
RESEARCH Open Access

Determination of circuit-specific
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Abstract

Chronic opiate exposure induces neuroadaptations in the mesocorticolimbic system including ventral tegmental
area (VTA) dopamine (DA) neurons, whose soma size is decreased following opiate exposure. Yet it is now well
documented that VTA DA neurons are heterogeneous, with notable differences between VTA DA neurons based
on their projection target. Therefore, we sought to determine whether chronic morphine induced similar changes
in the morphology of VTA DA neurons that project to the nucleus accumbens (NAc) and prefrontal cortex (PFC).
We utilized Cre-dependent retrograde viral vectors in DA Cre driver lines to label VTA DA neurons that projected to
NAc and PFC and assessed neuronal soma size. Consistent with previous data, the soma size of VTA DA neurons
that projected to the NAc medial shell was decreased following morphine exposure. However, soma size of VTA DA
neurons that projected to the NAc core was unaltered by morphine. Interestingly, morphology of PFC-projecting
VTA DA neurons was also altered by morphine, but in this case soma size was increased compared to sham
controls. Differences in basal soma size were also noted, suggesting stable differences in projection-specific
morphology in addition to drug-induced changes. Together, these data suggest morphine-induced changes in VTA
DA morphology occur within distinct VTA DA populations and that study of opiate-induced structural plasticity of
individual VTA DA subcircuits may be critical for understanding addiction-related behavior.
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Introduction
There is increasing concern in both the scientific and pub-
lic domains regarding the United States opioid epidemic,
highlighted by a 500% increase in opioid overdose deaths
from 1999 to 2016 [5]. Long-term use of opioids (either in
prescription or illicit forms) is frequently concurrent with
escalating intake of drug and increased risk for physical
drug dependence and addiction [4, 14]. It is well estab-
lished that the mesocorticolimbic circuitry is integral in
the addictive properties of several drugs of abuse, includ-
ing opiates, and that drug-induced changes to the meso-
corticolimbic circuitry are central to the development of
drug abuse [12, 21, 26].

Long-term use of opiates, such as morphine or her-
oin, can have lasting effects within the mesocortico-
limbic circuitry, particularly the ventral tegmental area
(VTA) dopamine (DA) neurons, which are essential
for the processing of reward. For example, following
chronic morphine administration VTA DA neurons
exhibit increased spontaneous and burst firing rates
[23, 33] and a unique morphological adaptation, spe-
cifically an ~ 20–25% reduction in soma size [9, 33,
41, 43]. Given that this reduction can be blocked with
opiate antagonists such as naltrexone [43] and that it does
not occur following chronic administration of other com-
monly abused drugs such as cocaine, ethanol, or nicotine
[32] suggests that this structural plasticity may be
dependent on opioid signaling. Decreased VTA DA soma
size has also been observed in post-mortem samples from
heroin addicts, demonstrating translational relevance [33].
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Importantly, this opiate-induced decrease in soma size
is also correlated with behavioral changes such as re-
ward tolerance; higher doses of morphine are required
to elicit a conditioned place preference concomitant
with decreased soma size [41]. Together, these data
suggest that chronic morphine elicits distinct morpho-
logical and electrophysiological responses in VTA DA
neurons, and that these changes are concurrent with
changes in the behavioral state of the subject.
While evidence supports opiate-induced changes in VTA

DA morphology, whether these changes are limited to sub-
populations of VTA DA neurons remains unclear. These
distinctions may be critical as current work highlights that
the activity of subpopulations of VTA DA neurons drive
distinct behavioral states. For instance, activity of nucleus
accumbens (NAc)-projecting VTA DA neurons has long
been associated with rewarding aspects of stimuli [42, 47],
but more recently increased activity of these neurons has
been shown to promote susceptibility to chronic social
defeat stress, a depressive-like phenotype [7]. In contrast,
activity of prefrontal cortex (PFC)-projecting VTA DA
neurons appears to regulate processing of aversive
stimuli such as formalin paw injection [25]. Subpopula-
tions of DA neurons also display different basal electro-
physiological properties. For example, VTA DA neurons
that project to the PFC, medial NAc shell (m.shell), and
NAc core have a small hyperpolarization-activated current
(Ih) and higher maximal firing frequencies whereas
neurons projecting to the lateral NAc shell (l.shell)
have a high Ih and lower maximal firing frequency,
similar to DA neurons in the substantia nigra (SN)
that project to the dorsal striatum [24, 25]. This dis-
tinction is important due to the historical use of high
Ih to identify VTA DA neurons, which may not only
bias against recording from subsets of VTA DA neurons
with low Ih, but also includes a subset of TH-negative
neurons that have a high Ih [31], complicating inter-
pretation of the role of DA neurons in studies utiliz-
ing this criterion.
In spite of the growing literature describing specific

circuits underlying reward and aversion, there is a surpris-
ing lack of information on circuit-specific adaptations to
opiates in the mesocorticolimbic system. Thus, we sought
to determine whether chronic morphine induces morph-
ology changes within specific subsets of VTA DA neurons.
NAc- and PFC-projecting VTA DA neurons were identi-
fied using Cre-dependent retrograde viral tracers in DA-
Cre driver lines and basal and morphine-induced changes
in morphology were assessed. Together, the results of this
study further establish that VTA DA neurons are not
homogeneous, as they show diverse basal morphology.
Importantly, we reveal that chronic morphine induces
opposing effects in discrete physiologically relevant
VTA DA populations.

Materials and methods
Animals and stereotaxic surgery
For all experiments, we used adult (> 8 weeks) male and
female tyrosine hydroxylase (TH)-Cre (Jackson, Cat#
008601, RRID:ISMR_JAX:008601) and Slc6a3 (dopamine
transporter, DAT)-Cre (Jackson, Cat# 006660, RRI-
D:ISMR_JAX:006660) mice. All experimental animals had
ad libitum access to standard chow and water and were
kept on a 12 h light-dark cycle. All experiments were
approved by the Michigan State University Institutional
Animal Use and Care (IACUC) committee and adhered to
the guidelines set in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health.
Stereotaxic surgeries were completed following standard
protocols [6, 22, 25]. Briefly, mice (8–9 weeks) were
anesthetized using ketamine (100 mg/kg) and xylazine
(10 mg/kg) and viral vectors were bilaterally infused
(0.5 μl over 5 min) into the brain projection region of
interest (e.g. NAc or PFC). Specifically, retrograde vi-
ruses (AAV5-EF1a-DIO-eYFP-WPRE-hGH and AAV5-
EF1a-DIO-mCherry, University of Pennsylvania and
University of North Carolina Vector Cores, respect-
ively) were targeted to either the NAc (AP: + 1.6, ML:
+ 1.5, DV: -4.4) or mPFC (AP: + 1.8, ML: + 0.65, DV:
-2.0). Mice were then returned to their home cages
(with conspecific littermates) for 6–8 weeks to allow for
complete retrograde transport and stable fluorescent
protein expression.

Morphine treatment
Six to eight weeks following stereotaxic surgery (14–17
weeks old), mice were subcutaneously implanted with
either sham or morphine (25mg) pellets (generously
supplied by the NIDA Drug Supply Program) under
isoflurane anesthesia as previously described [16]. Briefly,
mice were implanted with single subcutaneous pellets on
days 1 and 3 and were then sacrificed on day 5 (Fig. 2b), a
validated protocol to produce morphine dependence and
changes in VTA DA neuronal activity, morphology, and
signaling [16, 23, 33].
Analysis of blood morphine serum concentration was

completed at the Michigan State University Mass Spec-
trometry and Metabolomics Core. A separate cohort of
mice (6 male and 8 female) was implanted with mor-
phine pellets according to the procedure above. Trunk
blood was collected following decapitation and serum
was isolated using silicone-coated BD-Vacutainer tubes
(BD-367812) and centrifuged at 1300×g for 5 min at
4 °C. Free-morphine concentration was determined using
Acquity TQ-D LS/MS-MS mass spectrometry utilizing
an internal standard of Morphine-D3 (Lipomed, M39-
FB-1LM) and standard curve generated with morphine
sulfate (Cat# M8777, Sigma). Serum proteins were re-
moved with 3:7 dilution into acetonitrile and centrifuged
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at 1000×g for 3min at 4 °C and morphine-containing
diluent were subsequently diluted in water for analysis.
Final free-morphine serum concentrations were normal-
ized to mouse weight (nM/g).

Immunohistochemistry (IHC)
Mice underwent transcardial perfusions with PBS and 4%
paraformaldehyde (pH 7.4) under chloral hydrate anesthesia
and brains were removed and post-fixed for 24 h in 4%
paraformaldehyde and then placed in 30% sucrose at 4 °C
until further processing. Brains were sectioned at 40 μm
using a freezing microtome and sections were stored in
PBS + 0.01% sodium azide at 4 °C. Immunohistochemistry
was completed on sections containing VTA, NAc, and PFC
following standard procedures [33]. All incubations and
washes were completed at room temperature, PBS was
used for washes and sections were blocked in PBS with 3%
normal donkey serum (NDS, Jackson ImmunoResearch
Laboratories, Cat# 017–000-121, RRID:AB_2337528) and
0.3% Triton X-100. Primary antibodies were prepared in
PBS with 3% NDS and 0.3% Tween-20 and sections were
incubated in primary antibody overnight at room
temperature. The following primary antibodies and dilu-
tions were used: mouse anti-TH (Sigma, Cat# T1299, RRI-
D:AB_477560, 1:5000), rat anti-mCherry (Invitrogen, Cat#
M11217, RRID:AB_2536611, 1:20,000), rabbit anti-GFP
(Life Tech, Cat# A11122, RRID:AB_221569, 1:18,000),
rabbit anti-gamma synuclein (Sncg, Abcam, Cat# 55424,
RRID:AB_2193398, 1:2000), rabbit anti-sex determining
region Y-box 6 (Sox6, Abcam, Cat# 30455, RRID:AB_
1143033, 1:500), and goat anti-orthodenticle homeobox 2
(Otx2, Neuromics, Cat# GT15095, RRID:AB_2157174,
1:200). To determine viral spread in in NAc/PFC tissue of
DAT-Cre mice, primary antibody concentrations for rat
anti-mCherry and rabbit anti-GFP were increased to
1:10,000 due to weaker terminal signal. All secondary anti-
bodies were from Jackson ImmunoResearch and diluted
1:500 in PBS: anti-Rabbit-488 (Cat# AF-711-545-152, RRI-
D:AB_2313584), anti-Rat-594 (Cat# AF-712-585-153, RRI-
D:AB_2340689), anti-Mouse-CY5 (Cat# AF-115-175-146,
RRID:AB_2338713), and anti-Goat-CY5 (Cat# AF-705-175-
147, RRID:AB_2340415): sections were incubated in sec-
ondary antibodies for 4 h at room temperature. Sections
were mounted on standard slides, dehydrated in 70–100%
ethanol, and cover-slipped using DPX mounting medium
(Electron Microscopy Sciences, Cat# 13512).

Microscope image acquisition
All slides were coded and experimenters were blind
during image acquisition and analysis; samples were not
decoded until analysis for all samples was complete. For
soma size studies, VTA confocal z-stack images were
taken using Olympus Fluoview FV1000 (version 4.2) and
digital color camera (Olympus DP72) using a 60x

PlanApoN (NA 1.42) oil objective and scan speed of
8.0 μs/pixel, Kalman average 4, step size 0.42 μm
(Michigan State University Center for Advanced Mi-
croscopy). Following confocal imaging, neurons ex-
pressing either eYFP or mCherry (fluorescent protein,
FP) were reconstructed in three dimensions and
the surface area was measured using image analysis
software (Volocity 3D Image Analysis Software,
RRID:SCR_002668) as described previously [32, 33, 41].
We observed robust co-localization of TH protein (IHC)
and viral-mediated fluorescent labeling with very few
TH-negative, FP-positive neurons in the posterior lateral
regions of the VTA (paranigral, PN and lateral portion of
the PN) consistent with previous studies [44]. However
we did note more TH-negative, FP-positive neurons in the
posterior midline region (interfascicular nucleus, IF) as
previously reported [28]. While all co-labeled neurons
within the scan were sampled, only FP labeled neurons
that were co-labeled with TH-IHC and showed complete
3D fill were included in the soma size study. For statis-
tical analyses, soma surface areas of 4–38 neurons were
averaged for each mouse. The n listed in figure graphics
refers to the number of mice per group, which was used
for the statistical analyses, and the range of neurons
averaged to get a value for each mouse is listed in the
figure legend and listed in Additional file 1: Table S1.
The quantification of the individual cell soma size for all
cells analyzed in the study are listed in Additional file 2:
Table S2.
For determination of viral targeting, NAc, PFC, and

VTA were imaged using a Nikon 600HL eclipse NiU
upright microscope, Lumencof sola light engine, and
Photometrics cool SNAP Dyno camera. NAc and PFC
were imaged using a 10X/0.3 Plan Fluor DIC LN1 ob-
jective and VTA was imaged using a 20X/0.5 Plan Fluor
DIC MN2 objective. FITC, TexRed, and CY5 filters were
used determine IHC-labeled eYFP, mCherry, and TH
(Cy5) expression. Combined viral targeting images were
created by overlaying images of the same Bregma region
from each animal. Individual images for each region
were acquired as follows: NAc medial shell and core
(Bregma + 1.10): FITC-400 ms, TxRed-700ms; PFC
(Bregma + 1.78): FITC-400 ms, TxRed-1 s. The final
combined images were converted into grey scale and
then into a heat map (fire green blue). The final image
LUTs were adjusted as follows: NAc medial shell- 500-
1000, NAc core- 200-1000, PFC- 500-2000.
For colocalization studies, only neurons expressing

Cre-driven mCherry (e.g. DA projection neurons) were
assessed for Sncg, Otx2, or Sox6 colocalization within the
VTA (PN, L.PN, and PBP) and SNc. Confocal z-stack im-
ages were taken using Olympus Fluoview FV1000 (version
4.2) and digital color camera (Olympus DP72) using a
20X and 40X dry objective and scan speed of 8.0 μs/pixel,
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Kalman average 4, step size 1.8 μm. Counts of mCherry
expressing DA neurons positive for Sncg, Otx2, and Sox6
were obtained by an experimenter blind to conditions
(n = 4/5 mice/group). All colocalization data are repre-
sented as the percentage of DA projection cells: (# cells
positive for protein marker (e.g. Sncg) and mCherry) /
(total # of mCherry-positive cells) × 100.

Statistical analyses
All statistical analyses were performed using GraphPad
software (Prism, version 7). Results from experiments with
two experimental groups were analyzed using an unpaired
student t-test. Results from studies with 3 or more groups
were assessed using one- or two-way ANOVAs followed
by Tukey post-hoc tests, when appropriate. p values
less than 0.05 were considered significant.

Results
Characterization of basal soma size of VTA DA projection
neurons
To first establish that both AAV5-DIO-eYFP and AAV5-
DIO-mCherry similarly label VTA DA projection neu-
rons, both vectors were stereotaxically injected into the

NAc of TH-Cre and DAT-Cre mice (Fig. 1a). Surface
area measurements in VTA DA neurons expressing both
eYFP and mCherry were assessed to validate that label-
ing with either fluorophore produced similar results.
Indeed, surface area calculations were highly correlated
(Pearson r = 0.9883, p = 8.2 × 10− 18), suggesting compar-
able cell labeling (Fig. 1b, c). Therefore, in all future
studies eYFP and mCherry were counter-balanced across
all experimental groups and surface area data were com-
bined. To address any differences in viral-mediated target-
ing of dopamine populations [28, 45], we compared VTA
DA soma size using TH-Cre and DAT-Cre mice across
VTA subregions [2, 3, 19]. Using a two-way ANOVA, we
determined a significant effect of VTA subregion (F(2,31) =
36.27, p = 7.62 × 10− 9), but no effect of Cre-driver (F(1,31) =
4.83 × 10− 6, p = 0.998) and no significant subregion x
Cre-driver interaction (F(2,31) = 0.4117, p = 0.67). Post-hoc
analyses revealed that all subregions analyzed (interfascicu-
lar nucleus (IF), paranigral (PN) and lateral portion of the
PN (L.PN), see Fig. 1a lower panel) significantly differed
from each other (Fig. 1d, Tukey’s multiple comparison test,
*padj. < 0.05; DAT-Cre: L.PN vs. PN p = 4.99 × 10− 4, L.PN
vs. IF p = 3.33 × 10− 7, PN vs IF p = 0.0098; TH-Cre: L.PN

Fig. 1 Basal soma size characterization of NAc-projecting VTA DA neurons. a. TH-Cre or DAT Cre-mice received bilateral infusions of retrograde
AAV5-DIO-eYFP or –mCherry into the NAc and soma size of VTA DA neurons was analyzed in VTA subregions (interfascicular nucleus (IF),
parabrachial pigmented nucleus (PBP), paranigral nucleus (PN), lateral portion of paranigral nucleus (L.PN)) b. Representative images of VTA DA
neurons in TH-Cre mice labeled with AAV-DIO-eYFP (green, top) or –mCherry (red, bottom) showing colocalization with TH (white) and soma
reconstruction using Volocity (blue). c. VTA DA neurons expressing both fluorophores (FP, eYFP and mCherry) had comparable surface area
measurements using either FP construct (n = 8 neurons). d. Basal VTA DA soma size differed between VTA subregions in TH-Cre and DAT-Cre
mice, with no differences observed between DA-driver lines. The number of mice in each group is noted within columns, 4–23 neurons were
analyzed per mouse. *denotes significant subregion effects in both TH-Cre and DAT-Cre mice (two-way ANOVA, Tukey’s post-hoc test, p < 0.05).
e. VTA DA soma size (PN subregion) did not differ between male and female mice. The number of mice in each group is noted within columns
and 9–38 neurons were analyzed per mouse (student t-test, n.s., p > 0.05)
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vs. PN p = 0.064, L.PN vs. IF p = 8.8 × 10− 5, PN vs. IF
p = 0.020). Soma size increased along the medial-lateral
axis such that the smallest VTA DA neurons were lo-
cated within the medial IF and the largest neurons in
the L.PN in both TH-Cre and DAT-Cre mice (Fig. 1d).
Since VTA DA neurons in TH-Cre and DAT-Cre mice
were similar in size, a single model (TH-Cre) was used in
subsequent morphine studies and distinct subregions were
analyzed separately in order to avoid any confounds of
basal differences in soma size. Finally, because previous
soma size data was exclusively from males, we compared
the basal soma size of male and female mice. We found
no significant difference between the soma size of VTA
DA neurons (PN subregion) of male and female DA-Cre
mice (Fig. 1e, student t-test, t(13) = 0.007953, p = 0.99)
consistent with observations that there are no sex differ-
ences in the basal electrophysiological properties, connec-
tome or translatome of VTA DA neurons [10]. Thus, in
subsequent experiments we combined data from males
and females.

Morphine-induced changes in soma size are projection-
specific
Chronic morphine decreases the soma size of VTA DA
neurons, but it remains unclear whether all DA neurons
display this response or if it is limited to subsets within

the VTA. In order to determine if morphine-induced ef-
fects on morphology occur in a projection-specific man-
ner, the surface area of NAc- and PFC-projecting VTA
DA neurons were compared in sham- and chronic
morphine-treated TH-Cre mice (Fig. 2a and b). Prior
experiments that implanted subcutaneous morphine
pellets for chronic morphine exposure exclusively used
male rodents [32, 33, 41]. Therefore, we tested the drug
administration paradigm in both sexes, and found no
significant difference in free morphine (nM/g mouse) in
isolated blood serum (Fig. 2c, student t-test t(12) = 0.564,
p = 0.58). Given this, and the observation that basal
soma size is equivalent between the sexes (Fig. 1e), we
combined data from male and female mice for morphine
soma size measurements. Targeting of the projection site
was validated by fluorescent protein (FP) expression;
images of injection sites (heat map of florescence) are
shown for NAc subregions (Fig. 2d) and PFC (Fig. 2f ).
Consistent with previous observations [24, 25], injections
centered in the NAc m.shell labeled VTA DA neurons
predominately in the medial and ventral regions of the
VTA (IF, PN, L.PN), while injections centered in the NAc
core also labeled VTA DA neurons in PN and L.PN, but
in addition labeled more neurons in the PBP, likely due to
diffusion into the l.shell (Fig. 2d). PFC injections were cen-
tered in the Cg1/Prl PFC and labeled VTA DA cells were

Fig. 2 Chronic morphine effects on VTA DA soma size differ based on projection target. a. TH-Cre mice received bilateral infusions of retrograde
AAV5-DIO-FP into the NAc or PFC and VTA DA neuron soma size was measured following chronic morphine or sham pellet administration. b.
Timeline of experimental paradigm. Morphine or sham pellets were implanted on days 1 and 3 (d1, d3) and tissue was collected on day 5. c.
Male and female mice showed similar free morphine concentration in blood serum (student t-test, n.s., p > 0.05) d. Heatmaps of combined
images used in morphine studies showing distinction in NAc medial shell (m.shell)- and core-projecting VTA DA neurons. Representative images
were taken using 10X objective, scale bar = 100 μm. Top images: NAc infusion sites, Bottom images: labeled VTA DA neurons. e. Morphine
decreases the soma size of NAc m.shell-projecting VTA DA PN neurons with no effect on VTA DA PN neurons that project to the NAc core.
Number of mice in each group is noted within columns and 7–26 neurons were analyzed per mouse. *denotes significant effect of morphine on
soma size (two-way ANOVA, Tukey’s post-hoc test, p < 0.05). f. Heatmap of PFC infusion sites used in morphine studies. Representative images
were taken using 10X objective, scale bar = 100 μm. g. Soma size of VTA DA neurons that project to the PFC is increased following chronic
morphine treatment. Number of mice in each group is noted within columns and 4–12 neurons were analyzed per mouse (student
t-test, *p < 0.05)
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predominately in the PBP, with sparse labeling in the PN.
To control for basal differences between subregions
(Fig. 1c), NAc-projecting VTA DA neurons (m.shell
and core) were analyzed specifically within the PN
region and PFC-projecting VTA DA neurons (within
the PBP) were analyzed separately.
We found a significant main effect of drug (F(1,25) =

4.872, p = 0.037), a main effect of projection (F(1,25) =
30.93, p = 8.78 × 10− 6), and a significant drug x projection
interaction (F(1,25) = 4.382, p = 0.047) in VTA DA neurons
projecting to the NAc m.shell and core (Fig. 2e). Specific-
ally, chronic morphine significantly reduced the soma size
of NAc m.shell-projecting VTA DA neurons (p = 0.007,
Tukey’s post-hoc test) but had no effect on NAc core-
projecting neurons. There was a trend for increased size
of core-projecting neurons compared to m.shell-projecting
neurons in sham mice, but this did not reach statistical sig-
nificance (sham m.shell: 419.7 ± 15.6, sham core: 459.3 ±
12.7, p = 0.08, Tukey post-hoc test). Surprisingly, within
the PFC-projecting population (Fig. 2g), there was a
significant increase in VTA DA soma size following
chronic morphine (student t-test, t(12) = 2.946, p =
0.012). PFC-projecting neurons were larger than
NAc-projecting neurons in sham mice (PFC-sham:
544.5 ± 21.64, m.shell-sham: 419.7 ± 15.6, core-sham:
459.3 ± 12.7), consistent with differences in basal size
between PBP and PN VTA DA neurons. Together, the
data indicate that chronic morphine affects VTA DA
soma size in a projection-specific manner: while soma
size of NAc m.shell-projecting VTA DA neurons is
decreased consistent with previous findings [33, 41, 43],
this is not observed in VTA DA cells projecting to
the NAc core. Moreover, soma size of PFC-projecting
neurons is significantly increased by morphine, which is,
to our knowledge, the first observation of a stimulus-
induced increase in VTA DA soma size.

Projection-specific protein expression patterns in DA
neurons
Due to the surprising differences observed between VTA
DA neurons projecting to NAc subregions, we next
sought to determine if the NAc m.shell- and core-
projecting VTA DA neurons are also molecularly dis-
tinct. DA neuron subpopulations differ transcriptionally
based on single-cell RNA sequencing, including distinct
gene expression patterns that distinguish striatal- and
BNST-projecting neurons [40]. We therefore sought to
determine if we could discriminate m.shell- from core-
projecting VTA DA neurons using immunohistochemis-
try for two master transcriptional regulators (Otx2 and
Sox6) which may differentiate SNc and VTA DA neu-
rons [11, 15, 37] and gamma synuclein (Sncg), a protein
involved in neurodevelopment, regulation of cell growth,
division, and gene expression [18, 36, 46]. We assessed

colocalization in VTA DA neurons labeled with
AAV5-DIO-mCherry that projected to NAc m.shell and
core and SNc DA neurons that projected to the stri-
atum. Due to antibody limitations, we compared colocali-
zation in two IHC experiments, in the first experiment cells
were assessed for Sncg and Otx2 expression (Fig. 3a, b) and
in the second experiment Sox6 and Otx2 were assessed
(Fig. 3c, d).
While no single protein was exclusive for a single type

of DA projection, there were differences in expression
patterns. For example, in set 1 (Sncg and Otx2) there
was a significant effect of protein marker (F(2,30) = 220.1,
p < 1.0 × 10− 15), a significant marker x projection inter-
action (F(4,30) = 85.83, p < 1.0 × 10− 15), but no overall
effect of projection (F(2,30) = 2.5 × 10− 13, p > 0.99). Specif-
ically, dorsal striatum-projecting neurons had a very differ-
ent profile compared to NAc-projecting DA neurons. SNc
DA neurons that projected to the dorsal striatum were
almost exclusively only Sncg-positive (+) (99%, Fig. 3a)
while ~ 50% of NAc-projecting VTA neurons were also
Otx2+ (m.shell-projecting: 65% Sncg+ and Otx2+, core-
projecting: 47% Sncg+ and Otx2+). Interestingly, across all
three regions, 99% all DA neurons assessed were Sncg+,
such that only 1% of DA neurons were Sncg- and Otx2-,
and there were no Otx2+ only neurons identified.
In the second set of IHC, Sox6 and Otx2 co-expression

was assessed (Fig. 3c, d). Using a two-way ANOVA, we
determined there was a significant main effect of protein
marker (F(3,40) = 69.04, p < 1.0 × 10− 15), and protein
marker x projection interaction (F(6,40) = 64.94, p < 1.0 ×
10− 15) but no overall effect of projection (F(2,40) = 3.3 ×
10− 4, p > 0.99). Overall, we found that both NAc
m.shell- and core-projecting neurons in the VTA had
low Sox6 expression (5 and 7%, respectively) compared
to dorsal striatal-projecting SNc neurons (71% Sox6+).
Together, while these data suggest that the proportions of
Sncg, Otx2, and Sox6 expression can distinguish NAc-
projecting VTA DA neurons from striatum-projecting
SNc DA neurons, these markers do not help to molecu-
larly define the subsets of VTA DA neurons that are
differentially affected by morphine exposure.

Discussion
Chronic opioid exposure induces lasting structural and
synaptic plasticity in the mesocorticolimibic reward
circuitry, particularly within VTA DA neurons. Specif-
ically, there is an increase in VTA DA firing rate fol-
lowing chronic morphine treatment, and a decrease in
VTA DA soma size [23, 33]. Yet VTA DA neurons are
not homogeneous and recent studies that have charac-
terized VTA DA neurons based on their projection tar-
get have noted both basal differences between subsets
of VTA DA neurons as well as varied responses to re-
warding and aversive stimuli. For instance, VTA DA

Simmons et al. Molecular Brain           (2019) 12:10 Page 6 of 10



neurons that project to the NAc l.shell are physiologic-
ally distinct from those that project to NAc m.shell or
core, or to the PFC, exhibiting higher Ih currents, lower
maximal firing rates, and reduced AMPA/NMDA ratio
that are more similar to DA neurons in the SNc [24,
25]. However, despite these basal differences, cocaine in-
creases the AMPA/NMDA ratio in VTA DA cells project-
ing to either the NAc m.shell or l.shell, but does not
impact the AMPA-NMDA ratio of PFC-projecting VTA
DA neurons [25]. Differential regulation has also been
noted for aversive stimuli, as AMPA/NMDA ratio is in-
creased in PFC-projecting VTA DA neurons, but not in
NAc m.shell-projecting VTA DA neurons despite their
similar baseline properties [25]. These data highlight the
complexity between subsets of DA neurons, where there
are differences both basally and in response to stimuli.
Additionally, these differences do not neatly align, for
example the basal properties of NAc l.shell-projecting
VTA neurons are similar to nigrostriatal neurons, but
their responses to rewarding or aversive stimuli are not.

Our findings support that morphological complexity
also exists, both basally and in response to morphine
exposure. Interestingly, we find that VTA DA neurons
that project to the NAc m.shell exhibit the established
morphine-induced decrease in soma size, while those
that project mainly to the NAc core do not. This sug-
gests results from previous studies were driven by
changes in m.shell-projecting neurons. Intriguingly, we
also observed a morphine-induced increase in soma size
of PFC-projecting VTA DA neurons. There are multiple
reasons this effect could have been missed in previous
studies. For example, there was a difference in the num-
ber of cells labeled. While NAc injections robustly la-
beled VTA DA cells, PFC injections resulted in much
more sparse labeling such that opposite regulation in
this small subset of cells could have been obscured. Add-
itionally, the VTA subregion examined likely also played
a role. Previous work identifying opiate-induced de-
crease in soma size was primarily conducted within the
PN of the VTA [32, 33, 41]. While we did observe

Fig. 3 Protein markers differentiate SNc DA neurons that project to the dorsal striatum, but not VTA DA neurons that project to the NAc m.shell
vs. core. a. Expression of Sncg (green) and Otx2 (blue) was assessed in VTA DA neurons that projected to the NAc m.shell or core or SNc DA
neurons that projected the dorsal striatum (red). While ~ 50% of NAc-projecting VTA DA neurons expressed Otx2, this protein was absent from
striatal-projecting SNc DA neurons. b. Representative images are shown of VTA (left) and SNc (right) neurons labeled with mCherry (red), Sncg
(green), and Otx2 (blue). Arrowhead: Sncg+, Otx2+ cell, Arrows: Sncg+ cells. c. Expression of Sox6 (yellow) and Otx2 (blue) was assessed in VTA
DA neurons that projected to the NAc m.shell or core or SNc DA neurons that projected the striatum (red). d. Representative images are shown
of VTA (left) and SNc (right) neurons labeled with mCherry (red), Sox6 (yellow), and Otx2 (blue). Arrow: Otx2+ cell (VTA) or Sox6+ cell (SNc). a. and
c. Data are expressed as the percent of DA projection neurons labeled, the number of neurons (for groups with > 5 neurons) is noted within the
columns. b. and d. Top images were taken using a 20X objective (scale bar = 100 μm), white box illustrates image shown below (60X,
scale bar = 30 μm)
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PFC-projecting DA neurons in the PN, the majority of
cells were in the PBP, suggesting these cells were likely
not included in the previous analyses. Therefore, it is
probable that this opposing effect was masked in previ-
ous studies due to the high density of m.shell-projecting
VTA DA neurons within the region analyzed. Overall,
our data support current efforts to define changes within
subsets of VTA DA neurons, as these are likely defined
by differences both in their projection target as well as
their input [27, 48].
There is a growing body of literature supporting the im-

portance of analyzing VTA DA neurons based on their
projections to NAc subregions (m.shell, l.shell, or core)
due to their distinct molecular and functional properties
and behavioral responses. As noted previously, VTA DA
neurons projecting to the NAc m.shell and l.shell have
different basal electrophysiological properties [25]. Since
we focused our efforts on the PN region of the VTA, we
largely studied VTA DA neurons that projected to the
NAc m.shell or core, although there were likely some
l.shell-projecting neurons within the core group, consist-
ent with previous categorization of PN VTA DA neurons
[3, 24, 25]. While differences in DAT/TH and DAT/ves-
icular monoamine expression have been noted between
m.shell- and l.shell-projecting VTA DA neurons, these
markers did not distinguish between m.shell- and core-
projecting VTA DA neurons in the PN subregion [24].
We therefore tested whether m.shell- and core-projecting
VTA DA neurons could be identified by protein markers
(Otx2, Sox6, and Sncg) implicated in distinct molecular
subtypes of VTA DA neurons [40]. While no protein
showed exclusive projection-specific expression, these
markers were sufficient to differentiate NAc-projecting
VTA DA neurons from nigrostriatal neurons. Unfortu-
nately, they did not allow differentiation between
NAc m.shell- and core-projecting VTA DA neurons. A
recent study utilizing intersectional genetic approaches
suggests such differentiation may be possible, as vGlut2-
and Aldh1a1-Cre driver lines were found to preferentially
label NAc medial shell-projecting VTA neurons [39].
Future studies to evaluate these markers, or to identify
additional distinct molecular markers of VTA DA projec-
tion neurons will be crucial to allow for more detailed
analysis of the functional and behavioral importance of
these neurons without the necessity of cumbersome
tract-tracing methods.
Importantly, NAc subregion activity may drive distinct

aspects of behavioral integration of reward and aversion
processing. While it is well established that dopamine
release, particularly in the NAc m.shell, is important for
drug reward [19, 42], there is increasing evidence that
the NAc ventral and lateral shell may be involved in pro-
cessing of both rewarding and aversive stimuli [1, 34,
48]. More generally, stimuli-induced increases in DA the

NAc shell are thought to be important for hedonic re-
sponses, while DA release in the NAc core role is prom-
inently involved in the acquisition and expression of
motivated behavior [35], particularly in instrumental be-
havior tasks involving reward prediction and outcome
dichotomy. Morphine exposure is associated with changes
in reward behavior and induces structural and activity
changes in VTA DA neurons, but it is unclear whether all
VTA DA neurons respond similarly. Here we show that
chronic morphine induces structural changes in discrete
NAc-projecting VTA DA populations, reducing the soma
size of NAc m.shell-projecting VTA DA neurons while
having no effect on nearby core/l.shell-projecting neurons.
Decreased VTA DA soma size is correlated with increased
DA neuronal activity, and decreasing firing rate via
overexpression of a potassium channel is sufficient to
normalize soma size changes induced by morphine or
Clock mutation [13, 33]. Thus, our data may suggest that
opiates differentially affect the activity of subsets of VTA
DA neurons. This hypothesis deserves to be explicitly
tested in future studies, preferably linking soma size and
activity in individual neurons. Overall, our results suggest
that behaviors associated with morphine-induced changes
in morphology such as reward tolerance [41] may be
driven by distinct VTA subcircuits.
Importantly, recent work on NAc m.shell and l.shell

highlights that projection-specific subsets of VTA DA
neurons also receive distinct NAc subregion GABAergic
input [48]. It is well established that chronic morphine
increases VTA DA neuronal activity [20, 23, 33]. But
whether morphine-induced changes in GABAergic tone
[17, 20] or excitatory regulation [8, 30] differentially affect
subsets of VTA DA neurons remains unclear. Taken to-
gether, these data make it clear that it will be necessary to
address whether specific forms of input drive projection-
specific changes in VTA DA neuron structure and activa-
tion induced by morphine in future studies.
In addition to the differences in NAc-projecting VTA

DA neurons, we also determined that the structure of
PFC-projecting VTA DA neurons was altered by chronic
morphine exposure, as soma size was increased. While
multiple stimuli in addition to opiates have been found
to decrease DA soma size (sexual experience, Clock gene
mutation [13, 38]), to our knowledge, this is the first
observation of a stimulus-induced increase in VTA DA
soma size. However, given that this effect was not evi-
dent in previous opiate studies likely due to the sparse
labeling of these cells compared to NAc-projecting neu-
rons, or the VTA subregion analyzed, it is possible that
known stimuli could also produce a similar bidirectional
effect on VTA DA soma size. While there are practical
challenges to analyzing all projection target region x
VTA subregion combinations given unequal cell distri-
butions (e.g. number of PFC-projecting VTA DA cells in
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PN is much less than the number of NAc medial
shell-projecting neurons), a more comprehensive defin-
ition of the VTA DA neurons under study will be im-
portant going forward. Opposing effects of chronic
opioids on morphological adaptations across subsets of
VTA DA neurons has been observed previously. An elec-
tron microscopy study found that chronic morphine in-
creased the diameter of dendrites on VTA DA neurons in
the PBP, but decreased the diameter of dendrites on VTA
DA neurons in the PN [29]. Critically, these studies used
retrograde tracers and found that PFC-projecting neurons
were primarily found in the PBP while NAc-projecting
neurons were more prominently labeled in the PN. These
results are consistent with the current data, where we ob-
serve a morphine-induced increase in PFC-projecting
neurons (in PBP) and decrease in NAc m.shell-projecting
neurons (in PN). Future studies verifying dendritic changes
in PFC- vs. NAc-projecting DA neurons as well as studies
of morphine-induced changes in synaptic plasticity will
allow the development of a more refined model of opiate-
induced changes in mesocorticolimbic circuit activity. It
will also be necessary to establish whether projection-spe-
cific changes in VTA DA morphology changes contribute
to the behavioral changes associated with chronic opiate
administration, such as reward tolerance [33, 41]. Overall,
the current results demonstrate that VTA DA neurons dif-
fer in soma size by both subregion and projection, and that
these differences extend to their morphological responses
to chronic opiate exposure. Moreover, our work supports
the necessity of studying opiate-induced adaptations in
VTA subcircuits, as changes are likely mediated by discrete
sets of neurons, with opiate adaptations possibly distinct
from other stimuli [32].
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