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Habenula-Induced Inhibition of Midbrain Dopamine
Neurons Is Diminished by Lesions of the Rostromedial
Tegmental Nucleus

P. Leon Brown, Heather Palacorolla, Dana Brady, Katelyn Riegger, Greg I. Elmer, and Paul D. Shepard
Department of Psychiatry and Maryland Psychiatric Research Center, University of Maryland, Baltimore, Maryland 21204

Neurons in the lateral habenula (LHb) are transiently activated by aversive events and have been implicated in associative learning.
Functional changes associated with tonic and phasic activation of the LHb are often attributed to a corresponding inhibition of midbrain
dopamine (DA) neurons. Activation of GABAergic neurons in the rostromedial tegmental nucleus (RMTg), a region that receives dense
projections from the LHb and projects strongly to midbrain monoaminergic nuclei, is believed to underlie the transient inhibition of DA
neurons attributed to activation of the LHb. To test this premise, the effects of axon-sparing lesions of the RMTg were assessed on
LHb-induced inhibition of midbrain DA cell firing in anesthetized rats. Quinolinic acid lesions decreased the number of NeuN-positive
neurons in the RMTg significantly while largely sparing cells in neighboring regions. Lesions of the RMTg reduced both the number of DA
neurons inhibited by, and the duration of inhibition resulting from, LHb stimulation. Although the firing rate was not altered, the
regularity of DA cell firing was increased in RMTg-lesioned rats. Locomotor activity in an open field was also elevated. These results are
the first to show that RMTg neurons contribute directly to LHb-induced inhibition of DA cell activity and support the widely held
proposition that GABAergic neurons in the mesopontine tegmentum are an important component of a pathway that enables midbrain DA

neurons to encode the negative valence associated with failed expectations and aversive stimuli.
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ignificance Statement

Phasic changes in the activity of midbrain dopamine cells motivate and guide future behavior. Activation of the lateral habenula
by aversive events inhibits dopamine neurons transiently, providing a neurobiological representation of learning models that
incorporate negative reward prediction errors. Anatomical evidence suggests that this inhibition occurs via the rostromedial
tegmental nucleus, but this hypothesis has yet to be tested directly. Here, we show that axon-sparing lesions of the rostromedial
tegmentum attenuate habenula-induced inhibition of dopamine neurons significantly. These data support a substantial role for
the rostromedial tegmentum in habenula-induced feedforward inhibition of dopamine neurons.
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Introduction

Motivationally salient stimuli, including appetitive and aversive
events, elicit transient changes in the spontaneous activity of
midbrain dopamine (DA) neurons that serve as a teaching signal
to optimize action selection (Schultz et al., 1997; Steinberg et al.,
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2013; Hart et al., 2014; Chang et al., 2016). Positive prediction
errors, encoded by phasic increases in DA cell activity, occur in
response to unexpected rewards or neutral stimuli that, through
training, acquire salience as a predictive cue (Ljungberg et al.,
1992; Bayer and Glimcher, 2005; Pan et al., 2005; Roesch et al,,
2007). Conversely, negative reward prediction errors, signaling
the unexpected loss of a predicted reward (Schultz et al., 1997;
Roesch et al., 2007) or a frankly aversive event (Mirenowicz and
Schultz, 1996; Ungless et al., 2004), are associated with a transient
cessation in DA cell activity. The role of DA neurons in encoding
reward salience, valence, and magnitude have important impli-
cations for clinical syndromes such as substance abuse, depres-
sion, schizophrenia, and Parkinson’s disease (Lammel et al.,
2014; Napier et al., 2015).

The specific pathways conveying changes in an animal’s sen-
sorium to the ventral midbrain are incompletely understood.
Although several excitatory projections have been implicated in
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mediating phasic increases in DA cell activity (Pan and Hyland,
2005; Lammel et al., 2012), the lateral habenula (LHb) appears to
be the principal component of a circuit mediating phasic de-
creases that underlie negative prediction errors. LHb neurons,
which are activated transiently by reward omission (Salas et al.,
2010; Bromberg-Martin and Hikosaka, 2011) or strongly aversive
stimuli (Benabid and Jeaugey, 1989; Dong et al., 1992; Gao et al.,
1996) exert a powerful and widespread inhibitory influence on
the activity of DA neurons in the substantia nigra pars compacta
(SNc) and ventral tegmental area (VTA) (Christoph et al., 1986;
Gao etal., 1990; Ji and Shepard, 2007; Matsumoto and Hikosaka,
2007). However, because the LHb is composed predominantly of
glutamatergic projection neurons (Geisler et al., 2003; Brin-
schwitz et al., 2010) and LHb-induced inhibition of DA neurons
is GABA, receptor dependent (Ji and Shepard, 2007), an inter-
vening source of inhibitory input is implied.

The GABAergic rostromedial tegmental nucleus (RMTg) is
well positioned anatomically to mediate the inhibitory effects of
LHbD stimulation on midbrain DA cell activity. RMTg neurons are
heavily innervated by LHD efferents (Jhou et al., 2009a, 2009b;
Kaufling et al., 2009; Yetnikoff et al., 2015), rapidly activated by
LHb stimulation (Hong et al., 2011; Lecca et al., 2011), and proj-
ect to both the VTA and SNc where they synapse preferentially on
DA neurons (Balcita-Pedicino et al., 2011). Like the LHb, RMTg
neurons are activated by aversive stimuli (Jhou et al., 2009a;
Sanchez-Catalan et al., 2016) and stimulation of LHb terminals
within the RMTg promotes behavioral avoidance (Stamatakis
and Stuber, 2012). Furthermore, direct stimulation of the RMTg
inhibits both VT'A and SNc DA neurons rapidly and transiently
(Hong et al., 2011; Bourdy et al., 2014) and, when RMTg stimu-
lation coincides with reward delivery, biases subjects toward fu-
ture selection of an alternative reward (Stopper et al., 2014).
Although it is commonly assumed that LHb-induced inhibition
of DA neuron firing occurs via the RMTg, this assumption has yet
to be tested directly. In the present study, we compared the re-
sponse of midbrain DA neurons to electrical stimulation of the
LHb in anesthetized rats with and without excitotoxic, axon-
sparing lesions of the RMTg. Our results support the involve-
ment of the RMTg in LHb-mediated feedforward inhibition of
DA neurons and suggest that the distribution of these cells within
the mesopontine tegmentum or their topographical projections
to the midbrain may be more diffuse than previously thought.

Materials and Methods

Animals. Adult male Sprague-Dawley rats (200-375 g; Charles River
Laboratories) were delivered to the animal facilities at the Maryland
Psychiatric Research Center and maintained on a 12:12 h light:dark cycle
with food and water ad libitum. A total of 50 rats (22 sham and 28
lesioned) were used for these experiments. NeuN cell counts were ob-
tained in 24 rats (4 sham and 20 lesioned). Open-field activity was ana-
lyzed in 31 rats (13 sham and 18 lesioned). Electrophysiological
recordings were made in 28 rats (13 sham and 15 lesioned). All stereo-
taxic coordinates are given relative to bregma and brain area boundaries
were determined using the rat atlas of Paxinos and Watson (2007). This
study was conducted in strict accordance with recommendations in the
Guide for the Care and Use of Laboratory Animals (National Research
Council, 2011). All procedures were approved by the University of Mary-
land School of Medicine Institutional Care and Use Committee.

RMTg lesion surgery. Rats were anesthetized with halothane (induced
at 3% and maintained at 1.5% in 100% O,) to the point of nonrespon-
siveness to a toe pinch and maintained at that level throughout the sur-
gery. A feedback-controlled heating pad maintained body temperature at
36°C. Rats were mounted in a stereotaxic instrument using atraumatic
ear bars (David Kopf Instruments) and a small burr hole was drilled
through the skull above and lateral to the RMTg (AP: —7.2 mm; ML: 2.7
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mm) before retracting the dura. A single barrel glass pipette (tip diame-
ter, 20 wm; BF1401, WPI) containing either vehicle (0.9% saline) or 0.4 m
quinolinic acid (QA) was attached to a gas-tight holder and lowered to
the level of the RMTg (DV: —8.3 mm at a 20° angle) to deliver a single
midline injection. A volume of 110 nl was ejected by pneumatic pico-
spritzer (PDES-02DX; NPI) using nitrogen gas (110 nl/min) and pipettes
remained in place for 15 min after ejection. Wound margins were closed
with sterile wound clips and pentobarbital (50 mg/ml; Sigma-Aldrich)
was administered twice postsurgically to rats in the QA lesion group to
prevent seizure (25 mg/kg, i.p., at the end of surgery; 12.5 mg/kg, i.p.,
45-60 min after surgery). Three rats in the sham-operated group were
administered the same dose of pentobarbital and were not found to differ
from other sham animals in any of the experimental measurements.

Open-field activity. A subgroup of rats was analyzed for open-field
activity after RMTg lesions [median 9 d after surgery, interquartile range
(IQR) 8-9 d]. The large open-field arena was circular (diameter 250 cm,
wall height 50 cm) and illuminated by two 40 W fluorescent bulbs. Rats
were placed individually in the arena and allowed to explore freely for 30
minutes. A camera installed on the ceiling transmitted a video feed to a
PC running video-tracking software (EthoVision; Noldus). Data were
stored at a rate of 30 frames/s and analyzed for total distance traveled.

In vivo electrophysiology. The median time to recording after RMTg
lesions was 19 d (IQR 15-32 d). Rats were anesthetized with chloral
hydrate (400 mg/kg, i.p.), tissues surrounding the ear canals and wound
margins were infiltrated with 2% mepivacaine, and the rat was placed in
a stereotaxic instrument. Body temperature was maintained at 36°C us-
ing a feedback-controlled heating pad. The scalp was incised and a rect-
angular skull section was removed to expose the cortex overlying the LHb
and midbrain (AP: —3.0 to —6.5 mm; ML: 0.0-3.0 mm). A concentric,
bipolar stimulating electrode (SNEX-100X; Rhodes Medical Instru-
ments) was positioned within the LHb (AP: —3.4 mm; ML: 1.5 mm; DV:
5.2 mm) at a 10° angle. Recording electrodes were prepared from boro-
silicate glass capillary tubing (1.5 mm outer diameter, BF 1401; World
Precision Instruments) using a vertical puller (PE-2; Narishige) and filled
with a 1 M NaCl solution saturated with Fast Green FCF (Sigma-Aldrich).
Tips were broken back to create microelectrodes with an in vitro imped-
ance ranging from 5.8 to 8.2 M{). Recording electrodes were attached to
a piezoelectric microdrive (Inchworm; Burleigh) and lowered into the
SN/lateral VTA (AP: —5.4 mm to —6.2 mm; ML: 1.5-2.5 mm; DV: —6.8
to —8.5 mm). Electrodes were advanced slowly (1-2 wm/s) until a spon-
taneously active cell could be isolated from background noise. Electrode
potentials were amplified, band-pass filtered (0.1-8 kHz), and moni-
tored in real time using a digital oscilloscope and audiomonitor. Elec-
trical activity was digitized at 20 kHz using a 16-bit laboratory
interface (Micro 1401; CED) and stored for offline analysis using
Spike 2 software (CED).

DA neurons were identified electrophysiologically using previously
established criteria (Ungless and Grace, 2012). Briefly, a neuron was
classified as DA containing only if it was recorded within the boundaries
of the SN or lateral VTA and had the following three characteristics: (1) a
firing rate of 1-10 Hz, (2) an action potential duration from initiation to
the negative trough of 1.1 ms or greater, and (3) a “notch” in the ascend-
ing initial phase of the spike, a triphasic waveform, or evidence of burst
firing. Neurons that failed to meet these criteria were not studied further.

Once a neuron with these characteristics was isolated, a baseline of
~500 spike events was recorded. Cells were then tested for their response
to repeated application (0.5 Hz) of rectangular current pulses (biphasic,
1.0 mA, 100 us duration) with a minimum of 500 spikes collected during
LHb stimulation. At the conclusion of a successful recording, Fast Green
was ejected iontophoretically from the pipette tip by applying —25 pA of
DC current for 30 min. Although multiple neurons may have been re-
corded during a single impalement, only one dye spot per track was
made. At the end of the recording session, the position of the stimulating
electrode was marked with an electrolytic lesion (—0.1 mA, 8 s). Subse-
quently, rats were deeply anesthetized and perfused transcardially with
100 ml of 4°C PBS followed by 500 ml of 6% formalin (pH 7.4, 4°C).
Brains were removed and postfixed for 30 min before sectioning.

Electrophysiological analysis. Individual spikes were isolated from
background noise and stimulation artifacts offline using the waveform
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Figure 1.

example, the inhibition is followed by a rebound excitation (third black line).

sorting algorithm provided in Spike 2. Basal firing properties were ob-
tained from the initial prestimulation recording period and included
firing rate, averaged waveform shape and duration, distribution of inter-
spike intervals (ISIs), and bursting activity. The coefficient of variation
(CV), a measure of the regularity of neuronal firing (Matthews et al.,
1984), was calculated using ISI histograms [(SD of ISI/mean of ISI)
100]. Bursting activity was calculated for all cells using previously vali-
dated criteria (Grace and Bunney, 1983). Burst initiation was defined by
spike pairs with an ISI = 80 ms. All subsequent spikes were considered

-0.25 0.00 025 0.50 0.75
Time post stimulus (s)

Representative electrode placements and electrophysiological properties of midbrain DA and non-DA neurons.
A, Photomicrograph of stimulating electrode placement (left) and recording location (right). The position of the two poles of the
stimulating electrode are approximated by the gray circles, with current flow between the poles confined largely to the LHb. A blue
dye spot (arrow) marks the location of cell recording within the SNc. Scale bar, 0.4 mm. MHb, Medial habenula; SNr, substantia
nigra pars reticulate; ml, medial lemniscus. B, Representative DA (left) and non-DA (right) action potential waveform (top) and
spike train event marker (bottom). Note that the DA neuron waveform has a prolonged biphasic duration, a “notch” in the rising
phase (black arrow), and a pronounced third phase (gray arrow) relative to the non-DA waveform. In addition, the DA neuron is
slower firing and sometimes has bursting activity, in contrast to the high-frequency, regular activity common to non-DA neurons.
Scale bar, T ms (waveform), 15 (spike train event marker). ¢, Example of a peristimulus time histogram (left) and CUMSUM plot
(right) from a DA neuron initially inhibited by LHb stimulation. At the time of stimulation (vertical dashed line), there is a transient
inhibition in spontaneous activity that translates into a zero slope in the CUMSUM plot as demarked by the second black line. In this
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part of that burst until an ISI exceeded 160 ms,
which defined burst termination. Spike dou-
blets were counted as bursts, but only neurons
that exhibited a minimum of three three-spike
bursts over the course of 500 spikes were
classified as bursting neurons (Shepard and
German, 1984). The percentage of spikes dis-
charged in bursts and the percentage of short
(two spike) bursts was determined for each cell
that was classified as bursting.

Spontaneous firing patterns were analyzed
by the construction of autocorrelograms from
spike trains during baseline recording witha2's
time window and 5 ms bin width (Tepper et al.,
1995). Neurons not already classified as burst
firing were further classified by autocorrelo-
gram pattern. Neurons exhibiting three or
more equally spaced peaks in the autocorrelo-
gram occurring at integral multiples of the
mean ISI were defined as pacemaker neurons.
All other neurons were classified as irregular
firing, which typically exhibited an autocorre-
logram with a short initial period (50-150 ms)
without spike events followed by a rise to a
steady state. Autocorrelograms were analyzed
by three raters blinded to the treatment condi-
tion of the subject with an interrater agreement
on pacemaker/irregular assignment of 93%.

Peristimulus time histograms of spike events
occurring 0.5 s before and 1.5 s after LHb stim-
ulation were compiled using a 1 ms binwidth
for individual neurons. Cumulative summa-
tion (CUMSUM) plots were constructed from
peristimulus time histograms by adding the
contents of each bin to a running sum of all
previous events and were analyzed for excita-
tion or inhibition using previously described
techniques (Ji and Shepard, 2007). Briefly,
control activity was determined from the slope
of a least-squares regression line fit to
500 ms of prestimulus data. Stimulation-
induced changes in firing probability were de-
termined by comparing the slope of discrete
regions (stimulation effect, recovery from
stimulation) of each CUMSUM plot with con-
trol values (baseline). In accordance with pre-
vious reports (Ji and Shepard, 2007), a
response was defined as an increase or decrease
in slope exceeding 30% of baseline. Latency to
onset and duration of the response to LHb
stimulation were determined from the inter-
section of adjacent lines representing baseline,
each phase of the response to stimulation, and
return to prestimulation rates of activity.

A mean peristimulus time histogram was
compiled for both groups (sham and RMTg
lesioned) using 1 ms binwidths for spike events
occurring 0.5 s before and 1.5 s after LHb stim-
ulation. These histograms were smoothed by
calculating a 25 point exponential weighted
moving average (EWMA) using the formula
[EWMA, = (a*FR,) + ((1 — ) * EWMA,_ )] where tis any given time
point, a is the weighting factor [2/(1 + 25)], FR, is the firing rate at time
point ¢, and given that EWMA, is equal to a simple moving average of the
first 25 ms. Delta scores [EWMAgyrg tesion = EWMAgy,,] were calcu-
lated at each time point as were the mean and SD for delta scores in the
0.5 s immediately before LHb stimulation.

Histological confirmation of electrode placement and quantification of
RMTyg lesions. Brains were blocked and sectioned in the coronal plane at
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40 wm on a vibrating tissue slicer (VT 1200; A
Leica) throughout the rostral-caudal extent of
the LHb and RMTg. Sections containing
stimulating electrode lesions and recording
electrode dye spots were slide mounted and
counterstained with 0.1% neutral red for con-
trast. Only rats with stimulating probes placed
in or adjacent to the boundaries of the LHb/fr
and with dye spots clearly localized within the
SN or VTA were retained for analysis. Conse-
quently, recordings obtained in two sham and
three lesioned rats were excluded from the
analysis, reducing the number of DA neurons
analyzed from 34 in each group to 30 and 24 in
the sham and lesioned groups, respectively.

Sham
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(3) biotinylated goat anti-rabbit secondary an-
tibody (BA-1000, 1:600; Vector Laboratories),
1.0% NGS, 0.3% Triton-X in PBS for 30 min;
(4) avidin-biotin immunoperoxidase (Vec-
tastain Elite, PK-6100; Vector Laboratories) in
PBS for 30 min; and (5) 0.03% 3-3'-
diaminobenzidine (DAB) in PBS for 2-5 min.
Omission of the primary antibody was used as
a negative control in all incubations. All sec-
tions were mounted on glass slides, dried over-
night, and coverslipped.

Cell counts of the NeuN-positive objects were conducted in the RMTg
and the rostral portion of both the median raphe (MRn) and peduncu-
lopontine tegmentum (PPTg) using previously described parameters
(Jhou et al., 2013). Briefly, photomicrographs of brain sections were
captured digitally at a resolution of 12.2 MP (EOS Rebel/T3; Canon)
using a microscope (BX41; Olympus America) with a 2X flat-field ob-
jective (PLAPON 2X; Olympus America). Templates delineating the
boundaries of the bilateral RMTg through its rostral—caudal extent (six
sections, boundaries determined by retrograde tracing from VTA, tem-
plates provided by Dr. Thomas Jhou, The Medical University of South
Carolina), the MRn, and bilateral PPTg (two and four sections) were
overlaid on digital photomicrographs of brain sections. All positively
stained, ovular objects within the bounds of the three areas were counted
and summed within the bilateral RMTg and PPTg. Cell counts in le-
sioned rats were compared with the mean cell counts in sham-operated
animals to quantify the extent of the lesion.

Statistical analysis. Categorical data were analyzed using Fisher’s exact
test, with post hoc significance determined by the adjusted standardized
residual method with Bonferroni-adjusted o (Sharpe, 2015). Ordinal
and non-normal data were analyzed with Mann—Whitney U test. All
other data were analyzed by t test or ANOVA, as appropriate, with post
hoc Fisher tests.

Figure 2.

Results

LHb stimulation inhibits the activity of midbrain DA neurons
in sham-lesioned rats

Single-unit recordings were obtained from 30 DA neurons in the
ventral midbrain of 11 rats that had received an injection of saline
into the RMTg 14—42 d earlier. All cells included in the study

Distance from Bregma (mm)

Neuronal loss in the mesopontine tegmentum after QA injection. A, Representative photomicrographs of a sham-
treated (left) and RMTg-lesioned (right) rat midbrain (~—7.2 mm caudal to bregma) immunostained for NeuN with overlaid
boundaries of the RMTg (red), MRn, and PPTg (black). Scale bar, 0.4 mm. B, Total NeuN-positive cell counts (mean == SEM) within
the boundaries of the RMTg, MRn, and PPTq by distance to bregma for sham (red squares, n = 4all areas) and RMTg-lesioned (gray
squares,n = 16 RMTg, n = 19 MRn and PPTg) rats. NeuN cell counts after lesion were significantly reduced in both the RMTg and
MRn both overall (see text) and at each AP coordinate relative to sham-treated rats. *p << 0.05, Fisher’s test.

were located within the SN or adjacent lateral VTA of rats in
which the placement of the stimulation electrode within the LHb
had also been confirmed histologically (Fig. 1A). Action poten-
tials frequently exhibited a notch in the rising phase of a triphasic
spike that had to exceed 1.1 ms from initiation to trough to be
included in the analysis (Ungless and Grace, 2012; Fig. 1B). Spon-
taneous firing rates ranged from 1.5 to 8.0 Hz (4.6 = 0.3 Hz) and
the firing pattern was categorized as pacemaker (17.4%, 4/23),
irregular (26.1%, 6/23), or bursting (56.5%, 13/23). As reported
previously (Ji and Shepard, 2007), single-pulse stimulation of the
LHb inhibited the majority of DA cells recorded (93.3%, 28/30;
Fig. 1C). Occasionally, the initial inhibition in firing rate was
followed by a rebound excitation. One of the remaining two neu-
rons was excited and the other showed no change in activity.

Midline QA injection reduces NeuN-positive cell counts in
the RMTg

Templates delineating the boundaries of the bilateral RMTg (see
Materials and Methods for details) were used to count the num-
ber of NeuN-positive cells within the RMTg of sham and QA-
injected rats (Fig. 2A). The number of NeuN-positive objects in
sham-lesioned rats varied along the rostral-caudal plane, with
more neurons observed in the caudal regions of the nucleus (Fig.
2B). A single midline injection of QA reduced the total number of
NeuN-labeled profiles in the RMTg by 72% (median reduction,
IQR 60.8—84.6%). A significant reduction in NeuN-labeled cells
was observed at each rostral-caudal section compared with
sham-treated rats (ANOVA F(, 1 = 51.43, p < 0.001). QA in-
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discharge (54.5%, 12/22) than a bursting
pattern (18.2%, 4/22) or irregular single
spike discharge (27.3%, 6/22). Overall, the
distribution of firing pattern phenotypes
was altered significantly relative to sham
controls (Fisher’s exact test, p = 0.012;
Fig. 3C), with a significant decrease in the
prevalence of burst-firing neurons within
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Figure3.

jections also reduced the number of NeuN-positive neurons in
the rostral portion of the MRn (F(, ,;) = 9.71, p = 0.005; median
32.5% reduction, IQR 23.2—-48.2%) without affecting the num-
ber of neurons in the more laterally positioned PPTg (F(, ,,) =
0.91, p = 0.351; median 7.4% reduction, IQR 2.4-12.7%).

RMTg lesions alter the basal firing properties of DA neurons

Single-unit recordings were analyzed from 24 DA neurons in the
ventral midbrain of 12 rats that had received an injection of QA
into the RMTg 12-35 d earlier. DA neurons recorded in RMTg-
lesioned rats showed no changes in action potential morphology
or duration and basal firing rates did not differ between sham and
RMTg-lesioned rats (4.6 Hz for sham vs 4.4 Hz for lesion; 43y =
—0.38, p = 0.705). However, the CV of the ISI was significantly
reduced in the lesioned group compared with sham controls
(Uasy = 383.0, p = 0.003; Fig. 3A), indicating a greater regularity
in spike firing. Consistent with this difference, an analysis of fir-
ing pattern phenotype (Fig. 3B) showed that DA neurons from
RMTg-lesioned rats were more likely to present with a pacemaker

iR i1

00 02 04 068 08 10 0.0 02 04 06 08 1.0

RMTg Lesion

Effects of RMTg lesions on the basal firing properties of midbrain DA neurons. 4, Distribution of ISI CV for neurons from
sham (n = 23) and RMTg-lesioned (n = 22) rats superimposed on box-and-whisker plotsillustrating the median, IQR, and 5-95%
range. CV was significantly reduced in RMTg-lesioned rats. *p << 0.05, Mann—Whitney test. B, Representative samples of spike
train event markers associated with pacemaker, irregular, and bursting DA cells (top) with corresponding autocorrelograms
(bottom). Note that, despite having similar firing rates, these neurons have different CVs. Scale bar, 1s. €, Pie chartsillustrating the
prevalence of pacemaker, irreqular, and burst-firing neurons in sham-operated (left) and RMTg-lesioned (right) rats.
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Bursting sham and RMTg lesion groups in the per-

centage of spikes in bursts (46.0 vs 24.6%;
Ugisy = 39.0, p = 0.157) or the percentage
of doublet bursts (36.2 vs 57.1%; U5y =
22.0, p = 0.692).
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RMTg lesions attenuate LHb-induced
inhibition of DA cell activity

The response to LHb stimulation of a rep-
resentative DA neuron from an RMTg-
lesioned rat is shown in Figure 4A. In
contrast to the nearly uniform inhibition
seen in sham-treated rats, the response of
DA neurons to LHb stimulation was sig-
nificantly altered in RMTg-lesioned rats
(Fisher’s exact test, p = 0.007; Fig. 4B).
Stimulation parameters that inhibited
>90% of DA neurons recorded in sham-
treated rats inhibited 66.7% (16/24) of DA
neurons recorded in lesioned rats. The
remaining 33.3% (8/24) showed no
response to LHb stimulation (adjusted
standard residual = 2.94, adjusted p =
0.003), an outcome that was rarely (3.3%,
1/30) observed in unlesioned animals. Be-
cause there was variability in lesion size,
we conducted a median split of the RMTg
lesion group by lesion extent (median
84.6%; “small” lesion, n = 10; “large” le-
sion, n = 11) for further analysis. There
was a lower prevalence of inhibited neu-
rons in animals with larger lesions, but
this trend did not reach significance (Fisher’s exact p = 0.362; Fig.
4B). Similarly, neurons from the large lesion group tended to
have a shorter duration of inhibition (32.0 vs 50.5 ms, large vs
small median; U,,,, = 40.0, p = 0.573) and reduced magnitude of
inhibition (to 29.6% vs to 13.6% of the control firing rate, large vs
small median; U(,,, = 55.0, p = 0.228), with the contrasts falling
short of significance, likely due to the small sample size.

Among the neurons that continued to show an inhibition in
response to LHb stimulation, the median duration of inhibition
was shorter relative to sham controls (50.5 vs 95.0 ms; Uy, =
104.5, p = 0.004), with no difference in the median magnitude of
inhibition (to 25.7% vs to 18.4% control firing rate; U,,, =
173.0, p = 0.218; Fig. 4C). The median firing rate immediately
after LHb stimulation as a percentage of baseline was significantly
less depressed in RMTg-lesioned rats relative to sham controls
(65.2% vs 10.0%; U,y = 133.0, p < 0.001; Fig. 4D). Further-
more, a significant positive correlation existed between this vari-
able and the extent of neurons lost due to lesion within the RMTg
(Pearson’s 1,9y = 0.51, p = 0.020), but not the rostral portion of

Time (s)

18.2%
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the MRn (Pearson’s 5 = 0.40, p =
0.072) or PPTg (Pearson’s r(4y = 0.11,
p=0.621).

To illustrate the overall effect of RMTg
lesions on dopamine neuron firing at the
population level, we compiled an average
peristimulus time histogram of all neu-
rons for both sham and RMTg-lesioned
rats regardless of response type (Fig. 5A).
Consistent with the previous data, the na-
dir of LHb-induced inhibition of DA fir-
ing was attenuated in RMTg-lesioned rats.
Further analysis of RMTg-lesioned rats by
the median split used previously suggests
that, in rats with larger lesions, there is a
shorter average duration of inhibition
(Fig. 5B), which likely results from the
trend for more neurons in the large lesion
group to show no response to LHb stimu-
lation. A comparison of the difference
scores between the sham and lesioned
groups (Fig. 5C) demonstrates that the
difference in firing rate between the two
groups exceeded three SDs for an ex-
tended period from 16 to 133 ms after
LHb stimulation.

Open-field activity is elevated in
RMTg-lesioned rats

Recent studies have suggested that the
RMTg exerts a tonic inhibitory influence
over the activity of midbrain DA neurons
(Bourdy et al., 2014; Kaufling and Aston-
Jones, 2015; Fu et al., 2016). Accordingly,
RMTg lesions would be expected to in-
crease locomotor activity (Lavezzi et al.,
2015). Therefore, we assessed the effects
of RMTg lesions on locomotor activity in
a subgroup of sham-treated (n = 13) and
RMTg-lesioned (n = 18) rats. Locomotor
activity, using total distance traveled in an
open field, was significantly elevated in
RMTg-lesioned rats relative to sham con-
trols (t,9) = 2.67, p = 0.012; Fig. 5D).
Although there was a positive correlation
between total distance traveled and the
extent of lesion within the RMTg, this did
not reach significance (Pearson’s r(,;, =
0.42, p = 0.121), nor was total distance
traveled correlated with lesion extent in
the rostral portion of the MRn (Pearson’s
ras = 0.20, p = 0.481) or PPTg (Pear-
son’s ;5 = —0.22, p = 0.428).

Discussion

In the present study, we demonstrate that
the rapid, transient, population-wide in-
hibition of midbrain DA neurons elicited
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Figure 4.  Effects of RMTg lesions on the response of DA neurons to LHb stimulation. 4, Example of a peristimulus time histo-
gram (left) and CUMSUM plot (right) from a DA neuron initially inhibited by LHb stimulation (vertical dashed line) in an RMTg-
lesioned rat. Note the shorter duration of inhibition compared with the sham control example in Figure 1. B, Pie charts llustrating
the prevalence of neurons exhibiting excitation, no effect, or inhibition in response to LHb stimulation in sham-operated (top) and
RMTg-lesioned (middle) rats. A median split by lesion size of the RMTg-lesioned group is also shown (bottom; see text for details).
€, Scatterplot of the duration of inhibition (abscissa) versus the magnitude of inhibition expressed as a percentage of control firing
rate (ordinate) for neurons inhibited by LHb stimulation in sham (red, n = 28) and RMTg-lesioned (gray, n = 16) rats. Straight
lines represent regression lines for the sham (red; Pearson’s r,) = —0.34, p = 0.077) and RMTg-lesioned (gray; Pearson’s
Iaay = 0.19,p = 0.481) groups. Median values for both groups are demarcated on the axes by correspondingly colored triangles.
Note that RMTg-lesioned rats had a significantly shorter duration of inhibition overall (*, see text). Although the slopes have a
different valence, they are not significantly different (¢,,,) = —1.53, p = 0.134). D, Scatterplot for RMTg-lesioned rats (gray)
illustrating the percentage of neuronal loss in lesioned rats (abscissa) versus the percentage change in firing rate for the first 50 ms
after LHb stimulation relative to baseline (ordinate). Sham rats (red) are shown at zero percentage for comparison. Median values
for both groups are demarcated on the ordinate by correspondingly colored triangles and were significantly different (¥, see text).
Asignificant linear trend was present among RMTg-lesioned rats, with the percentage of neurons lost to the lesion correlating with
adecrease in LHb-stimulation induced inhibition. Note that, in rats with the greatest lesion-induced cell loss, some cells showed a
slight excitation in response to LHb stimulation. Only rats with fully quantified lesions were included in this analysis.

rats continued to exhibit an inhibition in response to LHb stim-

by single-pulse LHDb stimulation is attenuated significantly by
QA-induced lesions of the RMTg. Our primary finding was a
10-fold increase in the number of DA neurons that failed to re-
spond to LHb stimulation in lesioned animals. Although approx-
imately two-thirds of the DA cells recorded in RMTg-lesioned

ulation, the duration of inhibition was significantly reduced
compared with sham-treated rats. It is worth noting that the
proportion of DA neurons inhibited by LHb stimulation in
RMTg-lesioned rats (~67%) was similar to that seen in an
earlier study during intranigral application of the GABA, re-
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Figure 5.

the RMTg-lesioned group.

ceptor antagonist bicuculline (58%; Ji and Shepard, 2007).
These results could suggest that the RMTg accounts for the
majority of GABA, receptor-mediated inhibition of DA cell
activity in response to LHb stimulation.

QA lesions of the RMTg: selectivity and effect size

The mesopontine lesions produced in these experiments were
comparatively selective, confirming reports that QA lesions of the
RMTg leave surrounding nuclei largely intact (Sheth et al., 2016).
Cell loss in the MRn was limited to the rostral portion and was
smaller in magnitude than neuronal loss within the RMTg. The
PPTg, an important source of excitatory input to the ventral mid-
brain (Lokwan et al., 1999; Floresco et al., 2003), was not affected
significantly. The degree of cell loss was quantified only within
the rostral portions of the MRn and the PPTg that overlapped
with the RMTg, accounting for ~25% of the total MRn and 40%
of the total PPTg rostral-caudal extent. Because both the MRn
and PPTg extend farther caudally, it is likely that the actual pro-
portional cell loss was significantly less than what was reported in
the results. The existence of a significant correlation between cell
loss in the RMTg (but not the MRn and PPTg) and the magnitude
of the LHb-induced inhibition in DA cell firing suggests that
these effects are attributable to RMTg lesions rather than inciden-
tal damage to surrounding nuclei.

0.0

Time post stimulus (s)

Sham

Effect of RMTg lesions on both mean firing rate of all sampled DA neurons in response to LHb stimulation and
open-field activity. A, Average peristimulus time histogram of firing rate for all DA neurons in both sham (red) and RMTg lesioned
(gray) rats using T ms bins with a 25 bin exponential weighted moving average (see Materials and Methods for details). After LHb
stimulation (vertical dashed line), DA neurons from RMTg-lesioned rats displayed an attenuated inhibition relative to sham rats.
B, Average peristimulus time histogram of firing rate for all DA neurons in RMTg-lesioned rats using a median split by lesion size to
form small (light gray) and large (dark gray) lesion groups. The average duration of inhibition appears to be shorter in the larger
lesion group compared with the small lesion group, likely reflecting the trend for more neurons in the large lesion group to show
no response to LHb stimulation. C, Difference in firing rate between groups from Figure 5A. SD of the delta scores was calculated
from the baseline period preceding LHb stimulation (vertical dashed line); horizontal dotted lines represent a 3 o~ deviation from
the mean delta score. D, Bar graph of mean total distance traveled in an open field overlaid with individual scores from sham (n =
13, red) and RMTg-lesioned (n = 18, gray) rats. *p << 0.05, t test. Note that all sham data points are lower than the mean value for

J. Neurosci., January 4, 2017 - 37(1):217-225 « 223

It is somewhat surprising that the scope
of the lesion, which reduced the number of
NeuN-labeled neurons in the RMTg by
~70%, was associated with only a 30% de-
cline in the number of DA cells inhibited by
LHb stimulation. Even among rats with the
largest RMTg lesions (=84.6%) LHb stim-
ulation still inhibited more than half of the
recorded dopamine neurons without a sig-
nificant decrement in the duration of inhi-
bition relative to rats with smaller lesions.
This implies that the boundaries used to de-
fine the RMTg operationally likely excluded
neurons that contribute to this pathway or
that other sources of inhibitory input to
midbrain DA neurons exist. Conversely, if
individual RMTg neurons provide input to
a topographically disparate group of DA
neurons, anything less than a complete ab-
lation of the RMTg would also result in
a diminished inhibition rather than a
complete loss of responsiveness to LHb
stimulation.

"Large" Lesion

05

*

RMTg lesions: potential involvement of
compensatory mechanisms

Several lines of evidence suggest that the
RMTg exerts a tonic inhibitory influence
over midbrain DA neurons. Acute pharma-
cological inactivation of the region increases
locomotor activity (Lavezzi et al., 2015) and
RMTg lesions increase ambulation (Fu et
al., 2016) and improve motor performance
during rotarod testing (Bourdy et al., 2014).
Consistent with these findings, we observed
increased locomotor activity in an open
field in RMTg-lesioned rats. However, in
contrast to the marked increase in firing rate
of DA neurons after inactivation of the
RMTg (Bourdy et al., 2014), in the present study, QA lesions of the
region did not alter the basal firing rate significantly. Changes in DA
cell activity elicited by acute pharmacological inactivation of the
RMTg probably differ from those associated with excitotoxic lesions
of the region in part because of the compensatory changes that are
likely to occur after extensive cell loss (e.g., changes in GABA recep-
tor density). Given that 75% of our recordings were obtained >2
weeks after QA injections, it seems plausible that compensatory in-
creases in GABA, receptor tone opposed a significant increase in
firing rate. Indeed, a significant upregulation of GABA , receptors on
SN DA neurons is known to occur within 2 weeks after loss of striatal
input (Porceddu et al., 1985; Sanna et al., 1998; Fujiyama et al.,
2002). Consistent with this interpretation, Bourdy et al. (2014) re-
ported smaller increases in the basal activity of DA neurons 2 weeks
after ibotenic lesions of the RMTg than those observed after acute
pharmacological inactivation of the region. Furthermore, the eleva-
tion in locomotor activity in RMTg-lesioned rats appears to peak at
2 weeks after lesion before stabilizing at 3 weeks to a lower, but still
significantly elevated, level (Fu et al., 2016).

Increases in GABA receptor expression on midbrain DA neu-
rons after RMTg lesions could also explain the paradoxical in-
crease in the incidence of pacemaker firing among DA neurons in
RMTg-lesioned animals. Previous studies have shown that acute
activation of GABAj receptors suppress burst firing of DA neu-

RMTg
Lesion
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rons and induce a pacemaker-like firing pattern similar to that
observed in the present study (Grace and Bunney, 1980; Engberg
et al., 1993). Therefore, a compensatory postsynaptic upregula-
tion in the expression of GABAj receptors on DA neurons after
loss of GABAergic input from the RMTg could explain the dra-
matic shift in the distribution of firing patterns between the sham
and lesioned groups.

Summary

In addition to being activated by strongly aversive stimuli (Ben-
abid and Jeaugey, 1989; Dong et al., 1992; Gao et al., 1996), the
LHD has been implicated in the regulation of negative reward
prediction errors (Matsumoto and Hikosaka, 2007; Salas et al.,
2010) and incentive salience (Danna et al., 2013) via its influence
on midbrain DA neurons. Although these actions have been at-
tributed to feedforward inhibition arising from the RMTg (Jhou
etal., 2009a, 2009b; Kaufling et al., 2009; Omelchenko et al., 2009;
Brinschwitz et al., 2010; Balcita-Pedicino et al., 2011; Bourdy et
al., 2014), before this study, only indirect evidence existed to
support this contention. The results of the present study confirm
the involvement of the RMTg in the LHb-induced inhibition of
DA neurons while pointing to the need for careful evaluation of
alternate pathways and compensatory mechanisms that could
contribute to or obscure, respectively, the contribution made by
this important source of GABAergic input to the activity of mid-
brain DA neurons.
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