 3D volume rendering. ¢ Immunohistochemistry for
TH shows co-localization with tdTomato-positive objects. d Immuno-
histochemistry for VMAT2 shows co-localization with tdTomato-
positive objects. Scale bar in b 1 um; ¢, d = 2 pm. SN substantia
nigra, VTA ventral tegmental area, NAc nucleus accumbens

cocaine or saline daily, and their locomotor activity was
recorded. The same dose of cocaine (20 mg/kg) induced a
progressive increase in locomotor activity compared to
saline treated mice. This increased behavioral output
induced by cocaine reveals that the neuronal network
undergoes changes, such that the next administration of the
same dose of cocaine acts on a primed network. One day
after the last cocaine injection, images of the DA boutons
were acquired by confocal microscopy in the different
regions of the striatum: the medial and lateral part of the
dorsal striatum and the shell and core of the nucleus
accumbens (NAc). The sections imaged were located
0.9-1.2 mm rostral from bregma. The images were
deconvolved and segmented to measure bouton density and
volumes (Fig. 2b). A significant increase in DA bouton
density was measured in the NAc shell, but not in the other
regions of the striatum (Fig. 2¢). Three-dimensional mor-
phometric analysis revealed a decrease in the volume of the
boutons in both the shell and the core of the NAc, but not in
the dorsal striatum (Fig. 2d).

Many DA boutons are devoid of synapse, so the released
DA diffuses to bind with its’ receptors (Descarries et al.
1996; Moss and Bolam 2008; Robinson et al. 2008). DA
receptors are found on the dendritic shaft and dendritic
spines of SPN as well as on glutamatergic and dopamin-
ergic boutons (Sesack et al. 1994; Yung et al. 1995; De Mei
et al. 2009; Uchigashima et al. 2016). Therefore, a change
in the density and volume of DA boutons could modify the
range of DA volume transmission and access to DA
receptors. To address this hypothesis, a model was built
whereby single points, representing putative receptor sites,
were inserted at random positions in images of DA boutons
obtained from saline and cocaine treated mice. The mini-
mal distance between each point and the borders of DA
boutons was measured in the three dimensions (Fig. 2e). In
images from saline treated mice, 85.9% of DA boutons
were less than 1 pm away from the nearest putative target
(Fig. 2f). The cumulative frequency distribution of the
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minimal distances from the borders of DA boutons to
putative DA receptors showed that in images from mice
that received repeated cocaine administrations, the minimal
distances were shorter than in the saline condition, with
89.8% of DA boutons located less than 1 um away from
the nearest putative target in the cocaine condition
(Fig. 2f).

Taken together, these results reveal that repeated
administration of cocaine induces structural plasticity of
the DA afferents in the ventral part of the striatum, a
cerebral structure strongly implicated in the early phase of
cocaine addiction (Steketee and Kalivas 2011).

Spatial relationship between dopaminergic boutons
and dendritic spines of striatal projection neurons

Dopamine boutons in the striatum are not necessarily
associated with a postsynaptic structure but can contact the
dendritic spines of SPN (Sesack and Grace 2010; Moss and
Bolam 2008; Xu et al. 2012; Uchigashima et al. 2016).
Because repeated exposure to cocaine induces an increase
in dendritic spine density (Russo et al. 2010; Heck et al.
2015) and our results show an increase in DA bouton
density in the NAc shell, it raises the intriguing question as
to whether combined pre and post-synaptic structural
plasticity could modify the spatial relationship between the
dendritic spines and the DA boutons. To address this
question, SPN were sparsely labeled with a green mem-
brane-associated fluorochrome in slices of saline or cocaine
treated transgenic mice, allowing the simultaneous obser-
vation of dendritic spines and DA boutons (Fig. 3a, b).
Following repeated cocaine administration, which induced
locomotor sensitization (see Fig. 2a), a significant increase
in dendritic spine density was measured in the NAc shell
compared to saline control conditions (Fig. 3c). The
occurrence of contacts between DA boutons and the neck
part of the dendritic spines was then monitored. In saline
conditions, 22.8 + 1.5% of dendritic spines were in direct
contact with a DA bouton (Fig. 3d, n = 27 dendrites with
1257 spines). In mice treated with cocaine, the percentage
of spines in contact with a DA bouton was 35.6 £ 0.7%,
corresponding to an increase of 56% in comparison to
saline controls (Fig. 3d, n = 21 dendrites with 783 spines).
Altogether, these results highlight that cocaine induces a
spatial rearrangement of the DA connectivity to favor
putative synaptic contacts.

Discussion
Cocaine, by inhibiting the uptake of released DA, induces

an elevated level of extracellular DA that triggers adapta-
tions in striatal neurons leading to addictive behavior.
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Whereas dendritic spine density (Russo et al. 2010) and
glutamatergic connectivity (Heck et al. 2015) changes
induced by cocaine have been extensively studied, a pos-
sible structural reorganization of dopaminergic afferents
remained to be addressed. In the present study, we used the
DAT-tdTomato transgenic mouse line that allowed the
direct observation of DA boutons in the striatum. Follow-
ing repeated cocaine administrations that induced loco-
motor sensitization, an increase in DA bouton density was
observed in the NAc shell as well as an increase in the
percentage of dendritic spines in contact with a DA bouton.

Our methodological approach enabled the examination
of the 3D organization of DA boutons within the striatum.
It is important to note that our measurements in control
conditions are in accordance with results from a previous
electron microscopy study (Moss and Bolam 2008; Bérubé-
Carriere et al. 2012). Analysis of serial electron micro-
scopy images enabled the percentage of dendritic spines in
contact with a DA bouton to be estimated at 20%; and
measurements of distances between randomly selected
points and DA presynapses revealed that 96% of randomly
selected points were located less than 1.04 pm from DA
boutons (Moss and Bolam 2008). The spatial relationship
between DA boutons and dendritic spines from striatal
neurons we described, as well as the distance between DA
boutons and potential receptor sites we measured, fit
remarkably well with the conclusion of the study of Moss
and Bolam, although it should be noted that this study was
conducted in the dorsal striatum. Hence, our method,
associating optical confocal microscopy with image
deconvolution and 3D analysis, is an efficient strategy for
the investigation of spatial organization of boutons, with
the advantage of sampling large volumes of brain tissue
and providing information from thousands of objects.
Accordingly, recently published studies, including from
our laboratory (Heck et al. 2015; Schoonover et al. 2014;
Yang et al. 2016), demonstrated that optical microscopy
combined with careful analysis can successfully assess the
spatial organization of boutons and dendritic spines.

The possible changes of DA innervation following
cocaine administration have been previously addressed
indirectly using western blotting and immunohistochem-
istry against TH, an enzyme involved in DA synthesis.
However, those approaches either did not detect an
increase in axonal TH expression (Beitner-Johnson and
Nestler 1991; Sorg et al. 1993) or led to contradictory
results (Todtenkopf and Stellar 2000; Todtenkopf et al.
2000; Lee et al. 2011). Those methods likely suffered from
false negatives artefacts inherent to immunostaining tech-
niques, undersampling due to two-dimensional analysis
and false positives due to the presence of noradrenergic
fibers (Sesack and Grace 2010) and a subpopulation of TH-
positive striatal interneurons (Ibafiez-Sandoval et al. 2010).
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Fig. 2 Repeated cocaine exposure increases dopaminergic innerva-
tion in the nucleus accumbens shell. a Transgenic mice injected daily
with cocaine (ip. 20 mg/kg) present locomotor sensitization, defined
as a progressive increase in locomotor activity upon repeated
injection of the same dose of cocaine. Two-way ANOVA, Bonferroni
post hoc test: cocaine day 1 vs. day 5: p < 0.001, saline day 1 vs. day
5: p > 0.05; saline day 5 vs. cocaine day 5: p < 0.001. ***p < 0.001.
b DA boutons were imaged and segmented in 3D, as illustrated by a
single plane from confocal stacks imaged in the NAc shell. ¢ The
measurement of DA bouton density reveals an increase in the NAc
shell but not in the other striatal regions. One-way ANOVA, Dunn’s
multiple comparison test, Saline vs. cocaine: NAc Shell: 152.7 & 4.6
vs. 174.8 £ 3.9, p < 0.05, NAc Core: 160 £ 7.6 vs. 170 £ 5.2, DM
Str: 161 £9.2 vs. 175 &£ 6.4, DL Str: 166 & 8 vs. 170 & 4.4.
n = 6-7 mice per condition. *p < 0.05. d Cumulative distributions of
the volumes of DA boutons analyzed in the different striatal regions.
Bouton size is decreased only in the ventral parts of the striatum.
Kolmogorov—Smirnov test. n = 114,265-147,076 boutons from

Distance between dots and boutons

n = 6-7 mice per condition. e Single dots are inserted at random
locations in segmented confocal stacks imaged in the NAc shell from
transgenic mice treated with saline or cocaine. The 3D minimal
distance from each dot to the borders of DA boutons is computed.
Three-dimensional volume rendering showing the dots (green), the
segmented DA boutons (red) and the minimal distance computed
(white). The single dots have been enlarged in this illustrative
example for better visualization. f Cumulative frequency distribution
of minimal distance between single dots placed randomly and the
border of the closest DA bouton in the shell of the NAc. 100 dots were
placed in 22 (saline condition) and 26 (cocaine condition) confocal
image stacks each containing an average number of 5428 DA
boutons. In cocaine-treated mice, the minimal distance from DA
boutons to randomly located dots is reduced compared to saline-
treated mice. Kolmogorov—Smirnov test, p < 0.001. Scale bar in
b 10 pum. DM Str dorsomedial striatum, DL Str dorsolateral striatum,
NAc nucleus accumbens
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«Fig. 3 Repeated cocaine exposure increases dopaminergic connec-
tivity in the nucleus accumbens. Contacts between DA boutons (red)
and the neck of dendritic spines labeled with DiO (green) were
detected in the NAc shell. a Upper panel: Three-dimensional surface
rendering of a confocal microscopy image stack showing the dendrite
and dendritic spines and the DA boutons. Lower panel: close-ups
showing single planes from the same image stack. b 3D surface
rendering of contacts between DA boutons and the neck of dendritic
spines. ¢ Spine density on SPN is increased in cocaine-treated mice
compared to saline condition. Spine density was measured in the NAc
shell of transgenic mice. d The percentage of DA boutons in contact
with the neck of a dendritic spine is increased in cocaine-treated mice
compared to saline condition. ¢ test in ¢ and d: p < 0.001, n = 27 and
21 dendrites with 1257 and 783 spines in saline and cocaine
condition, respectively. ***p < 0.001. Scale bar in a 1 um

Here, we clearly demonstrate that 24 h following chronic
administration of cocaine, the density of DA boutons is
increased. One possible consequence could be an
enhancement of DA transmission. The extracellular level
of DA has been measured by microdialysis and voltam-
metry techniques in the NAc shell in a cocaine adminis-
tration protocol similar to the one applied in our study.
During the early phase of abstinence, the basal level of DA
was found to be either unchanged (Addy et al. 2010) or
decreased (Chefer and Shippenberg 2002) in sensitized
animals, whereas a challenge of cocaine increased DA
levels to a greater magnitude in sensitized compared to
saline treated animals (Addy et al. 2010; Chefer and
Shippenberg 2002). Our observation of an increase in DA
terminal density seems in contradiction with the decreased
or unchanged basal DA levels may seem paradoxical. One
possible explanation would be that not all DA boutons are
functional, as it has been shown that some boutons con-
taining vesicle clusters do not release DA (Pereira et al.
2016). In this respect, the decrease in DA boutons volume
observed in the NAc might indicate alterations in DA
storage. On the other hand, the increase in DA terminal
density fits with the increased DA levels upon cocaine
challenge in sensitized animals. Several mechanisms could
explain the changes in extracellular DA levels in the
striatum of sensitized rodents, including changes of DA
neuron activity, probability of DA release, regulation of
DA release through DA presynaptic receptors or DAT
expression level (Kuhar and Pilotte 1996; Robinson et al.
2008; Kalivas and Stewart 1991). Here, we show that
chronic administration of cocaine induces an increase in
the number and volume of DA axonal boutons. Hence, this
parameter should be taken into consideration for the global
understanding of the consequences of cocaine administra-
tion on DA homeostasis in the striatum. Furthermore, it
would be of interest to assess whether the changes we
describe are dynamic through withdrawal period and upon
cocaine challenge.

Interestingly, the increase in DA bouton density was
restricted to the shell part of the NAc. Without precluding
involvement of other brain structures and circuit-level
mechanisms, the shell is critically involved in cocaine
sensitization (Steketee and Kalivas 2011), with chronic
cocaine administration inducing synaptic plasticity (Tho-
mas et al. 2001) and signaling pathway activation (Robison
et al. 2013) in the shell, but not in the core of the NAc.
Different DA neurons project to sub-divisions of the NAc
(Lammel et al. 2014) and it has been shown that acute
cocaine administration elicits increase in DA release in the
shell but not in the core (Aragona et al. 2008), evokes
synaptic plasticity in DA neurons projecting to the shell but
not to dorsal striatum (Lammel et al. 2011), and induces
increase or decrease of the bursting activity in different
neurons from the ventral tegmental area (Mejias-Aponte
et al. 2015). Those results provide experimental evidence
that cocaine can differentially affect dopaminergic neurons
projecting to different brain areas, forming a basis on
which further experiments could be conducted to determine
the mechanisms by which cocaine induce an increase in
bouton density specifically in the shell.

The observation of DA boutons devoid of synaptic
membrane specialization has led to the idea of volume
transmission, which proposes that DA, following release,
diffuses in the extracellular space to reach its targets
(Cragg and Rice 2004; Robinson et al. 2008; Rice et al.
2011). The efficacy of DA transmission would thus depend
on its concentration, diffusion efficacy and on the affinity
of its receptors (Cragg and Rice 2004). Because the DA D2
receptor (D2R) has a higher affinity than DA D1 receptor
(DIR) (Tritsch and Sabatini 2012), it is thought that vol-
ume transmission has a smaller sphere of influence on the
DI1Rs (Rice et al. 2011). Our observation of a reduced
distance between DA sources and their targets might
indicate that following cocaine administration, the capacity
of DA to also activate the D1Rs becomes facilitated.

Moss and Bolam termed the spatial distribution of DA
boutons in the striatum a ‘lattice’, as it would correspond to
a dense network of DA innervations through which volume
transmission can act on all potential receptors (Moss and
Bolam 2008; Sesack and Grace 2010). Therefore, our
results show that this lattice becomes denser after cocaine
administration, which could imply an enhanced effect of
DA transmission. Our previous demonstration of increased
glutamatergic synapse density after repeated cocaine
administrations, albeit without an increase in the density of
glutamatergic boutons (Heck et al. 2015), along with the
present observation of increased DA bouton density and
association with dendritic spines, shows that chronic
cocaine administration modifies glutamatergic and DA
connectivity in the ventral striatum. Such connectivity
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changes would likely contribute to synaptic plasticity and
cellular adaptations induced by cocaine in striatal neurons.
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