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Abstract

Both dopamine and nondopamine neurons from the ventral tegmental area (VTA) project to a variety of brain
regions. Here we examine nondopaminergic neurons in the mouse VTA that send long-range projections to the
hippocampus. Using a combination of retrograde tracers, optogenetic tools, and electrophysiological recordings,
we show that VTA GABAergic axons make synaptic contacts in the granule cell layer of the dentate gyrus, where
we can elicit small postsynaptic currents. Surprisingly, the currents displayed a partial sensitivity to both
bicuculline and NBQX, suggesting that these mesohippocampal neurons corelease both GABA and glutamate.
Finally, we show that this projection is functional in vivo and its stimulation reduces granule cell-firing rates under
anesthesia. Altogether, the present results describe a novel connection between GABA and glutamate coreleas-
ing of cells of the VTA and the dentate gyrus. This connection could be relevant for a variety of functions, including

reward-related memory and neurogenesis.
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Significance Statement

The present studies uncover a projection from ventral tegmental area (VTA) neurons that release both GABA
and glutamate to the granule cells of the dentate gyrus. The VTA is important for reward-related behaviors,
while the dentate gyrus (DG) has been implicated in discriminative memory functions. Revealing the identity
of the connection of the VTA to the DG thus opens avenues of investigation into how reward-related circuits

might modulate memory-related circuits.

Introduction
The mammalian reward system originates in the ventral
tegmental area (VTA), from which cells project to a variety
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of brain regions, including the hippocampus. The hip-
pocampus and its inputs have been implicated in memory
formation, including reward-related memory (Scoville and
Milner, 1957; Hernandez-Rabaza et al., 2008). The VTA is
made up of a heterogeneous population of dopamine
(DA)-, GABA-, and glutamate (Glu)-releasing neurons
(Swanson, 1982; Van Bockstaele and Pickel, 1995;
Chuhma et al., 2004; Fields et al., 2007). DA neurons are
the most abundant, while GABA and Glu neurons account
for 35% and 2-5% of the total population, respectively
(Nair-Roberts et al., 2008; Taylor et al., 2014).
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All three types of VTA neurons send long-range projec-
tions. In addition to mediating local VTA inhibition that
drives behavioral aversion (Tan et al., 2012; van Zessen
et al., 2012), VTA GABA neurons also project to cholin-
ergic interneurons in the nucleus accumbens (NAc) that
modulate associative learning (Brown et al., 2012). VTA
Glu neurons play a role in behavioral aversion through
their projections to the lateral habenula (LHb) and to the
NAc, where they can excite inhibitory interneurons (Root
et al., 2014a; Qi et al., 2016).

The proportion of DA and non-DA axons within a given
VTA projection varies by target. For instance, VTA projec-
tions to the NAc are 85% dopaminergic, while VTA projec-
tions to the hippocampus are only 6-18% dopaminergic
(Swanson, 1982; Gasbarri et al., 1994). While the VTA
projection to the NAc has been well characterized, studies
focused on VTA projections to the hippocampus have
until recently distinguished between DA and non-DA pro-
jection neurons and have relied exclusively on anatomical
tracing methods. An increasing number of studies has
now started focusing on this mesohippocampal pathway,
but the synaptic properties of these projections have only
been characterized for VTA DA neurons (Rocchetti et al.,
2015; Rosen et al., 2015). Because the most abundant
non-DA cell types in the VTA are GABA and Glu neurons,
we hypothesized that these neurons might constitute an
additional functional connection to the hippocampus.

Recent studies report that some VTA neurons corelease
multiple neurotransmitters, blurring the boundaries of
their neurochemical classifications. For instance, VTA DA
neurons that project to the NAc and dorsal striatum can
corelease DA and GABA or DA and Glu from the same
axons (Chuhma et al., 2004; Stuber et al., 2010; Tritsch
et al.,, 2012, 2014; Kim et al., 2015). Interestingly, VTA
neurons that project to the LHb have been shown to
corelease GABA and glutamate, thus sending mixed in-
hibitory/excitatory signals (Root et al., 2014b). Using a
mixture of tracing methods and optogenetically assisted
electrophysiological recordings, we describe a similar
functional connection in which VTA neurons corelease
both GABA and glutamate in the hippocampal dentate
gyrus (DG). A more complete understanding of the nature
of VTA projections to the hippocampus can lead to a more
complete understanding of how reward-related memories
are regulated.

Materials and Methods

All animal procedures were performed in accordance
with the regulations of the University of Geneva Animal
Care Committee.

Subjects

Experiments were performed on GAD65-Cre mice (Kat-
zel et al., 2011) and VGLUT2-Cre (Borgius et al., 2010)
mice of both sexes. Genetic selectivity of Cre-recom-
binase expression was previously described via immuno-
histochemistry or in situ hybridization in GAD65-Cre and
VGLUT2-Cre mice, respectively (Tan et al.,, 2012; Root
et al., 2014a).
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Injection procedures

Bilateral intracranial injections of AAV5-DIO-EYFP,
AAV5-DIO-ChR2(H134R)-EYFP (UNC Vector Core Facil-
ity, Chapel Hill, NC) or Alexa Fluor 555-conjugated chol-
era toxin subunit B (CTB555, Life Technologies) were
performed under isoflurane anesthesia (2-5%; ATTANE).
The injections were performed using glass capillary pi-
pettes connected to a microinjection pump (Narishige) at
a rate of ~100 nl/min, for a total of 350 nl (viral injections)
or 100 nl (CTB555 injections). The stereotaxic coordinates
used were as follows [measured from bregma (in mm)]:
anteroposterior (AP) —3.4, mediolateral (ML) +0.5, and
dorsoventral (DV) —4.3 for VTA; AP —2.0, ML *1.3, and
DV —2.05 for dorsal DG (dDG). All injections were per-
formed on 3- to 5-week-old mice and were followed by a
3-week viral incubation period before further procedures
were performed (i.e., age range during experiments, 6-8
weeks).

Electrophysiology on acute slices

Horizontal and coronal hippocampal slices (300 um)
were prepared using a vibratome in ice-cold cutting so-
lution containing the following (in mm): NaCl 87, NaHCO,
25, KCI 2.5, MgCl, 7, NaH,PO, 1.25, CaCl, 0.5, glucose
25, and sucrose 75. Slices were incubated in the same
solution for 20 min at 31°C before being transferred to
regular room temperature artificial CSF (aCSF), containing
the following (in mM): NaCl 119, NaHCO; 26.2, KCI 2.5,
MgCl, 1.3, NaH,PO, 1, CaCl, 2.5, and glucose 11. After at
least 1 h for recovery, slices were transferred to the
recording chamber, superfused with aCSF at 2 ml/min. All
solutions were constantly bubbled with 95% O, and 5%
CO,. Bicuculline (Bic; 10 uMm; Sigma-Aldrich) and NBQX
(10 wm; Sigma-Aldrich) were added to the aCSF in order to
block GABA, and AMPA/kainate currents, respectively.
Neurons were visually identified using an IR CCD camera
mounted on an Olympus BX45 Microscope. Borosilicate
glass pipettes at a resistance range of 2-4 MQ) were used
for recording. The internal solution used contained the
following (in mm): K-gluconate 30, KCI 100, MgCl, 4,
creatine phosphate 10, Na,ATP 3.4, NagGTP 0.1, EGTA
1.1, and HEPES 5. The calculated reversal potential with
this internal solution for CI~ was —5 mV, and cells were
voltage clamped at —70 mV. Currents were amplified,
filtered at 2 kHz, digitized at 10 kHz, and saved on a hard
disk. The liquid junction potential was small (—4 mV), and
traces were therefore not corrected. Access resistance
was monitored by a hyperpolarizing step of —4 mV at the
onset of every sweep, and the experiment was discarded
if the access resistance changed by >20%. ChR2 was
stimulated with brief (4 ms) blue light pulses using a 470
nm LED mounted on the microscope and powered by an
LED driver under computer control. Paired pulses were
given at varying interpulse intervals (10-200 ms), and the
paired-pulse ratio (PPR) was calculated as the ratio of the
second postsynaptic current (PSC) over the first PSC. A
threshold of three times the SD of baseline noise ampli-
tude was used to distinguish small PSCs from noise.
Representative traces were made from averaging at least
30 consecutive sweeps.
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Extracellular recordings

Mice were anesthetized with isoflurane (1-5%) and po-
sitioned on a stereotaxic frame, where a craniotomy was
performed over the left VTA and dDG, and body temper-
ature was maintained throughout the experiment with a
homeothermic heating pad. A fiber optic cannula was
implanted above the VTA [coordinates from bregma (in
mm): AP —3.4, ML +0.45, DV —4.05 (5° angle)], secured
with dental cement, and connected to a 473 nm solid-
state laser (10-15 mW out of the fiber optic) for optical
excitation of ChR2-expressing neurons. Laser stimulation
consisted of 20 pulses (5 ms) delivered at 20 Hz. An
AgCl-coated silver wire inserted in a borosilicate glass
pipette (1-2 um tip diameter) filled with 0.9% NaCl was
used as the recording electrode. The reference electrode
was inserted subcutaneously on the back of the mouse. In
order to access the dorsal DG and the VTA, two craniot-
omies (4 mm?), centered on the injection coordinates
described above were performed on the hemisphere op-
posite to the fiber optic implantation. Following stereo-
taxic coordinates, the recording electrode was slowly
lowered into the DG (1.8-2.2 mm deep from the pia) or the
VTA (4.0-4.5 mm deep from the pia) until a stable signal
was detected. When possible, the electrode location was
verified with the small tissue damage left in the DG, as
assessed by DAPI staining. Electrical signals were AC
coupled, amplified, and monitored in real time using a
digital oscilloscope and audiomonitor, then they were
digitized at 20 kHz (for waveform analysis) or 5 kHz and
stored on hard disk using a custom-made program within
IGOR (WaveMetrics). The bandpass filter was set be-
tween 0.3 and 2 kHz. Processed data were displayed as
peristimulus time histograms (PSTHSs), event raster plots,
and binned firing rate plots. Time windows of 500 ms
preceding (baseline), during (stimulation), or following
(poststimulation) the light stimulation were analyzed to
determine whether or not the recorded neuron was af-
fected. The number of events in the three periods was
compared throughout recording trials using the Wilcoxon
signed-rank test.

Histological procedures and imaging

Mice were deeply anesthetized with pentobarbital (300
mg/kg, i.p.) and transcardially perfused with 0.1 m PBS
followed by 4% paraformaldehyde (PFA; Sigma-Aldrich).
Brains were removed, postfixed in 4% PFA for 24 h at
4°C, and cut in 50 wm sections on a vibratome. For
immunohistochemistry, slices were incubated for 1 h at
room temperature in a blocking solution containing 5%
bovine serum albumin (Sigma-Aldrich) and 0.3% Triton
X-100 (Axon Lab AG) in 0.1 m PBS, followed by an over-
night incubation at 4°C with a rabbit anti-tyrosine hydrox-
ylase (TH) antibody (1:500; Millipore) in blocking solution.
Slices were then rinsed in PBS and incubated for 2 h at
room temperature with a goat anti-rabbit antibody (1:500;
Invitrogen) in blocking solution, then rinsed in PBS again.
Slices were then mounted on glass slides with Fluo-
roshield Mounting Medium with DAPI (Abcam). For the
visualization of biocytin-filled neurons from ex vivo whole-
cell recordings, slices were fixed in 4% PFA for 2 h at
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room temperature and incubated overnight in blocking
solution containing Cy3-streptavidin (1:1000; Invitrogen).
Slices were then mounted as above. Confocal images
were captured with a Zeiss LSM 510 Meta Laser Scanning
Microscope or a Nikon Alr Spectral Scanning Confocal
Microscope, and then processed with Zeiss LSM Image
Browser and ImagedJ software.

Data analysis and statistics

Data were analyzed with Igor, Microsoft Excel, and
Prism software, and are expressed as the mean * stan-
dard error of the mean (SEM). Statistical analysis was
performed using the Mann-Whitney test, the Kruskal-
Wallis test, or the Friedman test with Dunn’s post hoc test.

Results

The hippocampus receives GAD65" afferents from
the midbrain

Because GABA neurons make up ~35% of neurons in
the VTA, they likely contribute to the non-DA innervation
of the hippocampus (Gasbarri et al., 1994). We therefore
started with anterograde tracing of VTA GABA axons,
using transgenic mice expressing Cre recombinase under
the promoter for the Gad2 gene (GAD65-Cre; Katzel et al.,
2011). We stereotaxically injected an adeno-associated
viral vector expressing a double-floxed inverted open
reading frame encoding enhanced yellow fluorescent pro-
tein (EYFP) fused with channelrhodopsin (DIO-ChR2-
EYFP; the latter with the goal to functionally probe
connectivity, as described below) bilaterally into the VTA
(Fig. 1A). This enabled us to selectively target GAD65"
neurons within the VTA with minimal ChR2-EYFP ex-
pression in the adjacent GABA-rich SNr (Fig. 1B) and no
nonspecific expression in VTA DA neurons (Tan et al.,
2012). We observed the presence of ChR2-EYFP-
expressing fibers in the hippocampus and found the
highest fiber density in the granule cell layer (GCL) of
the DG (Fig. 1C). No ChR2-EYFP-expressing fibers
were found in the CA3 or the CA1, and only sparse
fibers were detected in the CA2 (Fig. 1D). To confirm
the nondopaminergic identity of these projections, we
immunostained for TH, a marker of DA-producing neu-
rons (Fig. 1E). While sparse TH-positive fibers could be
observed in the DG, we did not find any colocalization
with the EYFP-expressing VTA axon terminals (Fig.
1F,G). These anterograde tracing experiments suggest
that GABAergic mesohippocampal neurons send their
axons preferentially to the DG.
We then sought to confirm this result with retrograde
labeling. To this end, we transduced the VTA of GAD65-
Cre mice with a floxed EYFP and injected the retrograde
tracer cholera toxin subunit B conjugated to a red fluoro-
phore (CTB555) into the dDG (Fig. 1H). Three weeks after
these injections, the CTB555 injection location in the DG
was still evident (Fig. 1/), and, at high magnification, we
could observe EYFP-expressing fibers lining the GCL (Fig.
1J). We found neurons in the VTA that were positive for
both EYFP and CTB555, confirming the existence of mid-
brain GABAergic projections to the DG (Fig. 1K,L). The
DG-projecting neurons (i.e., CTB positive) were confined
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Figure 1. VTA GABA cells project to the hippocampus. A, Schematic of the viral injection of the Cre-dependent ChR2-EYFP construct

in the VTA of GAD65-Cre mice. B, Coronal section of the VTA showing the expression of ChR2-EYFP in GABA neurons. C, D,
ChR2-EYFP-expressing axons are observable in the GCL of the DG (C) and in the CA2 region (D). E, Sagittal section of illustrating
the anteroposterior distribution of the infected GABA neurons withing the VTA. The ML coordinate from the midline is indicated at the
top. F, G, Confocal images at low (F) and high (G) magnification showing the absence of colocalization between VTA GABA fibers and
TH in the DG. H, Schematic showing the injection of CTB555 into the dorsal DG and of a DIO-EYFP-expressing viral vector into the
VTA of a GAD65-Cre mouse. I, Coronal section of the dDG showing the CTB555 injection site. J, Higher-magnification image detailing
the presence of EYFP-expressing axons in the GCL. K, L, Confocal images at low (K) and high (L) magnification showing the
retrograde labeling of CTB555 in medial VTA neurons, some of which are EYFP-expressing GABA neurons. M, Schematic
representation of the localization of the retrogradely labeled neurons within the VTA and the proportion of neurons colocalizing with

EYFP. The AP coordinate from bregma is indicated at the top.

to a narrow band along the anteroposterior axis in the
ventromedial VTA, just above the interpeduncular nu-
cleus, and 66.7% of these cells expressed GAD65. These
data suggest that the majority of VTA afferents to the DG
are GABAergic (Fig. 1M).

Optogenetic probing reveals a functional connection
To confirm that these VTA GABA neurons are functionally
connected to DG neurons, we used optogenetic tools and
brain slice electrophysiology. We again expressed ChR2
in the GABA neurons of the VTA and then took slices of
the hippocampus. We performed whole-cell recordings in
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DG neurons and optogenetically evoked PSCs by expos-
ing the slice to wide-field illumination with a blue LED (Fig.
2A). Since most of the ChR2-expressing fibers were lo-
cated in the GCL (Figs. 1C, 2B ), we first recorded from
granule cells. We were able to evoke small PSCs (40.3 =
5.3 pA) with a short onset latency (3.0 = 0.1 ms) in most
of these cells (n = 40 of 57). We also measured the PPR
and found a strong paired-pulse depression, suggesting a
high initial release probability at these synapses (Fig.
2C,D). We then investigated whether light-responsive and
nonresponsive neurons had different basic electrophysi-
ological properties, and found that resting membrane

eNeuro.org



r euro New Research 5 of 12

whole-cell
recording

DG GCL
0.6
n = 40/57
| ] | ] o
Q0.4
+100 pA
0 pA 0.2
-100 pA J10pA :
—20mv . 10 ms
0.1s
0.0 -
I T T T 1
DG Hil =
ilus n=1/22 Q QQ \QQ '@Q "I'QQ
" " interpulse interval (ms)
")‘ e, g G
+100 pA
_|20 \V; -1082? J1OpA *
01s m 10 ms < GCL
. o
;’ 40
F CA2 region 3
n = 9/65 2 20 °¢CA2
n n ©
) ) +100 pA | DG Hilus
S °
_J20mv ~00EA _J10pA 0 20 40 60 80 100
01s 10 ms connectivity (%)

Figure 2. DG granule cells receive input from VTA GABA axons. A, Schematic for the whole-cell patch-clamp experiments. B, Sample
neuron loaded with biocytin after recording in the GCL. C, Left, Example trace of the current-clamp responses to current steps. Right,
Example voltage-clamp trace in a paired-pulse light stimulation protocol. D, PPR of the light-evoked currents in GCL neurons
measured at different interpulse intervals. E, Same as in C but for neurons recorded in the hilus. F, Same as in C and E, but for CA2
neurons. G, Mean amplitude (=SEM) of the light-evoked currents in the GCL, hilus, and CA2 plotted against the percentage of
connected neurons.

potential, capacitance, input resistance, and input-output ~ We therefore recorded from hilar interneurons and found
responses were similar between groups (Tables 1, 2). that only 1 of 22 neurons was light responsive, with a

The GCL also contains the apical dendrites of a variety  rather small IPSC amplitude (21.9 pA; Fig. 2E). We finally
of DG interneurons residing in the hilus and hilus/GCL  probed for light-evoked responses in the CA2 region,
border (Freund and Buzsaki, 1996; Amaral et al., 2007).  where we had also observed some VTA GABA fibers (Fig.

Table 1: Basic electrophysiological properties in light-responsive and nonresponsive DG granule cells

Light-responsive neurons Nonresponsive neurons p Value (light-responsive vs
(n = 15) (n = 15) nonresponsive)

Resting membrane potential —729 =12 mV —-70.8 = 2.1 mV 0.5606

Capacitance 142 + 1.4 pF 13.6 = 1.4 pF 0.8519

Input resistance 232.5 = 24.5 MQ 253.4 = 25.8 MQ 0.5336

Quantification of resting membrane potential, capacitance, and input resistance values shows no difference between DG granule cells receiving the VTA
GABA input and nonconnected neurons (i.e. light-responsive vs nonresponsive neurons).

July/August 2016, 3(4) e0137-16.2016 eNeuro.org
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Figure Panel Data structure Type of test p Value
2 G Non-normal distribution Kruskal-Wallis test 0.2086
3 C Non-normal distribution ~ Mann-Whitney test 0.0013
D Non-normal distribution Mann-Whitney test (time to peak) 0.0102
Non-normal distribution ~ Mann-Whitney test (decay) 0.0004
Non-normal distribution ~ Mann-Whitney test (onset) 0.2817
Non-normal distribution Mann-Whitney test (PPR) 0.6048
4 E Non-normal distribution Mann-Whitney test 0.1921
H Non-normal distribution ~ Mann-Whitney test 0.0013
J Non-normal distribution Mann-Whitney test (time to peak) 0.0045
Non-normal distribution ~ Mann-Whitney test (decay) 0.0006
Non-normal distribution ~ Mann-Whitney test (onset) 0.2814
Non-normal distribution Mann-Whitney test (PPR) 0.3020
s C Non-normal distribution ~ Friedman test Friedman statistic: 15.80; <0.0001
Dunn’s multiple comparison post-test Rank sum difference: 13.00; 0.0110
(baseline vs stimulation)
Dunn’s multiple comparison post-test Difference in rank sum: -4.000; >0.9999
(baseline vs poststimulation)
Dunn’s multiple comparison post-test Difference in rank sum: -17.00; 0.0004
(stimulation vs poststimulation)
Table 1 Non-normal distribution ~ Mann-Whitney test (resting membrane  0.5606
potential)
Non-normal distribution ~ Mann-Whitney test (capacitance) 0.8519
Non-normal distribution Mann-Whitney test (input resistance) 0.5336

1D), and we identified a few connected neurons sparsely
distributed throughout the strata oriens, pyramidale, and
radiatum (22.8 = 5.3 pA, n = 9 of 65; Fig. 2F). Together,
these results confirm the presence of functional synaptic
connections between VTA GABA neurons and DG granule
cells (Fig. 2G).

GADG65* mesohippocampal fibers corelease
glutamate
In order to confirm the GABAergic nature of the light-
evoked PSCs in DG granule cells, we antagonized the
GABA, receptor by bath applying 10 um Bic. Surprisingly,
this saturating concentration failed to abolish the currents,
leaving a residual PSC (34.9 = 5.5% of baseline current;
n = 14; Fig. 3A-C). This residual PSC was blocked by
adding the AMPA/kainate receptor antagonist NBQX to
the bath (10 um; p = 0.0013; n = 5; Fig. 3A-C).
AMPA-mediated currents are generally faster than
GABA,-mediated currents (Hestrin et al., 1990; Banks
et al., 1998). To test whether this is also true for the dual
PSC observed in the DG, we pharmacologically isolated
the Bic- or NBQX-resistant components of the currents
(Fig. 3D). Bic-resistant currents (putative Glu PSCs) had
shorter time to peak (1.5 = 0.3 vs 2.8 = 0.4 ms; p =
0.0102; n = 11, 11) and shorter decay time (4.8 = 0.9 vs
17.7 = 4.2 ms; p = 0.0004; n = 13, 11) compared with the
NBQX-resistant component (putative GABA PSCs). Nei-
ther Bic nor NBQX affected the onset latency of the
light-evoked currents (Bic vs NBQX: 3.4 = 0.2 vs 3.7 *
0.1 ms; p = 0.2817; n = 13,10) or PPR (Bic vs NBQX: 0.6
+0.1vs 0.5 = 0.0; p = 0.6048; n = 9, 9). Together, these
findings strongly suggest dual monosynaptic GABA and
glutamate transmission that arises from the same VTA
GAD65™ axons.

July/August 2016, 3(4) e0137-16.2016

VGLUT2" VTA neurons project to the DG and
corelease GABA

Because these results suggest the existence of DG-
projecting VTA GABA neurons that corelease glutamate,
we also tested whether VTA glutamate neurons might
corelease GABA in the DG. To target glutamate neurons,
we used mice expressing Cre recombinase under the
promoter for the Sic17a6 gene (VGLUT2-Cre). We then
injected CTB555 into the dDG to visualize neurons in the
VTA that project to the DG and transfected the VTA with
floxed EYFP to label the VTA glutamate neurons (Fig. 4A).
We found that 72.4% of all CTB-positive VTA neurons
were colabeled with EYFP (Fig. 4B-D), suggesting that the
majority of DG-projecting neurons in the VTA are gluta-
matergic. Notably, the percentage of DG-projecting neu-
rons in the VTA that are GABAergic is similar to the
proportion of neurons that are glutamatergic. A separate
group of VGLUT2-Cre mice was transfected with floxed
ChR2-EYFP in the VTA for patch-clamp experiments
aimed at functionally characterizing these VTA Glu pro-
jections to the DG (Fig. 4A). Whole-cell recordings of
individual DG granule cells were performed in hippocam-
pal slices, and PSCs were evoked with blue LED expo-
sure, as described before. We identified mesohippo-
campal synaptic currents that were partly inhibited by Bic
(84.3 £ 4.4% of baseline; n = 8) and further blocked by
coapplication of NBQX (2.9 = 1.6% of baseline; n = 7;
p = 0.0013; Fig. 4F-H), similar to the synaptic currents
evoked from VTA GABA neurons in the DG. The average
PSC amplitude (55.3 = 7.0 pA; n = 31), the percentage of
connected cells (75.6%; Fig. 4E), and the modulation of
current kinetics by Bic and NBQX (Fig. 4/,J) were all similar
to those observed in GAD65-Cre mice. These results
confirm the presence of a population of VTA neurons that
release both GABA and glutamate in the mouse DG, and

eNeuro.org



.;‘ euro New Research 7 of 12
150 . 1001 **
- - . . o Bic \ ® f 1
s . 33 80 O
o 100 o o, 2=
—l10pA T ° ® £ o 604
10 ms £ ° oo ® o s 2
50 =
——Baseline g % o0 S5 401
= BIC «© = e
—— Bic+NBQX 52
IG () T TR sy ._._....._.. 3 20 A
T T T 1 0- -@
0 10 20 20 Bic  Bic+NBQX
time (min)
D Baseline
Bic
——NBQX 87 * 60 *kk 59 1.09 ns
gel MBc O @ 4+ 0.8
= B NBQX @ 404 N
© £ E 31 0.6
2 41 > (¢] - a
= - ° 9 @ 2+ 0.4
o, 8 20+ S
£ 1 0.2
=
_110pA o & 0- 0- 0.0-
10 ms

Figure 3. Mixed neurotransmission onto DG granule cells. A, Example voltage-clamp traces of a GCL neuron before and after bath
application of bicuculline alone (Bic) or in combination with NBQX (Bic+NBQX). B, Time course of the current peak amplitude (1 min
bins) from the same example neuron as in A. C, Residual current amplitude following Bic (n = 14) or Bic+NBQX (n = 5) application,
shown as a percentage of the baseline current amplitude. D, Sample traces before and after the application of Bic or NBQX alone and
the effect on the time to peak (n = 11, 11), decay time (n = 13, 11) onset latency (n = 13, 10), and PPR (n = 9, 9) of the light-evoked

currents.

indicate that the majority of VTA neurons that project to
the DG contain both GABA and glutamate.

VTA optogenetic stimulation in vivo decreases DG
firing

Given that non-DA VTA neurons release both excitatory
and inhibitory neurotransmitters in the DG, we investi-
gated how the activation of these neurons modulates the
activity of DG neurons in vivo. We performed single-unit
extracellular recordings in anesthetized GAD65-Cre mice
expressing floxed ChR2 in the VTA. Blue light was deliv-
ered to the medial VTA via an optic fiber connected to a
blue laser (Fig. 5A-B), while the recording electrode was
lowered into the dorsal DG (Fig. 5C). VTA neurons were
light stimulated for 1 s at 20 Hz, a frequency shown to
reliably excite VTA GABA neurons (Fig. 5D; Brown et al.,
2012; Tan et al., 2012). We identified 10 units in the DG
that significantly changed their firing rates during optoge-
netic stimulation compared with periods immediately be-
fore (baseline) and after stimulation (of 25 that we were
able to isolate; Fig. 5E). All 10 stimulation-responsive units
were inhibited by light delivery in the VTA (62.7 = 7.2%
inhibition of spiking activity; Fig. 5E-G). We conclude that
the mesohippocampal connection is functional in vivo and
that the net effect of its mixed GABA/glutamate transmis-
sion is inhibition.

Discussion

We characterize a population of non-DA neurons in the
VTA that project to the DG. These neurons corelease

GABA and glutamate, and can be targeted with either
GADG65-Cre or VGLUT2-Cre mouse lines. Given that each
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line labels >50% of VTA neurons that project to the DG
coreleasing GABA and glutamate, a given neuron likely
expresses both GAD65 and VGLUT2. We also show that
the net effect of stimulating these VTA neurons is the
functional inhibition of DG neurons.

While the mesohippocampal pathway has been de-
scribed by a number of studies (Amaral and Cowan, 1980;
Scatton et al., 1980; McNamara et al., 2014; Rosen et al.,
2015; Broussard et al., 2016), most have focused solely
on the DA projections, with only a few acknowledging the
presence of non-DA neurons connecting the VTA or SNc
with the hippocampus (Swanson, 1982; Gasbarri et al.,
1994). Here we identify a previously unexamined popula-
tion of non-DA neurons in the VTA that targets the DG.

A recent study has shown that the rat DG receives very
little innervation from midbrain DA neurons and that vir-
tually all TH-immunoreactive axons originate from norad-
renergic neurons in the locus ceruleus (Ermine et al.,
2016). These results are in accordance with our finding
that the mesohippocampal terminals under study do not
colocalize with TH, and are mostly GABAergic and gluta-
matergic. Our retrograde tracing experiments show that
neurons projecting toward the dDG tend to localize near
the midline of the VTA, as previously shown by other
groups (Gasbarri et al., 1994; Ermine et al., 2016). How-
ever, neurons projecting to different dorsoventral seg-
ments of the DG might be located throughout the VTA,
both rostrally and caudally. Our injections, covering most
of the VTA, likely also include the GABA-rich tail of the
VTA or rostromedial tegmental nucleus (RMTg), a struc-
ture that has recently been characterized in rats and
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Figure 4. VTA glutamatergic neurons release GABA in the DG. A, Schematic showing the injection procedures for retrograde tracing
or for whole-cell recordings in VGLUT2-Cre mice (as done in Fig. 1A,H for GAD65-Cre mice). B, CTB555 injection site in the dDG. C,
High-magnification image of the retrogradely labeled neurons in the VTA, some of which colocalize with EYFP. D, Schematic
localization of retrogradelylabeled cells and the proportion of CTB-positive neurons colocalizing with EYFP in VGLUT2-Cre mice. E,
Graph showing the average amplitude (=SEM) of the light-evoked PSCs recorded in the GCL of VGLUT2- or GAD65-Cre mice as a
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continued

function of their connectivity. F, Example traces showing the light-evoked PSC recorded in a granule cell at baseline and after
bicuculline alone (Bic) or together with NBQX (Bic+NBQX). G, Peak amplitude time course from the same example neuron in F. H,
Residual current amplitude after Bic (n = 8) or Bic+NBQX (n = 7) application, shown as a percentage of the baseline current
amplitude. I, Sample traces before and after the application of Bic or NBQX alone. J, Effect of Bic or NBQX alone on the time to peak
(n = 8,9), decay time (n = 7,11), onset latency (n = 8,11), and PPR (n = 8,11) of the light-evoked currents.
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Figure 5. Stimulation of VTA GABA neurons reduces firing activity in the DG in vivo. A, Schematic of the single-unit recordings in the
DG of anesthetized mice. An optic fiber connected to a blue laser was implanted above the VTA for the light stimulation of
ChR2-expressing GABA neurons (20 5 ms pulses at 20 Hz). B, Sample confocal image showing the optical fiber positioning above
the VTA. C, Sample confocal images showing the position of the recording electrode in the upper blade of the DG. D, Spike waveform,
PSTH, and raster plot of a sample GABA neuron recorded in the VTA and showing an increase in firing rate upon blue light stimulation
(light blue-shaded area). E, Spike waveform, PSTH, and raster plot of a sample responsive neuron in the DG showing a moderate
reduction in the firing rate during blue light stimulation. F, Average firing rate of responsive neurons during (stim) or after (poststim)
light stimulation normalized to baseline firing (n = 10). G, Average firing frequency of responsive neurons recorded in the DG (n = 10).
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nonhuman primates (Jhou et al., 2009; Hong et al., 2011).
It therefore cannot be excluded that some RMTg neurons
contribute to this mesohippocampal pathway. However,
in the mouse, the boundary between the VTA and RMTg
is fuzzy, which may make the labeling of caudal midbrain
non-DA neurons (posterior VTA vs anterior RMTg) some-
what arbitrary.

Our study relies on Cre transgenic mouse lines to iden-
tify specific cell types and optogenetics to restrict excita-
tion to the genetically and spatially defined synapses of
interest (Lammel et al., 2015; Stuber et al., 2015). For the
GADG65 and VGLUT2 Cre lines used here, the selectivity
has been validated (Borgius et al., 2010; Tan et al., 2012;
Root et al., 2014a). The absence of antibodies that, in our
hands, reliably stain for GABAergic and glutamatergic
somata makes it difficult to directly visualize and quantify
the neurons synthetizing both neurotransmitters with im-
munohistochemical methods. Further experiments em-
ploying in situ hybridization techniques would be
necessary for this purpose. Nonetheless, our evidence for
GABA/glutamate corelease is further confirmed by the
crossover observation in both of these Cre lines. These
findings relate to reports of a variety of VTA neuronal
populations that may corelease multiple neurotransmit-
ters (Chuhma et al., 2004; Stuber et al., 2010; Tritsch
et al., 2012; Root et al., 2014b). GABA/GIlu coreleasing
neurons, specifically, have been described previously in
the VTA, cerebral cortex, basal ganglia, hippocampus,
and brainstem auditory system (Noh et al., 2010; Beltran
and Gutiérrez, 2012; Shabel et al., 2014; Fattorini et al.,
2015), suggesting that our findings likely do not stem from
a flawed genetic strategy.

Our whole-cell voltage-clamp recordings showed that
these VTA-to-DG synapses display a high initial release
probability, as assessed by a PPR that was <1 for the
range of interpulse intervals used (10-200 ms). However,
viral-mediated expression of ChR2 has been reported to
lead to altered short-term plasticity (Jackman et al., 2014),
which will have to be kept in mind when using PPR as an
indicator of release probability (e.g., characterizing syn-
aptic plasticity).

It could be argued that AMPA and GABA, receptor-
mediated currents arise from collateral feedforward
monosynaptic and polysynaptic connections. For exam-
ple, VTA Glu neurons might synapse directly onto DG
granule cells but also connect to DG interneurons. These
interneurons could then mediate the GABAergic compo-
nent of the light-evoked currents that we observed. How-
ever, our observations make this possibility very unlikely.
The latency to the PSC onset is too short for polysynaptic
Glu-GABA components. Moreover, in a feedforward sce-
nario, NBQX would suppress both components of the
current, which is not what we observed. Finally, we found
that only 1 of 22 interneurons in the DG received func-
tional input from the VTA. Together, our data strongly
argue in favor of a corelease of GABA and glutamate in
the DG. Nevertheless, the contribution of a fast disynaptic
connection remains possible. This could be further inves-
tigated with paired recordings on DG granule cells and the
few interneurons innervated by VTA axons.
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Our in vivo recordings revealed a net inhibition of DG
granule cells with VTA GABA neuron stimulation. The re-
cordings were performed under isoflurane-induced anesthe-
sia, which can enhance inhibitory tone and decrease
spontaneous neuronal firing rates (Detsch et al., 2002). In
general, in the awake animal, DG granule cells fire at fre-
quencies <0.15 Hz, with only 9% firing >2 Hz (Neunuebel
and Knierim, 2012). As a consequence, the majority of DG
granule cells were likely undetectable under anesthesia, po-
tentially biasing our recordings to the neurons with the high-
est spontaneous activity. It is therefore possible that in
awake, freely moving animals, non-DA projection from the
VTA may have additional effects.

The present study identifies and characterizes a con-
nection from the VTA to the DG that uses both GABA and
Glu as its transmitters. These neurotransmitters generally
exert opposing effects, and we have found that the inhib-
itory component of transmission at this synapse prevails
in vivo. Previous studies that have investigated GABA and
glutamate corelease have reported that the balance be-
tween GABA release and glutamate release can be shifted
in an activity-dependent manner (Fattorini et al., 2015).
The shifting relative strength of GABA and glutamate
transmission at mixed synapses in the LHb has been
implicated in mood regulation and negative affect (Shabel
et al., 2014). The balance between GABA and Glu release
at the inhibitory/excitatory VTA inputs to the DG that we
report might be regulated by a variety of experiences,
including reward-related experiences. Given the activity
dependence of DG neurogenesis (Rubio-Casillas and
Fernandez-Guasti, 2016) and its potential importance in
drug-related pathophysiology (Castilla-Ortega et al.,
2016), it is tempting to speculate that the projection from
the VTA to the DG characterised here might be capable of
dynamically modulating neurogenesis. This non-DA me-
sohippocampal projection has now been characterized
and is ripe for further inquiry into its functional relevance.
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