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Abstract Deep brain stimulation of the subthalamic
nucleus (STN) is an effective therapy for motor deficits
in Parkinson’s disease (PD), but commonly causes weight
gain in late-phase PD patients probably by increasing
feeding motivation. It is unclear how STN neurons
represent and modulate feeding behavior in different
internal states. In the present study, we found that feeding
caused a robust activation of STN neurons in mice
(GCaMP6 signal increased by 48.4% £ 7.2%,n =9, P =
0.0003), and the extent varied with the size, valence, and
palatability of food, but not with the repetition of feeding.
Interestingly, energy deprivation increased the spontaneous
firing rate (8.5 & 1.5 Hz, n = 17, versus 4.7 = 0.7 Hz, n =
18, P = 0.03) and the depolarization-induced spikes in STN
neurons, as well as enhanced the STN responses to feeding.
Optogenetic experiments revealed that stimulation and
inhibition of STN neurons respectively reduced (by 11% +
6%, n = 6, P =0.02) and enhanced (by 36% =+ 15%, n =17,
P =0.03) food intake only in the dark phase. In conclusion,
our results support the hypothesis that STN neurons are
activated by feeding behavior, depending on energy
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homeostatic status and the palatability of food, and
modulation of these neurons is sufficient to regulate food
intake.
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Introduction

Accumulating investigations demonstrate that deep brain
stimulation (DBS) in the STN, an efficient therapy for
cardinal motor symptoms in Parkinson’s disease (PD)
[1-3], commonly increases the patients’ weight [4-10].
Some studies support the idea that STN DBS-induced
weight gain may result from off-target stimulation of
neighboring nuclei, including the lateral hypothalamus,
altering the release of feeding-related hormones [11-15].
But, some PD patients gain weight when the DBS electrode
leads are in the STN and feeding-related hormones are
normal [16, 17]. As DBS inhibits the activity of STN
neurons [1, 2, 18], the weight gain following STN DBS in
PD patients may be associated with the inhibition of STN
neurons. Consistent with this notion, increased motivation
for food intake has been reported in patients with strokes or
tumors involving the STN [19, 20] and in rats subjected to
STN lesions [21, 22]. In fact, STN DBS is unable to
selectively regulate STN neurons while leaving neighbor-
ing axons unperturbed, and both physical and chemical
lesions of the STN may cause neuroadaptation. These
limitations may complicate the understanding of whether
and how STN neurons modulate food intake.

Food intake is primarily governed by feeding circuits
comprised of hormones, including leptin, ghrelin, insulin,
and neuropeptide Y acting on hypothalamic and brainstem
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nuclei [23-25]. The levels of these hormones fluctuate with
energy homeostasis to drive the initiation and termination
of feeding [26, 27]. In addition, reward pathways convey
‘liking’ or ‘wanting’ less or sufficiently palatable food, and
strongly alter food intake [23, 24, 26, 28]. Evidence has
implicated the STN in reward processing [29-31]. For
instance, the activity of STN neurons is enhanced when
animals obtain a liquid reward, and discriminate the
valence of the reward; after Pavlovian conditioning is
established, STN neurons also respond to reward expecta-
tion and omission [29, 30]. But these studies did not
explore the STN responses to solid foods with different
palatability in hungry or sated animals, which is important
for characterizing the involvement of the STN in feeding
behaviors.

To measure neuronal activity, we labeled STN neurons
with AAV viral vector carrying the genetically-encoded
Ca*" sensor GCaMP6 for fiber photometric recordings
[32]. As DBS recruits multiple components in the STN [2],
including afferent, efferent, and en passant fibers, as well
as nearby neurons, to elucidate the potential effects of STN
neurons on food intake, we applied optogenetics to achieve
the bidirectional modulation of STN neurons [18]. Our
results suggested that STN neurons are not only activated
by feeding, varying with the energy status of mice and the
size, valence, and palatability of the food, but also regulate
food intake during the active state (dark phase). This could
be a physiological mechanism underlying the weight gain
following STN DBS.

Materials and Methods

The care and use of animals and the experimental protocols
of this study were approved by the Institutional Animal
Care and Use Committee and the Office of Laboratory
Animal Resources of Xuzhou Medical University, follow-
ing the National Institutes of Health Guide for the Care and
Use of Laboratory Animals (NIH Publication No. 8023,
revised 1978). C57BL/6 mice were purchased from Jinan
Pengyue Laboratory Animal Breeding Co., Ltd (Jinan,
China), and were group-housed (<4 per cage) on a 12-h
light/dark cycle. The mice had free access to water and
food. In some feeding experiments, the mice were fasted
using paradigms described in the Results. Efforts were
made to minimize animal suffering and to reduce the
number of animals used.

Animal Surgery
Mice (4-5 months old) were anesthetized with sodium

pentobarbital (40 mg/kg) and stabilized on a stereotaxic
frame (RWD Life Science Co., Ltd, Shenzhen, China).
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Adeno-associated viral vector serotype 2 (AAV2/9) carry-
ing CaMKII promoter-driven GCaMP6S or ChR2-eYFP or
NpHR3.0-eYFP or eGFP (0.3 L, 2-4 x 10'? viral genome
copies/mL, BrainVTA (Wuhan) Co. Ltd, Wuhan, China)
was injected into the STN (AP, 1.75 mm; ML, 1.5 mm;
DV, 4.8 mm). Then, we bilaterally implanted optical fibers
(200 pm in diameter, NA 0.37; Inper, Hangzhou, China)
with tips at the viral injection site for fiber photometric
recordings, or at 0.2 mm above this site for optogenetic
modulation. The mice were allowed 4 weeks of recovery
before the experiments.

Patch-Clamp Recordings

To verify the function of the viral vectors used for fiber
photometry and optogenetic manipulations, we performed
patch-clamp recordings on brain slices prepared from 5-7-
month old C57BL/6 (wild-type, WT) mice, using a
previously described protocol with some modifications
[32-35]. In brief, the mice were deeply euthanized with
CO,, and then decapitated. The brain was removed and cut
into parasagittal slices on a vibratome (VT-1200S, Leica,
Wetzlar, Germany) while immersed in ice-cold modified
sucrose-based artificial cerebrospinal fluid (sACSF) (con-
taining (mmol/L) 85 NaCl, 75 sucrose, 2.5 KCI, 1.25
NaH,PO,, 4.0 MgCl,, 0.5 CaCl,, 24 NaHCOj; and 25
glucose) saturated with 95% 0,/5% CO, (carbogen) [32].
Slices containing the STN were allowed to recover at 32 +
1°C in a holding chamber, filled with carbogenated sACSF.
One hour later, the slices were transferred into carbo-
genated normal ACSF, containing (mmol/L) 125 NaCl, 2.5
KCl, 1.2 NaH,PO,, 1.2 MgCl,, 2.4 CaCl,, 26 NaHCOs3,
and 11 glucose, and kept at room temperature. One slice
was transferred into the recording chamber, and superfused
(1.5-2.0 mL/min) with carbogenated ACSF at 32 & 0.5 °C.
Three to four slices per mouse were used for recordings on
each day.

The neurons in slices were visualized under an upright
microscope (FN-1, Nikon, Tokyo, Japan) equipped with a
CCD-camera (Hamamatsu Flash 4.0 LTE, Iwata, Japan)
and near-infrared and green fluorescence illumination.
Whole-cell patch-clamp techniques were used to record
electrophysiological signals with MultiClamp 700B ampli-
fiers (Molecular Devices, San Jose, USA), Digidata 1550B
analog-to-digital converter (Molecular Devices, San Jose,
USA), and pClamp 10.7 software (Molecular Devices, San
Jose, USA). Each patch electrode had a resistance of 4-6
MQ when filled with pipette solution containing (in mmol/
L) 135 K gluconate, 5 KCI, 0.2 EGTA, 0.5 CaCl,, 10
HEPES, 2 Mg-ATP, and 0.1 GTP. The pH of the solutions
was adjusted to 7.2 with Tris-base, and the osmolarity was
adjusted to 300 mOsm with sucrose.
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Blue (472 nm) and yellow (589 nm) light (Doric lens
LED fiber light sources: 4-channel model, Quebec,
Canada) were delivered to STN neurons expressing
ChR2-eYFP and NpHR3.0-eYFP, and the light responses
of these neurons were recorded in both voltage- and
current-clamp modes.

Fiber Photometry

The mice receiving AAV2-CaMKII-GCaMP6S or AAV2-
CaMKII-eYFP injection and carrying an optical implant
with the tip in the STN were transferred to a testing room.
After an hour of habituation to the environment, each
mouse was placed in a narrow track or a clean cage. Fiber
photometry instrument (Thinkertech, Nanjing, China)
[36-39] was used to monitor the GCaMP6 signals in
STN neurons, and the mouse was simultaneously moni-
tored with an animal behavior tracking system (Noldus
Information Technology, Wageningen, The Netherlands)
through an infra-red camera. We adjusted the instrument by
setting the excitation light to 50 uW and the gain to a level
that gave a background signal of 3 units measured when the
end of the input cable was in the dark. After the input cable
was connected to the optical implant in the mouse, the
instrument read total light signals. The difference between
the total signal and the background signal was used as the
baseline GCaMP6 signal. To quantify responses evoked by
eating or drinking, we averaged the GCaMP6 signal during
2 s just before the response to give the F,, value. The peak
response was quantified as [peak signal (F) — Fy] x 100% /
Fy (in the figures, (F — Fy) is abbreviated to AF). The total
response of STN neurons to one eating bout was quantified
as the area under the peak (unit x s), that is, the area under
the curve (AUC).

Optogenetic Modulation of STN Neurons

The mice receiving AAV2-CaMKII-ChR2-eYFP injection
and carrying an optical implant with the tip in the STN
were used for the optogenetic stimulation of STN neurons,
while those receiving AAV2-CaMKII-NpHR3.0-eYFP
injection in the STN were used for optogenetic inhibition.
The mice receiving AAV2-CaMKII-eGFP served as con-
trols. Blue (473 nm, 5 ms pulses, 4 mW) and yellow (598
nm, constant, 3.5 mW) lasers (Newdoon, Hangzhou,
China) were used to activate ChR2 and NpHR3.0, respec-
tively in vivo. After experiments, each mouse was eutha-
nized in a CO, chamber, and the location of optical implant
and viral expression and spread were checked under a
fluorescence microscope. Mice with off-target implants,
poorly-expressed virus, or spread of virus to other areas
were excluded.

Behavioral Tests
Food Intake

Before the experiments, we provided peanut pellets, small
chocolate chunks, and sugar bars to mice for 1 h each day
for 3 consecutive days to familiarize them with these
palatable foods. The small pieces of these foods and rodent
chow weighed 20 mg—-60 mg, and the mice were able to
consume each piece of food in a single bout. Food intake
was measured after the specific feeding paradigms
described in the Results.

Voluntary Movement Test

Mice were placed in a round open field arena and their
motor behavior was recorded with a video camera con-
trolled by Ethovision XT 11.5 software (Noldus Informa-
tion Technology, Wageningen, The Netherlands) [33, 40].
After a 10-min baseline measurement, the mice were
subjected to 3 min optogenetic stimulation or inhibition of
STN neurons. The distances traveled were compared
before and during optogenetic modulation to address
whether the motor functions were altered.

Confocal Microscopy

Low and high magnification images were acquired with a
Zeiss LSM 880 confocal microscope (Oberkochen, Ger-
many), equipped with Plan Apochromat air objectives
[10x (NA, 0.45), 20x (NA, 0.8), and 40x (NA, 0.95)] and
six laser lines (405, 458, 488, 512, 561, and 633 nm). The
microscope was controlled by Zen2 acquisition software
(Zeiss, Oberkochen, Germany), enabling automatic tiling
and z-stacking. The images were processed with Imagel
[41].

Data Analysis

The fiber photometry signals were converted into Excel
files with a program provided by the manufacturer
(Thinkertech, Nanjing, China), then were read and pro-
cessed in Clampfit 10.7 (Molecular Devices). The event-
related responses of GCaMP6 signals were quantified as
the peak over the baseline, and are presented as percentage
changes. The two-tailed paired #-test or the Wilcoxon
signed-rank test was used to analyze the differences of
STN responses and food consumption under different
conditions. One-way ANOVA was used to compare STN
responses to different types of palatable food. Repeated
measures ANOVA was used to analyze the changes of STN
responses to repeated consumption of foods. P values
<0.05 were regarded as statistically significant.
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Results

STN Neurons Respond to Food Consumption
in Freely-Moving Mice

To address whether STN neurons are involved in mouse
feeding behavior, we used fiber photometry to examine the
change of STN neuronal activity when the mice were
consuming food (Fig. 1A, B). During feeding tests, we kept
a mouse outside the sliding gate to a track, while placing a
piece of peanut pellet by the end of the track (Fig. 1B).
Interestingly, we recorded a robust rise in the GCaMP6S
signal in the STN when a mouse grabbed and ate a peanut
pellet, and the signal returned to baseline after the mouse
finished eating (Fig. 1C, left panel). The durations of
GCaMP6S signal bursts matched those of eating bouts.
Because of the fast decay, the STN responses likely derived
from the actions of ingestion, including licking, biting,
chewing, and swallowing, and the feelings related to these
actions. The fluorescence signal in the STN transduced
with eYFP remained the same when a mouse was eating a
peanut pellet (Fig. 1C, right panel, D, E). After finishing
the behavioral tests, we sacrificed the mice and confirmed
that the optical fibers were localized in the STN (Fig. 1B,
right panel). The data indicated that STN neurons respond
to food consumption.

To determine whether the response of STN neurons to
food diminishes with repetitive consumption, we used two
paradigms: 5 trials with an interval of 1 min (Fig. 1F, G),
and 5 trials with an interval of 1 min on 5 consecutive days
(Fig. 1H, I). We found that the food consumption-induced
increase of the GCaMP6S signal did not change with
repetitive feeding in the two paradigms.

When we randomly fed the mice with 30, 50, or 90 mg
peanut pellets, the mice ate the pellets within a single
eating bout. The durations of the eating bouts increased
with pellet size (Fig. 1J). The STN responses to peanut
consumption displayed similar amplitudes, but increased
durations as pellet size increased (Fig. 1J, K, L), consistent
with the notion that the STN responses concord with eating
bouts.

Motivation to meet physiological homeostasis is one of
the major drives for animals to eat and drink. Mice may
evaluate the outcome after finishing the action of biting and
drinking. To address whether STN neurons encode the
action or evaluation of the outcome of the action, we
provided the mice with artificial food, a piece of rubber
with the shape of rodent chow. When we compared the
STN responses to artificial food and real rodent chow
(Fig. 2A), we found that the biting (without eating) of
artificial food resulted in much smaller responses in STN
neurons than those of rodent chow (Fig. 2B, C), and the

@ Springer

Fig. 1 The activity of STN neurons is enhanced during foodp
consumption. A Schematic of recording protocol. Left panel, AAV-
CaMKII-GCaMP6S or AAV-CaMKII-eYFP was injected into the
STN infects STN neurons; middle panel, a 200-pum optical fiber was
inserted into the STN to record GCaMP6 signals; right panel, higher
magnification image corresponding to the white box under the optical
fiber (cp, cerebral peduncle; GPi, internal segment of the globus
pallidus; SNr, substantia nigra pars reticulata). B Cartoon of feeding
paradigm. Mice fasted overnight are placed in a narrow chamber
behind a sliding gate, and food is provided 15 cm from the gate.
C GCaMP6S and eYFP signal (green trace) in STN neurons and
moving speed (black trace) were aligned when the mouse approached
the food pellet, ate it, and departed. D, E Summary of changes in
GCaMP6S (n =9) and eYFP signal (n = 9) in the STN in response to
food consumption (peak: t = 6.12, P = 0.0003, two-tailed #-test; area
under the curve (AUC): t = 2.95, P = 0.02, two-tailed t-test). F—
I Typical amplitudes (F) and summary (G) of STN responses to food
consumption on the same day (n = 6, F = 1.29, P = 0.31, repeated
measures ANOVA) and on consecutive days (H and I) (n = 6, F =
1.29, P = 0.31, repeated measures ANOVA). J, K Typical durations
(J) and summary (K) of responses of STN neurons to food pellets of
different sizes (F = 146.4, P <0.001, repeated measures ANOVA,
pairwise multiple comparisons, P <0.001, Student-Newman-Keuls
method). L. Summary of AUC (F = 17.81, P <0.001, one-way
ANOVA).

difference may correspond to the outcome evaluation after
food reception.

We also examined the responses of STN neurons to licks
of a water nozzle with or without the delivery of water in
mice being deprived of water for 12 h in the dark phase
(Fig. 2D). We found GCaMP6S peaks in STN neurons
congruent with bouts of licking, and the responses were
larger when water was provided (Fig. 2E, F). Consistent
with those to food consumption (Fig. 1F, G), the peak
responses of STN neurons to bouts of licking with or
without water did not change in consecutive trials
(Fig. 2G). These data suggest that STN neurons might
enhance activity not only upon actions to obtain food and
water, but also upon outcome evaluation after the reception
of food and water.

Effects of Palatability and Aversive Flavor of Foods
on STN Responses in Hungry Mice

We then performed experiments to determine whether the
food responses of STN neurons differ with the food
properties: palatability (Fig. 3A) and aversive flavor
(Fig. 3C). As the rewarding effects of a food may vary
with its palatability, we fed hungry mice with rodent chow
and palatable foods (such as sugar, peanut and chocolate)
to determine whether STN neurons respond differently.
Before the tests, we exposed the mice to 5-10 pellets of
these palatable foods each day for 2-3 consecutive days to
familiarize them with the foods. This procedure may
eliminate the confounding effects of food familiarity on the



H. Wu et al.: The Involvement of the Subthalamic Nucleus in Food Intake 1359

A
v AAV-CaMKI-GCalMP6

3 wks

¢ Fiber implant B Feeding paradigm

12 h Dark 12 h Light
,l
Fasting , Feeding / min

AAV-CaMKII-GCaMP6

AAV-CaMKll-YFP Y XX )
S / 1
\ 1
/ \ Cered
y | sTN™
—=— Rostral
C GCaMP6S eYFP D Fluorescence intensity E Fluorescence change
N = during eating during eating
X = Rls5s
X 100 ® :a 5 S
o © 80 c 4
E T 60 ° 2 3
g o5 olss < O -
°|£s £8 S ) s
& S & 20 E
~<\ & ~<\ & 0 0
® ®
& & & & GCaMP6 eYFP GCaMP6  eYFP
K ® K ©
? >
F STN responses to peanut consumption G STN responses
First Second Third Fourth Fifth

100
80 ’\!\f\i/l
n=5

x 60
ﬁl_ 40
2s 20
0 T T T T T T
1st 2nd 3rd 4th 5t
L ] — —

% baseline

Eating 1 — Feeding
H STN responses | STN responses
Day 1 Day 2 Day 3 Day 4 Day 5 100
LS 80
L 60
< YI\H‘I
xR = 40
o
20 =
N 2s n=5
0
Eating —— —— — [ 1 , 123 45
Day
J STN responses to peanut K STN responses L Fluorescence
to peanut during eating
30 mg 50 mg 90 mg n=5*x n=5 **x
60 *% :S.D\ 6
o —~ 50 * ” =5
NS 2 40 S 4
S| g 30 o 3
= 20 D 2
5s 10 < 1
0 0
30 50 90
Eating —— I 1 I ] Peanut (mg) Peanut (mg)

@ Springer



1360

Neurosci. Bull. November, 2020, 36(11):1355-1368

STN responses to food consumption
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Fig. 2 STN neurons are activated by both the procurement and
outcome evaluation of food. A Cartoon of feeding paradigm. After
fasting, mice were presented with rodent chow or artificial food. B,
C Typical (B) and summary responses (C) of STN neurons to rodent
chow and artificial food (n = 5, t = 3.1, P = 0.04, paired t-test).
D Cartoon of drinking paradigm. After overnight deprivation of water
each mouse is allowed to drink from a water nozzle in which the
water flow is controlled by an electromagnetic valve. E Licking
responses in STN neurons recorded when water is (blue) or is not

results. We found that the GCaMP6S signal in STN
neurons increased with similar amplitudes when the mice
were consuming these foods (Fig. 3A, B). Therefore, in the
hungry state, STN neurons may not discriminate the
palatability of foods.

To determine whether STN neurons also respond to
aversive signals, we provided the mice with bitter peanut
pellets (dipped in 0.2% quinine) (Fig. 3C). They usually
did not eat up the bitter peanut pellet within a single eating
bout. Thus, the duration of each bout was much shorter
than that for a plain peanut pellet (Fig. 3C). The STN
neurons showed much shorter and smaller responses to the
consumption of bitter peanuts than to plain peanuts
(Fig. 3C, D, E).

The STN responses to the plain and bitter peanut pellets
suggest that STN neurons may encode the valence of the
food with varied enhancement in activity.
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(F = 1.18, P = 0.36, one-way repeated measures ANOVA) and
without (F = 2.67, P = 0.10, one-way repeated measures ANOVA)
water versus trial number.

Satiation Reduces the Responses of STN Neurons
to Food Consumption

It is well known that feeding behaviors are regulated by the
status of energy homeostasis [23, 26, 27]. We next
compared STN responses to food consumption in mice
after overnight fasting or after feeding ad libitum in the
dark phase (Fig. 4A). Although immediately after entering
the track the mice directly approached food at similar
speeds in both hungry and sated states (Fig. 4B), they
consumed less pellets of chocolate, peanut, and rodent
chow after they were regularly fed (Fig. 4C). These results
are consistent with the notion that sated mice have a
reduced appetite. Furthermore, the enhancement of STN
neuronal activity recorded with fiber photometry in
response to the consumption of chocolate, peanut, and
rodent chow was attenuated when the mice were regularly
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fed (Fig. 4D, E). Therefore, satiation reduces the STN
responses to food consumption.

In addition, in sated mice, STN responses to consump-
tion of rodent chow were significantly smaller than those to
the consumption of sugar, chocolate, and peanut (Fig. 4D,
E), in stark contrast to the similarity of STN responses to
rodent chow and palatable foods in hungry mice (Fig. 3A,
B). Thus, STN neurons may discriminate the palatability of
food in sated mice.

Excitability of STN Neurons Differs Between Hun-
gry and Sated Mice

To understand whether the more robust STN response to
food consumption in the hungry than the sated state is
associated with energy state-dependence of the excitability
of the STN neurons, we performed patch-clamp recordings
to measure spontaneous and evoked firing of STN neurons
in brain slices. We found that the spontaneous firing rates
of STN neurons were higher in hungry than in sated mice
(Fig. SA-C); in addition, the responses to depolarizing
stimuli were greater in hungry than in sated mice (Fig. 5SD-
E). As illustrated in Fig. 5F, STN neurons in hungry mice
showed lower input resistance than those in sated mice.
This result supports the notion that the enhanced responses
of STN neurons in hungry mice to depolarizing stimuli
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0.026, paired #-test).

may come from activation of ion channels contributing to
neuronal excitability rather than the increase of membrane
resistance. These results suggest that the attenuation of the
STN responses to food consumption in sated mice relative
to hungry mice is associated with lower excitability of STN
neurons.

Modulation of Food Intake by STN Neurons in Light
and Dark Phases

Our preceding data demonstrated that STN neurons
represent food consumption. The data suggest that STN
neurons are involved in feeding behaviors or are activated
by feeding circuits or feeding-related hormones. To
understand whether STN neurons regulate food intake,
we used optogenetic techniques to bidirectionally modulate
STN neurons and determined whether the modulations
alter food intake (Fig. 6A, D, E). Our brain slice patch-
clamp recording data demonstrated that virally transducing
CaMKII-ChR2-eYFP and NpHR3.0-eYFP (left panels in
Fig. 6B, C) in the STN allowed photo-stimulation (Fig. 6B,
right panel) and photo-inhibition (Fig. 6C, right panel) of
STN neurons, respectively.

After verifying the functionality of viral vectors, we
photo-regulated STN neurons while measuring food intake
in freely-behaving mice after overnight fasting or regular
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Fig. 4 STN responses to food intake decline with satiation. A Cartoon
of protocol for satiation study. After overnight fasting or feeding
ad libitum, mice were provided with food during the day. B Mice in
hungry (blue) and sated (dark brown) states approached food pellets
at similar speeds (sugar: t = 0.31, P = 0.62; chocolate: t = 0.33, P =
0.75; peanut: t = 1.22, P = 0.29; chow: t =0.42, P = 0.69, n = 5, paired
t-test). C Compared with hungry mice, sated mice ate fewer peanut
pellets (¢ = 14.55, P <0.0001, n = 5, paired t-test), chow pellets (t =
24, P <0.0001, n = 5, paired t-test), and chocolate chunks (z = 6.53,
P =0.003, n=5), but similar amounts of sugar ( =2.06, P=0.11,n =

feeding (Fig. 6D, E). We found that neither photo-stimu-
lation (Fig. 6F) nor photo-inhibition (Fig. 6G) of STN
neurons altered the 5-min food consumption after over-
night fasting or regular feeding.

As the STN is involved in motor control
[2, 3, 18, 42, 43], optogenetic modulation of STN neurons
could alter movement, and subsequently interfere with food
intake. To discriminate this confounding issue, we assessed
the locomotor behavior while performing optogenetic
regulation of STN neurons. We found that photo-stimula-
tion of STN neurons reversibly enhanced the distance
traveled per min in an open field by ~50% (Fig. 6H),
while the motor effects of photo-inhibition were not
statistically significant (Fig. 6I). Therefore, the regulation
of food intake by optogenetic inhibition was not contam-
inated by altered locomotion.

As nocturnal animals, mice without fasting eat actively
in the dark phase, but rarely in the light phase [44], we then
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5). D, E Typical traces (D) and summary (E) of responses of STN
neurons to different foods in the day after overnight free access to
food or overnight food deprivation (sugar, t = 1.32, P = 0.26, n = 5;
chocolate, t =2.8, P =0.047, n = 5; peanut, t = 3.02, P =0.02, n = 7;
chow, t = 12.25, P = 0.0002, n = 5, paired t-test, fasted vs fed states).
In the fed state, STN neurons responded differently to the consump-
tion of different foods (F = 4.90, P = 0.02, two-way ANOVA;
pairwise comparison: ¢ = 3.65, P = 0.01, chow vs sugar; t = 2.69, P =
0.039, chow vs peanut; t = 1.59, P = 0.138, chow vs chocolate, Holm-
Sidak method, n = 5).

reversed light-dark cycle for at least 2 weeks, and
measured 2-h food intake in the dark phase (Fig. 7A).
After obtaining a stable baseline for at least 3 days, we
applied optogenetic modulation to STN neurons (Fig. 7B).
Photo-stimulation or photo-inhibition of STN neurons
reduced (Fig. 7C) or increased (Fig. 7E) food intake,
respectively. Note that photo-modulation of STN neurons
significantly regulated food intake in the first hour, rather
than the second hour (Fig. 7D, F), suggesting changes in
the speed of eating. These results are similar to those of a
previous study showing that a lesion in the STN increases
food consumption in the first but not in the second hour
[21].

These data indicate that stimulation of STN neurons
reduces and inhibition of STN neurons increases food
intake in the dark phase.

Our preceding data showed that STN neurons regulate
food intake in the dark phase but not in the light phase. To
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Fig. 5 Excitability of STN neurons differs between hungry and sated
states. Cell-attached and whole-cell recordings were made from STN
neurons in mice subjected to food deprivation (Fasted) and free access
to food (Fed). A-C Typical traces of spontaneous firing (A), summary
(B) (Fast: n = 17; Fed: n = 18; t = 2.32, P = 0.026, Student’s r-test),
and distribution (C) of spontaneous firing rate (Fast: n = 17; Fed: n =
18; statistics = 0.67, P <0.000001, Kolmogorov-Smirnov test).
D Typical traces of spontaneous (0 pA) and evoked (80 pA) firing
from STN neurons in a fasted mouse (blue traces) and a fed mouse

determine the influence of light-dark cycle on STN
responses to food intake, we performed fiber photometric
recordings from freely behaving mice with AAV-CaMKII-
GCaMP6S injection in the STN, and measured the
responses of STN neurons to peanut pellet consumption
in the light and dark phases (Fig. 8A-C). After 20 h food
deprivation, the mice exhibited similar enhancement in the
activity of STN neurons while the mice were consuming
peanut pellets in the light and dark phases. These data
suggest that STN responses to food intake may not change
with the light-dark cycle.

Discussion

STN neurons are known to be involved in several
behaviors, including movement, pain sensation, reward
expectation, and reception [29-31, 45, 46]. In the present
study, we showed that the activity of STN neurons
exhibited a robust enhancement during the consumption
of solid food, varying with physiological energy status of

(black traces). E Enhanced firing rates in response to depolarizing
current (Fasted (n = 17) vs Fed (n = 14), F = 13.77, P <0.0001; among
currents (0-260 pA): F = 433.5, P <0.001; interaction between Fast /
Fed with Currents: F = 13, P <0.001; two-way repeated measures
ANOVA). F Membrane resistance measured as the response to a
5-mV hyperpolarizing voltage step from Vg (50 mV) in STN
neurons of fed (n = 12) and fasted mice (n = 17) (t = 3.33, P = 0.003,
Student’s #-test). These data were from 4 cage-mates: two were fed
ad libitum, and two were subjected to 12—14 h of fasting.

the mice and the size, aversive flavor, and palatability of
the food (Figs. 1, 4), and optogenetic modulation of STN
neurons regulated food intake in the dark phase rather than
the light phase (Figs. 6, 7). These results indicate that the
STN represents and modulates food intake depending on
internal physiological states and food properties.
Although the responses of STN neurons to drinking
sweet and bitter liquids have been reported [29, 30, 45], no
information is available about their responses to the
consumption of solid food. Because the neural substrates
mobilized by drinking and eating behaviors are different, at
least in the sensory receptors [26, 47], STN neurons may
differ in the responses to drinking and food intake. In the
present study, we found that the activation of STN neurons
by food consumption was enhanced (longer duration, but
similar amplitude) when larger food pellets were ingested,
but was reduced in both amplitude and duration when bitter
food pellets were received. Breysse et al. demonstrated that
the activity of STN neurons increases upon the reception of
either sweet (sugar) or bitter (quinine) liquid, and the
amplitude of the responses is augmented with more

@ Springer



1364

Neurosci. Bull. November, 2020, 36(11):1355-1368

A B

Optogenetic modulation
ChR2-eYFP

AAV-CaMKII-ChR2-eYFP
AAV-CaMKII-NpHR-eYFP
AAV-CaMKIl-eGFP

1 Optical

/

4

1
ES
‘©
%)
2
(o]
©

F
Locations of
optical fibers S 0.8 Fasted
© ChR2 “ NpHR 2
o 067
£ 8
'8 0.4 1|0
Re)
£ 027
€
v 00-

Photo-stimulation

Photo-stimulation of STN neurons H

ChR2 eGFP ChR2 eGFP

Photoinhibition

— <
Ty S
5 o S
O % N

S0

Distance traveled
P=0.006

Regularly fed
egularly fe 180 -

150 7
120 A
90 1
60 A
30 A H
0 T T
+

Photo-_stimulation_

% Pre-light

E'l O 0
lg! ol cE]

E Feeding paradigm G Photo-inhibition of STN neurons I Distance traveled
12hDark 12 h Light —_ Fasted Regularly fed ns
Fasted / JR4 ‘~\\ % 0.8 4 140
Fed 75 min 5 min~< £ 120-
- | — ] x i >
ad libitum Explore Feeding ‘g 06 K0 TE 100
T 044 g 807
g < 60
c 021 40
d} =P IS &_ 20
v 0.0 I 1 1 0 T T T

NpHR eGFP NpHR eGFP -+ -

Fig. 6 Bidirectional optogenetic modulation of STN neurons does
not change food intake in the light phase. A Cartoon of optogenetic
modulation protocol. AAV-CaMKII-ChR2-eYFP (ChR2), AAV-
CaMKII-NpHR3.0-eYFP (NpHR), or AAV-CaMKII-eGFP (eGFP)
is injected into the STN and an optical fiber is implanted above the
STN. B AAV-CaMKII-ChR2-eYFP is transduced into STN neurons
(left panel), and blue light evokes an inward current in a voltage-
clamped (Vi = =50 mV) STN neuron (upper right) and time-locked
firing in a current-clamped STN neuron (lower right). C AAV-
CaMKII-NpHR3.0-eYFP is efficiently transduced into STN neurons
(left panel), and yellow light evokes an outward current in a voltage-
clamped (Vi = =50 mV) STN neuron (upper right) and time-locked
blocking of spontaneous firing in a current-clamped STN neuron
(lower right). D Locations of optical fiber tips in the STN of mice in
photo-inhibition experiments. E Cartoon of feeding protocol. After
overnight fasting or regular feeding, each mouse is placed in a clean

concentrated sugar solutions [30]. These results suggest
that STN neurons may encode the relative size and valence
of food with a pattern different from the concentration and
valence of liquid [30].

The pattern of STN responses to food consumption also
differs from that of midbrain DA neurons to reward
magnitude and valence [48, 49]. First, midbrain DA
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Photo-inhibition

cage in the day, allowed to habituate for 5 min, and then to consume
food for 5 min. F Five-minute food intake in ChR2 and eGFP mice
without (white bars) and with (blue bars) blue light stimulation (10
ms, 20 Hz, for 5 min) on two consecutive days (Fasted: ChR2, n = 10,
t=1.19, P = 0.26; Fasted: eGFP, n =17, t = 0.5, P = 0.62; Fed: ChR2,
n=10,1=1.07, P =0.31; Fed: eGFP, n =7,1=0.35, P =0.74). G In
NpHR and eGFP mice, 5-min food intake without (white bars) and
with (yellow bars) yellow light stimulation (5 min constant light)
(Fasted: NpHR, n = 8, t = 0.29, P = 0.78; Fasted: eGFP, n =7, t =
2.04, P = 0.09, paired ¢-test; Fed: NpHR, n = 10, t = 2.41, P = 0.04;
Fed: eGFP, n =7, t=1.87, P = 0.11, paired #-test). In F and G, each
open circle represents a data point from one mouse. The data points
from the same mouse in two different conditions are connected with a
line. H-I Modulation of locomotion by optogenetic stimulation (H,
blue) (n = 7, t = 5.31, P = 0.006, paired #-test) and inhibition (I,
yellow) (n =7, t = 2.20, P = 0.08, paired ¢-test).

neurons discriminate the magnitude of a reward by
recognizing the difference between the encountered and
experienced reward: enhancing activity upon a better
reward, but suppressing activity upon a worse one. Second,
midbrain DA neurons display opposite responses to
rewarding and aversive stimulation.
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Fig. 7 Bidirectional optogenetic modulation of STN neurons alters
food intake in the dark phase. A Cartoon of the virus injection
protocol. AAV-CaMKII-ChR2-eYFP (ChR2), AAV-CaMKII-
NpHR3.0-eYFP (NpHR), or AAV-CaMKII-eGFP (eGFP) was
injected into the mouse STN and an optical fiber was implanted
above the STN. B Cartoon of the feeding paradigm. The mice were
provided with rodent chow in the light phase, but deprived of food in
the dark phase; 2-h food-intake was measured in the dark phase. C-
F After a stable baseline was obtained for at least 3 days, 2-min
episodes of blue light (20 Hz, 10 ms) separated by 2-min intervals
were delivered into the STN of ChR2 and eGFP mice (C, D; ChR2:
n==6,t=3.82, P=0.02, paired r-test; eGFP: n =7, t=0.16, P = 0.88,

paired #-test; day 0 vs day —1), or 2-min episodes of yellow light
(constant) separated by 2-min intervals were delivered into the STN
of NpHR and eGFP mice (E, F; NpHR: n = 7, t = 2.88, P = 0.03;
eGFP: n=7,t=0.16, P = 0.88, paired t-test; day O vs day —1). Photo-
stimulation (D) of STN neurons reduced and photo-inhibition
(F) increased the food intake in the first hour (ChR2: n = 6, t =
3.44, P = 0.02; eGFP-blue light: n =7,1=0.12, P = 0.91; NpHR: n =
7, t =3.55, P = 0.01; eGFP-yellow light: n =7, t = 0.20, P = 0.85,
paired #-test), but not in the second hour (ChR2: n = 6,1 =0.48, P =
0.65; eGFP-blue light: n=7,t=1.09, P=0.32; NpHR: n=7,1=0.58,
P =0.58; eGFP-yellow light: n =7, t = 1.55, P = 0.17, paired #-test).
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Fig. 8 Representation of feeding is not altered in the dark phase.
A Fiber photometry was performed in mice injected with AAV-
CaMKII-GCaMP6S into the STN during feeding in the light and dark
phases. Food was deprived for 20 h before tests in both situations.

Previous electrophysiological studies have shown that
the activity of STN neurons is enhanced upon drinking
[30], but did not address whether the action of drinking or
eating without the reception of water or food could activate
STN neurons. We recorded smaller STN responses to the
execution of eating and drinking (without procurement of

B Typical traces showing STN responses while a mouse was eating a
peanut pellet in either the light (blue) or dark phase (red). C STN
responses of 5 mice to feeding in the light (blue) and dark (red) phases
(t=1.26, P =0.28, n = 5, paired t-test).

food and water) than those to their successful acquisition
(Fig. 2). This set of experiment suggests that STN neurons
may encode both the action and outcome evaluation of
feeding and drinking behaviors.

Pavlovian conditioning has been used to address the
involvement of STN neurons in processing the liquid
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reward [29, 30, 45]. It was unknown whether STN neurons
can be differentially activated in sated and hungry mice.
We found that STN neurons responded less robustly to
food consumption (rodent chow, peanut, and chocolate)
when the mice were sated than when they were hungry
(Fig. 4). Our electrophysiological data suggest that the
effect of energy deficiency on STN responses to food may
be related to the enhanced excitability of STN neurons.
Further investigations are warranted to elucidate whether
STN neurons are directly or indirectly regulated by hunger-
or satiation-related hormones.

A previous study has shown that STN neurons respond
similarly when a monkey chooses to drink water and sweet
liquid [45]. It seems that monkey STN neurons do not
discriminate between high (sweet liquid) and low (water)
rewards. In contrast, rat STN neurons show enhanced
activation in response to a high concentration, relative to a
low concentration of sugar [30]. In mice, rodent chow may
have a low value, and palatable food a high reward value.
We demonstrated that STN neurons are able to discrim-
inate the palatability of food in sated mice (Fig. 3), but not
in hungry mice (Fig. 2). Therefore, STN responses to food
consumption are determined by species, reward values, and
energy homeostatic status.

It has been demonstrated that either STN DBS or lesions
of the STN increase food intake or the motivation for food
[20, 21, 50]. In these studies, DBS recruits neighboring
neurons and efferent, afferent, and/or en passant axons
(including both excitatory and inhibitory fibers) and lesions
of STN neurons are irreversible. In these scenarios, the
consistent stimulation or inhibition of STN neurons without
neuroadaptation may not be achieved. To overcome these
limitations, we performed bidirectional optogenetic mod-
ulation of STN neurons. Interestingly, in the light phase,
optogenetic modulation of STN neurons did not alter food
intake in either hungry or sated mice, while in the dark
phase, stimulation of STN neurons reduced and inhibition
of STN neurons increased food intake. We argue that in the
light phase, food intake may strongly rely on energy
homeostasis, and STN neurons may lack the ability to alter
this internal drive. On the contrary, in the dark phase, food
intake may be initiated under a natural drive, and
modulation of STN neurons significantly alters food intake.
These data suggest that the STN regulates food intake only
when synchronized with the natural drive for food.

We demonstrated that STN neurons in hungry mice
showed enhanced excitability and stronger responses to
food consumption than those in sated mice (Fig. 3). These
data support the hypothesis that the excitability of STN
neurons is promoted by hunger hormones but inhibited by
satiation hormones. Further investigations are needed to
test this. Our data also suggest that STN responses to
feeding may be relevant to the motivation for food, and
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increasing firing rates in STN neurons with optogenetics
increases food intake. Surprisingly, in our optogenetic
experiments, we found that photostimulation of STN
neurons reduced food intake in the dark phase (Fig. 7).
Regarding this inconsistency, we argue that the excitation
of STN neurons during food consumption could result from
the regulation of STN neurons by feeding circuits, but the
alteration of food intake after optogenetic modulation of
the STN could be a consequence of the regulation of
feeding circuits by STN neurons. These two processes may
mobilize a distinct repertoire of hormones and brain
regions. We found that STN responses to feeding in the
light and dark phases were similar (Fig. 8A-C), suggesting
that the feeding circuits, when activated, stimulate the
STN. However, the regulation of feeding circuits by the
STN may depend on the timing of the natural drive for
food. Further investigations are warranted to address
reciprocal interactions between the STN and the feeding
circuits in different physiological states.

In summary, we reveal that STN neurons are involved in
feeding behavior and regulate food intake. Briefly, the overall
activity of STN neurons was enhanced in response to food
consumption depending on the size, valence, and palatability
of food and the physiological status of the animals; stimu-
lation of STN neurons reduced food intake, while the
suppression of STN neurons promoted food intake. As STN
DBS inhibits neuronal activity in a considerable proportion of
STN neurons [2, 18], we propose that increasing food intake
through inhibition of STN neurons could be a physiological
mechanism underlying the weight gain following STN DBS.
Future studies are needed to further dissect the STN circuits
that separately control motor and feeding behaviors to
precisely restore motor function but avoid weight gain in
the treatment of PD patients with STN DBS.
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