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Abstract

We .investigated the potential of deep brain stimulation (DBS) in the cewittidus of
the amygdala (CeAn ratsto modulate functional reward mechanisms. The CeA is the major
output of the amygdala with direct connections to the hypothalamus and gustatory brzamst
indirectgeonnections with the nucleus accumbens. Fui@ek, has been shown to be involved
in learning, emotional integration,reward processing, and regulation of feeding. We
hypothesized that DBS, which is used to treat movement disorders and other brain dysfunctions
might block reward motivation. In rats performing a lever pressing task to obtainpligar
rewards, we stimulated the CeA and control structures, and compared stimulation parameters.

This article is protected by copyright. All rights reserved



During CeA stimulation, animals stpged working for rewards and rejected freely available
rewards. Tasteeanctivity testing during DBS exposed aversive reactions to normally liked
sucrose tastes and even more aversive taste reactions to normally disliked quinine tastes.
Interestingly given the opportunity, animals implanted in the CeA wouldsetiulate wih 500

ms trains of.stimulation at the same frequency and current parameters as continuous stimulation
that would,stop reward acquisition. Neural recordings during DBS showed that Geshse

were still active'and uncovered inhibitegxcitatory patterns after each stimulus pulse indicating
possible entrainment of the neural firing with DBS. In summary, DBS modulatiorfAntay
effectively usurp normal neural activity patterns to create an “information lesion” that not only

decreasedsmetivational “wanghof food rewards, but also blocked “liking” of rewards.
Introduction

Could=deep brain stimulation (DB®&eat addiction(Heldmann et al., 2012; Rouaud et
al., 2010)ar obesity (Melega et al., 2012; Sani et al., 200Here, we assess the central nucleus
of the amygdala (CeA) aspmtentialtarget for neuromodulation of reward dysfunctiormimic
DBS treatments forParkinson’s diseaséDoshi, 2011; Gubellini et al., 2009; Schwalb &
Hamaniz2008;=Weaver et al., 2008)d other disorders(Chang, 2004; Gubellini et al., 2009)
including OCD (Greenberg et gl.2010; Haber &Brucker, 2009) depressior{Lozano et al.,
2008; Mayberg et al., 2005), and epilepsy (Halpern et al., 2008).

DBS mechanisms remain an enigma althoughtihought to bedue tocell inhibition and
axon activatie{Garcia et al., 2005a; Kringelbach et al., 2007; Okun, 2012). Modeling ssiggest
that high frequency stimulation (> 100 Hz) may impose a regular pattern in neuralscircui
effectively “masking” pathologicaactivity patterns (GH et al., 2004; Johnson &cintyre,
2008). 'Neural recording during stimulation could provide useful insight into DBS mepigni

Here=we: targeted the central nucleus of the amygdala (Geifh ha connectiongo
cortical and=subcortical areas invet/ in processing taste, food consumption, and reward
including«the lateral hypothalamus, ventral tegmental §8=h et al., 2003)parabrachial
nucleus, andaucleus of the solitary tréiRicardo & Koh, 1978)and indirect connections with
the nucleus accumbens and ventral pallididrice & Amaral, 1981) The CeA is composed
largely of mediurrsized spiny neuron$ike the ventral striatunfiMcDonald & Augustine, 1993)

and itsafferens and efferents are primarilgABA-ergic (Swanson &Petrovich, 1998) The
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CeA is involved in reward learningieward processingand regulation of feedingBaxter &
Murray, 2002), though its specific role is still debated (Cai et al., 20%entive motivational
mechanisms may play a robes decrease food consumptionoccurswith CeA lesions and
inactivation(Kemble et al., 1979; Seeley et al., 1993; Touzani et al., 1997; Will et al., 2009; Will
et al.,, 2004)along with increasedfood intake with opioid stimulatior{DiFeliceantonio &
Berridge, '2012; Mahler &Berridge, 2009). Furthermore, CeA activation may focus and
intensify' incentive motivation (Robinson et al., 2014). The hedonic functions of CeA are less
clear with"reports of both increased aversive reactions to bitter tastes with CeA (€suazeni

et al., 1997), as well as reports of unchanged “liking” or “dislikingictemns(Galaverna et al.,
1993; Kemble=et al., 1979; Mahler Berridge, 2011 plthough incentive control bBS would

still be fortuitous.

In this /study, we stimulated CeA with DBRe parametershypothesizing and
demonstrating-that we couldoaiulae 1) working for, 2) approach, and 3) consumptionfedd
rewards. Speeifically, we showed thaever pressing for sucrose pellet rewands reducedby
DBS in CeA The effectwas not due tonotor disruptionput could be due in part mbserved
changes in hdonic evaluation of tastesCeA stimulatiormadetaste stimuli aversive in general.
Simultaneoussneural recordings during D8®wedfewer neural responses tewardrelated
behaviar:

Materials and methods

Male-Spraguddawley rats, ~ 8 13 weeks old (250 g 400 g, Charles River, US) were
used as subjects (n = 20 total, 11 in experiment 1, 9 in experiment 2). Rats wem® house
individually on'a 9:30 a.m. to 7:30 p.m. reversed light/dark schedule with unrestricted sxce
standard rat chow and waté@mimals were paired-housed prior to electrode implantatior).
Testing was carried out during their dark (active) period. Two experiments wésenpe to
investigate the effects of deep brain stimulation (DBS) in the central nucleus of the amygdala
(CeA) on reward behavior. Experiment 1 assessed the effects of DBS on an operant responding
task. Experiment 2 assessed the effects of DBS on “liking” and “disliking” reactions to tastes.
All procedures were approved by the University of Michigan Institati@nimal Care and Use
Committee, in accordance with the National Institute of Health’s guidelines for the care and use

of laboratory animals.
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Experiment 1 (operant task)
Apparatus

All training and testing were conducted in a 28 cm x 35 cm x 60 cm plastimber
illuminated*by“red light from below with a metal grid (to ground the animal) over a glass floor.
The rat’s electrode was connected to the recording and stimulating system via a headstage cable
and commutator. The commutator enabled the rat to freely move around and explore the
chamber., For the operant responding task, two retractable levers (Coulbourn Imstyume
Whitehall /PA'YS) were attached to one wall of the chamber and located on either side of a food
bowl. Touch*detectors were connected to both levers in order to assess leaetscoBne of
the levers was designated as the reward lever and delivered a sucrose pellet to the food bowl
contingent=upon lever contacts. The other lever served as a control for generpldesay
behavior, where responses were recorded, but had no consequences. The location of the reward
and control lever was countbalanced across rats and remained consistent for each rat

throughout the study.

In awseparate seftimulation study, levers were retracted and two 2.5 cm diameter nose
poke holes with photbeam detectors were exposed on the cage wall. Poking in a designated
reward holes(Countebalanced between animals), triggered intracranial stimulation. Poking the
control hole did nothing (timg was recorded).

Delivery.of all stimulus and reward presentations, as well as recording of responses were
managed By MTASK (i#house program). Electrical stimulation was delivered using a constant
current digital*stimulus isolator (M systems, Carlslyg, WA, US) with timing (frequency and
pulsewidth) controlled by a LabVIEW (National Instruments, Austin, ,T¥S) program
developed in the lab. Neural activity was recorded during the test sessiogsansinhouse
program, sDataTask (written in LabVIEW) Neural signals were amplified (x1000) and
bandpasditered between 300 Hz and 6 kHz. This relatively low gain was used to prevent
amplifiersaturation and consequent lauk by the large amplitude stimulation artifacts. A
video cameramunderneath tiggass floor recorded all behavior. Timestamp clocks (10 ps
accuracy) for the behavior control program, video recording, and neural recordieg wer
synchronized to enable subsequent analysis of neural activity related to storadaatations

and behavial responses.
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Behavioral training

Habituation Three to five days prior to the start of training, rats were handled for 10 to
15 minutes daily and given free access to bafflavared sucrose pellets (used throughout
experiment 1).in their home cagd® (o 15 pellets per day). One day prior to training, rats were
placed in the chamber for 30 minutes with the levers retracted to acclimatize them to the testing

chamber.

Food seHadministration paradigm Ten minutes aftean animal was placed in the
chamber, bothilevers extended into the chamber where they remained for the rest of the 40
minute session. Training began with a fixed ratio schedule one (FR1) in which each ebntac
the reward lever delivered one sucrose pellet, followed by a 500 ms tim@duen the rats
delivered more=than 10 pellets and touched the reward lever three toneshan the control
lever, they=were then trained on a limited progressive ratio paradigm (5 FR15tRS trials,
and then (FR10 trials for the remainder of #ession). The successful delivery of 5 pellets
triggered the shift from FR1 to FR5 and again from FR5 to FR10. There was a 500 +oattime
period between lever contacts (Figure l.a.). Once animals had consistent average lever

responses-across three consecutive days, they were implanted with electrodes.
Surgical precedures

Electrodes consisted of twooveablebundles of six wires (two 75 pm stainless steel
stimulatingwwires, four 50 pum tungsten recording wires). Each bundle could besdowe
independemy. ‘WUnderl — 2 % isoflurane anesthesigith oxygen maintenance & 1.5L/min),
electrodes were fixed to the skull stereotaxicdllyndell et al, 2004) targeting the central
nucleus of the amygdala (AR.0 mm, ML £3.4 mm to £3.5 mm, DV 7.0 mm to 8.5nnin
seven rats. Four surgical/stimulation control rats had electrodes in thel veallidum,
extended mamygdala, medial anterior dorsal nucleus of the amygdala, amygdala striatum
transitional-area, and inferior to the CeAhermal support was providezhdvital signswere
monitoredduring the procedureFor pain managementiaals wereggiven Flunixinmeglumine
(2.5 mg/kg subcutaneously) prior to removal from anesthesialandwicethe next day (and
subsequent days needed).A thin layer of lidaaine jelly and bacitracin was placed around the
wound edge after closure and the animal was giver2 Imls of warm sterile saline (0.9%)

intraperitoneallyto help prevent dehydrationAfter anesthesia recovery, animals wamised
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individually with free access tdood and water. PenicillirG benzathine (15,000 units/daily
subcutaneous)ywas given immediatelgfter surgery and the following dayRats wereggivenat

leastfour days to recover before screeniagts.
Screening

Screening tests were used to search for the optimal electrode depth location and lowest
effective current. Each screening session consisted of a 1 minute habitation period and 10
minute operant response paradigm (describ&ghavioral training. Stimuhktion was delivered
continuously at, 130 Hz (seStimulation parametejs If stimulation had no effect on pellet
delivery or“produced motor side effects (e.g. paw twitching, turning), both electrodes were
lowered in increments of 0.16 mm. Electrode advancement stopped when stimulatezhacaus
cessationrof-pellet delivery and there were no adverse motor effects. Searching was also stopped
at 8.5 mmsbelow dura if no site was found. Stimulation current started at 250 pA but was
increased up to 400 pA, ifoneffect was observed, or decreased to a lower current. Four
screening tests_were done per day with stimulation absent for one of the sdesposide a
daily baseline response). Once the effective site and stimulation amplitude were found, rats were

given twoe-days-off and then moved on to the limited progressive ratio test describped bel
Testing DBSike stimulation

The effect of stimulation on a limited progressive ratio operant responding task
(describedyabove undé&iood seKadministration paadigm) was tested in 4@minute sessions,
one per day (Figure 1l.a.i). A testing sequence consisted of three consecutive days of high
frequency stimulation (130 Hz), three consecutive days of low frequency stimulatiore)20 H
and threeldays without stimulation (Figure 1.a.ii). A&y break was given between high and
low frequency days to minimize any potential lingering effects of PB&bellini et al, 2009)
Rats weresrandomly selected to begin testing with either the high or low frggsténalation
block and=nesstimulation days were interspersed throughout thevéek testing period. On
stimulation®days, stimulation was turned on five minutes into the habituation perididwo a
animals to acelimatize to the stimulation and to provide a periadsg@ssment with stimulation
before the behavioral task began. In some cases, extra test days were used to record more neural

data.
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In order to determine the threshold frequency that resulted in decreased operant
responses, additional tests were runwa of the rats implanted in the CeA. These two rats
were given a break of several days after the main experiment, then they were tested on the same
behavioral task as described above but with lower frequencies of stimulation: 2 HZ.@ Hiz,
and 16 Hz.Each frequency was tested (on a separate day) and repeated and the number of lever
contacts and pellets consumed were measured. Rats were also retested with 20 Hz stimulation to
verify that'stimulation at this frequency still resulted in decreased mip@sponses and that the
effects of 'stimulation had not change over time. They were also tested again in the absence of

stimulation.
Intracranial seltstimulation

A fewsdays after the food sedfdministration test, rats were trained to poke their nose in a
hole to receive’a 500 ms, 130 Hz stimulation train (500 ms timeout period between pokes). Self
stimulation was acquired when the subject poked his nose intevlaed hole three times more
than the control hole for two consecutive days (note, three of the rats had been trainedzat 100 H
and their selstimulation training and testing days were done before FR testing). To determine
the frequeney=of stimulation &h best supports sedtimulation, subjects were then tested on
frequency sweeps. Frequencies of 20 Hz, 60 Hz, and 130 Hz were tested each for 15 minutes
and the numbers of nogekes for the reward and control holes were quantified for each

frequency. @der of frequency testing was randomized.
Stimulationsparameters

Stimulation values were controlled by anM systems stimulatoand were set to
continuous monopolar, biphasic stimulation with pulse width of 100 us per phase and
amplitudep250 =400 pA Stimulation was split between~two identical bilateral electrodes
each 75 pmein=diameterso current delivered to the target on eaclside of the brain was
~half of thesset amplitude that is, around 125 pA to 200 pA Each rat was tested s
minimumgtireshold current determined in the screening t&stot current studies (starting
from 20 pA)'had also been performedwhich also gave astarting amplitude range (see
Supporting information). The majority of the rats had a minimum effectivecurrent of 250
HA (or 125 pA per electroddocation) resulting in a aurrent density of ~28.3mA/mm? at the
electrode tip (seeSupporting information for current density calculations). At a distance of
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~02 mm and ~® mm from the tip this current density wouldpproximatethe threshold to
activate cell bodieand axon®f passagéNowak & Bullier, 1998; Ranck, 1975)ith a volume

of activation of up to ~0.5 mi{SeealsoSupplemental methods

Given_ the frequency dependencies in clinical DBS applications, weanted to test
this out as"welhin our study. Hence, we chose to assess two “extreme” frequeneiashigh
and low frequency. We selecteda standard high frequency (130 Hz) shown to be
therapeutic in clinical DBS (Okun, 2012)and a low frequency (20 Hz) shown to haveeither
no effect oran,activating effect (Kuncel et al. 2007).

Histology

Anatomical localization of electrode sites was done after completion of testing. Rats
were anesthiezed with isoflurane gas. A 0.1 mA lesioning DC current was passed for 10
seconds to mark the electrode location in the brain. After euthanizing the rats with pentobarbital
(dose: 200, mg/kg, intaperitoeal) the brains were removed, frozen in an ist@pea and
isopropy! aleehol solution, sliced into 40 um sagittal sections using a CM 1850 cryostat (Lei
Microsystems,< Buffalo Grove, |[LUS), and stained with cresyl violetFisher Scientific
Pittsburgh, PA,US). Electrode placement was confirmed by rakang the lesion sites in

stained slices"under a light microscdqpikon, Melville, NY, US).
Behavioral assessment and data analysis

To'determine the effects of stimulation on motivation, lever contacts, petliesaimed,
and approaches to the food bowl were counted. Lever contacts on the control and reward levers
were compared over each -BOnute testing session. Pellet consumption was calculated

(delivered minus unconsumed pellets).

Motor and exploratory behavior and approaches to the food bowl agsessed by
frameby-frame video analysis with DataRat {wouse video scoring software) during the last
five minutes_ofsthe habituation period and for 30 s intervals every five minutes duringtoperan
testing. "Herizontal and vertical midline chamber crossings, rearing movemeat$/secuum”

taste reactionBerridge &Valenstein, 1991) were counted.
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Neural analysis

Single neural units were discriminated from each other and background Toisell et
al., 2004)using Offline Sorter (Plexon, Inc., DallaBX, US). Digitized spikes in the database
were analyzeds wittEpoch Builder(in-house neural and behavioral analg program) and
Neuroexplorery(Nex Technologies, Madison, ,AllS). The effects of stimulation on neural
activity wererassessed after stintida artifacs wereremoved Firing rate calculations during
stimulation periods were corrected for loss of neural data due to the artifact deé8awGad
et al.,, 2004 Stimulation artifacts were removed usimgustordbuilt LabVIEW program that
fitted eachyartifact independently with & @egree polynomial and subtracted the fit from the
recording/{using an approach based¥egenaar and Potté2002).

Thesimmediate effects of stimulation were determinegédstimulus time histograms
(PSTHs, binswidth = 0.5 ms) aligned to the onset of each stimulation (joitsall stimulation
pulses in{the session). Increases or decreases in firing rate were deemed significant if 2
consecutive bins were greater than st@ndard deviations from the mean firing rate of the unit
measured during the first five minutes of habituation (before stimulation). CUR8®H” plots
were computed in an identical manner from the 5 minute prestimulation periodgbinglio

“sham simulation” pulses simulating 20 Hz or 130 Hz stimulation.

Perievent time histograms (PETHSs) and rasters were analyzed for 1@leded! events:
pellet delivery, first lever contact (in each trial) on the reward Jemsd on the control lever.
The firing ratesreference for all unit responses was the average rate during the five seconds just
before theyhabituation period ended. To determine whether a unit was responsivetto pelle
delivery, firing rates during the 0.5 s epoch after the stimulus event evapaced to the
reference period. Neural activity before and following lever response wag\wtuated by

comparing the 0.5 s period just before and after the first lever contact to the ®isaefeeriod.
Experiment-2«(tastesactivity)

All" training and testing were conducted with rats in a 25 cm diameter plastic cylinder
over a clear floor in white light for video recording from below (Tindllal., 2006). Taste
reactions(Grill & Norgren, 1978)were quantified from a frardey-frame analysis of vieo

recordings.
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Habituation and exposure to sucrose solution

Prior to surgery, rats were handled for® minutes and then given daily access to 20
ml, 17 % sucrose solution in their home cage for 4 days. Rats that did not consurae 1&g lea
ml of sucrose_solution per day by day 4 were excluded from the study. For two days before
surgery, rats were placed in the chamber for 10 minutes to acclimatize to the experimental set
up. Rats then‘underwent oral cannula and electrode implantation surgery as desavied bel

Surgical procedures

Bilateral oral cannula implantation waerformedas described in a previous study
(Tindell et_al.;2006) In the same surgery, rats were then implanted with a recording and
stimulating.€lectrode targeting the centnacleus of the amygdala (AR mm, ML £3.5 mm,

DV 7.5 - 8.5 mm) on each side of the brain. Electrad@struction electrode implantation
procedure and peroperative carevere the same as described in experimenitii the addition

that genicillin wasgiven preoperatively as weks daily up to 5 days after surgery.
Taste reactivity.training

After_surgical recovery5 —7 days), rats underwettiree days of tast@fusion training
in the testing thamber. Sessions consisted of artimate habituation griod, followed by trials
of intraoral=infusions of sucrose, water, and quinine with a variable interval oftd®8 s
between trials. For each session, rats were given blocks of 10 trials per taste, starting with 17 %
sucrose solution, followed by tap water, and then 0.01% quinine (Figure 1.b.i). Between blocks,
an extra infusion of tap water was given in order to rinse the mouth between tastesach-or
trial, 0.1 ml of the tastant was infused over a period of 1 s directly into the raith msinga
similar setup as described by Tindell and colleag(#306) (Figure 1.b.ii). After taste reactivity
training but-before testing, rats were also given screening tests to determine effective electrode
depth and minimum effective current that produced mouth movements. Screening tests
proceeded similar to those done in experiment 1 &weeniny though instead of doing an
operantresponse task, the animals’ facial reactions were observed. After screening, rats received

two days off before taste reactiviesting began.
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Taste reactivity testing with DBS

Rats were tested over a period of six days. Video recordings of taste reactions were made
with the camera zoomed in and focused on the mouth and forelimb region. Testing conditions
were similar_to traimg conditions, though rats received stimulation during testing on four of the
six days and“neural activity was recorded. For 3 out of the 9 rats used in experiment 2,
stimulation'was-delivered usirggMedtronicpulse generator (Minneapolis, MNS) (3 to5 V or
~72 t0~150 uA monophasic 100 ps pulsesytimulation frequencies tested were the same as in
experiment.1.. For all other rats, the same stimulation parameters as in experiment 1 were used.
For DBS sessions, stimulation was turned on one minute into the habitation period anddemai
on until the end of the session. Rats were tested first with a no stimulasonsésilowed by
two days of either high or low frequency, then another day of no stimulation, followed by two
more days of the othdrequency of stimulation (Figure 1.b.iii: experimental timeline). The
order of stimulation was countbalanced across rats. Anatomical localization of electrode sites

was doneraftercompletion of testing as described in experiment 1.
Behavioral assessent and data analysis

Taste reactiongGrill & Norgren, 1978Wwere scored offline using frari®y/-frame video
analysis _andan inhouseDatarat scoring program. For each taste, five out of ten trials were
analyzed. Hedonic, neutral, and aversive taste reactions were scored and ¢Bermege,
2000) during the 10 s period beginning at the onset of the infusion. To assess if stimulatio
alone produeed any “vacuum” facial and body reactions (specifically mouth, tongue, ionorel
movements) without any actual taste preg8eatrridge & Valenstein, 1991), two 10 s periods
(immediately before taste infusion and 30 s before infusion) wepe szored for reactions.
These two periods were later combined when statistical testing revealed no signifieaencéf

between them.
Neural analysis

DRiscrimination and stimulation artifact removal with dead time compensation was the
same as experiment 1. Baseline firing rates were computed in the habituation period before and

after stimulation started. As in experiment 1, PSTHs and PETHs were cdm@iEd Hs were
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analyzed around taste onset. To determine whether a unit was responsive to tasheiranset
rates during 1 s epochs after the stimulus event e@mpared to the 1 s period before the event.

Statistical analysis (experiment 1 and 2

Numbers are reported as mean + standard error. Unless otherwise statealytmixed
models ANOVAs were used to test the main effects of stimulus location (beswbgatts) and
frequency of stimulation (withisubjects, repeated measure) for the differeahalbioral
measures-in experiment 1. The differences between reward and control lever contacts for each
test condition“were assessed to determine overall effects of frequency and/or structure being
targeted. Pairedtests were also carried out to compdifeerences between reward and control
lever contacts 'for a given frequency and between reward and contrepalese for seH
stimulation=results. For experiment 2, thuegy mixed models ANOVAs were carried out
comparingstaste reactions (hedonic, n@utand aversive), frequency of stimulation, and period
(before and during taste infusion) for a given taste. For each taste reactiastébeftequency
of the stimulation, and period were compardgbr both experiments, MaAWhitney U tests
were usd to determine if a response was significant to a given event for individual units. Also,
given theslimited number of units to begin with, all units in a given test condition were pooled
across rats. _Twaway ANOVAs were carried out comparing differentoeps and stimulation
conditions (0" Hz, 20 Hz, and 130 Hz) for a given event of interest. Statist&ial Wwere
implemented with SPSS vs 22 (IBM, Armonk, NY, US). Alpha was set to 0.05 and specific
comparisons were made using HeBidak post hoctests wien significant effects were found.
The standardized effect size is also reported for major comparisons. For a mixed models
ANOVA, thesstandardized effect size (ES) was computed from equation (1) in Mathematics and
Equations:(Spybrookt al.,2011).

=)

ES = ﬁ,where B = fixed coefficient, 2% = variance of the intercept, and 5°
T+ C

= covariance (D
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Results
Experiment 1 (operant responding task)
DBS in the central nucleus of the amygdala (CeA)absad working for sucrose pellets

Stimulation of CeA (n = 7 rats, Figure 2a) significantly decreased engageritierthev
reward lever (Eigure 3a and 3b) compared to no stimulation and to stimulation il sdaf (n
= 4 ratsy Figure 2a) [stimulation sik frequencyF; 102 = 22.47,P < 0.001]. Screening for the
effective sitess(Figure 2) indicatdéddat the volume of tissue activated by stimulation was about
0.4 mnt. (Both'20 Hz and 130 Hz decreased reward lever contacts, relative to control lever
contacts, when compared to no stimulati®n<(0.001, ES = 2.95 and < 0.001, ES = 2.10,
respectively). ;Fhere was no difference between high and low frequerc.08, ES = 0.885
For rats implanted in the control sites, there was no effect on ¢teweacts of either 20 Hz
stimulation or 130 Hz stimulatiorP(= 0.94, ES = 0.22 and = 0.95, ES = 0.03, respectively)
and no difference between frequencies=(0.94, ES = 0.25). With stimulation off, the number
of reward lever/contacts (relative to aattiever contacts) was similar for electrodes in CeA and
non-CeA (control) sitesK = 0.24, ES = 0.15).

DBS in the*€eA decreases consumption of sucrose pellets

Pelletdelivery and onsumption Stimulation of the CeA also resulted in dramatically
fewer lever presses and thus, decreased sugar pelitrgeand consumption (Figure Bc
[stimulation site x frequencyF, 105 = 19.941,P < 0.001]. DBS in CeA diminished pellet
consumption to less than esixth of what was eaten when stimulation was absens @0 Hz:

P < 0.001, ES = 3.87; 0 vs 130 H2:< 0.001, ES = 3.43), but there was no difference between
frequenciesk = 0.29, ES = 0.44). In contrast, stimulation in control sites had no effect on pellet
consumption=(0 vs 20 H# = 0.16, ES = 1.09; 0 v430 Hz:P = 0.92, ES = 0.07) and no
difference between frequencid3d<£ 0.11, ES = 1.16) (Figur&c). Baseline consumption was the
same between rats implanted in the CeA and in control Bite®©(20, ES = 0.87).

During CeA stimulation, even the few @k earned were rarely eaten, and the
occasional pellets that rats did put in their mouths were often expelled (Bby8upporting
information) [stimulation site x frequenc¥, 105 = 12.60,P < 0.001]. On average, rats ate only
21.9 + 12.1 % of the pellets delivered during 20 Hz stimulation into the CeA and 57.5 + 19.3 %
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during 130 Hz stimulation compared to 99.8 = 0.1 % during no stimulation (0 vs 2B #z:
0.001, ES = 1.85; 0vs 130 H2:= 0.02, ES = 1.01). There was no difference between 20 Hz
and 130 Hz stimulationP(= 0.06, ES = 0.84). Rats implanted in control sites ate almost 100 %
of pellets delivered whether receiving stimulation or not (O Hz: 99.4 + 0.2 %, 20 Hz: 99.8 +
0.2%, 130 Hz:;99.5 + 0.3 %, = 1, ES< 0.01 for all comparisons).

Approach=The approach rate after pellet delivery was compared as an index of
motivation. Rats typically approached the food bowl immediately after lever pressing tceretriev
the pellets.. However, with CeA stimulation at both 20 Hz and 130atz approached the food
bowl less frequently than when stimulation was abgert (.001, ES = 4.57 arfd< 0.001 ES
= 3.70respectively, Figure 3d). There was a significant interaction effect betweamation
site and frequencyFp 103 = 24.48,P < 0.001]. Stimulation at control sites had no effect on
approach behavioP(= 0.059 ES = 1.09 and® = 0.745, ES = 0.09 for 20 Hz and 130 Hz,
respectively)==With stimulation absent, there was no differencapproaches to the bowl
between CeArand noGeA rats P = 0.29, ES = 0.77).

“VYacuum’ taste reactionsStimulation in the CeA appeared to induce a state of taste
aversion«(seexperiment 2 as evidenced by mouth gaping movements. Twenty Hz stimulation
in the CeA produced on average 22.9 + 12.5 gapes per 30 minute test session. With 130 Hz
stimulation, this number was 31.2 + 8.0 gapes in 30 minutes. No gapes were observed during

sessions with netimulationor for control sites.
General exploratory behavior

Chamber crossing and rearindgstimulation had little or no effect on general motor
behavior (assessed during the last 5 minutebehabituation period). Chamber crossing did
not change significantly with CeA stimulation [main effect: stimulasda F1 105 = 0.58,P =
0.45, ES =«0:17; main effect: frequenyios = 4.68,P = 0.03, ES = 0.26; stimulation site x
frequencykFases = 2.69,P = 0.10]. Average rate of chamber crossing for CeA rats was 6.45 +
0.62 crosses/minute during no stimulation and 3.20 + 0.82 crosses/minute with stimulation. Rats
implanted in“eentrol sites did 4.16 + 0.12 crosses/minute and 3.86 + 0.30 crosses/minute during
no stimulation and stimulation, respectively. Measures of rearing behavior alsmnednthe
absence of stimulation effects on general movement [main effect: stimulatién gite 1.02,P
= 0.32, ES = 0.23; main effect: frequerfeyios = 2.89,P = 0.09, ES = 0.30; stimulation site x
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frequencyFi 105 = 1.42,P = 0.24]. Average rears per minute were 3t43.60 Qo stimulation
and 1.78 + 0.37 (during stimulation) for rats implanted in the CeA. Similarly, thageveears
per minute were 2.11 + 0.44d stimulation and 1.94 = 0.32 (during stimulation) for rats

implanted_in control sites.
Stimulation'fequencies lower than 16 Hz had no effect

Both “high” frequency (130 Hz) and “low” frequency (20 Hz) decreased operant
responses, and pellet consumption i.e., decreased motivational “wantogigh we had
expected 20 Hz to not have a “blocking effect” Hence further testing was carried out in
two of the CeA rats to determine if there was a threshold frequengybelow which this
“blocking™ effect is not observed. These two rats had previoust been subjected to the
same 30minute-operant responding 130 K and 20 Hz testglescribed above Stimulation at
16 Hz and=20<Hz decreased reward lever contacts [lever type x freqieney 5.32;P =
0.002] compared to no stimulation and stimulation at 2 Hz, 4 Hz, and 1P 0001, ES =
3.03,P < 0.001, ES 3.27;P =0.008, ES = 2.95 = 0.004, ES = 3.1®? = 0.001, ES = 3.2FR
< 0.001, ES'= 3.53 = 0.003, ES = 3.3R = 0.002, ES = 3.55) (Figuea). Stimulation at 16
Hz andj20-Hz-reduced pellet delivery and consump#ans= 8.27;P = 0.001, O vs. 16 Hz: ES
= 2.12; Ovs, .20 Hz: ES = 2.41] (Figureb Stimulation at 10 Hz did not differ from no
stimulation' ?>0.9, ES < 0.2) (Figure 4b).

CeA supports sebtimulation

Despitewthe reward blocking effects of continuous stimulation, when given the
opportunity,“all rats would nogeoke to turn on stimulation delivered in brief (500 ms) bursts
[reward nosegokes vs. control nogeokes:t;p = 7.895,P < 0.01]. SeHstimulationat 130 Hz
frequencywas supported at CeA and control locatigRrggure 4c, results of sel§timulation
training). Animals were then further tested at different frequencies (20 Hz, 60 Hz, and)130 H
Twenty Hz«frequency(Figure 44 supported selftimulation but higher frequencies generally
evoked more@obustrespnses. Stimulation at 130 Hz resulted in a greater numbesefpokes
compared t0'60 Hz and 20 HP € 0.001, ES = 1.03 anB < 0.001, ES = 1.42). Sixty Hz
stimulation also eliciteanore responseshan 20 Hz P < 0.001, ES = 0.39) (Figure 4d) [nese
poke x frequency: F102= 19.23,P < 0.001]. Rats nospoked in the rewarded hole significantly
more than the unrewarded ngseke hole (20 HzP = < 0.001, ES = 0.15; 60 HP.< 0.001, ES

This article is protected by copyright. All rights reserved



= 0.56; and 130 HzP < 0.001, ES = 1.6) indicating that setfmulation behavior was not a
simple arousal effect.

Experiment 2 (taste reactivity)
DBS attenuates hedonic value of sucrose and increase aversive reactions to taste

Taste reactivity was tested in 6 rats with CeA stimulation sites (Figure Risfology
revealed:threesout of the 9 rats were not implanted in the CeA and were excluded fromsanalysi
Typically, =suerese taste infusions evoked hedonic reactions. With deep brainastimul
however, [sucrose taste reactions switched to aversion (0 vs. 20-H2:004, ES = 0.86; 0 vs.

130 Hz: P_< 0.001, ES = 1.30) (FigurBa). The numbers of hedonic reactions to sucrose
decreasedH'<,0.001, ES = 1.36, ES = 1.78) while neutral reactions incre&sed (001, ES =

1.3 for both frequencies) [frequency X taste reaction x pefigg, = 7.70,P < 0.001]. Overall,
aversive reactions outnumbered hedonic reactiBrs{.007, ES = 1.15). Stimulation at 20 Hz
had a similar effect with more neutral reactions compared to hedonic reg&tisis001, ES =
2.08) and_meré aversive reactior’d € 0.001, ES = 1.80) (FigurBa). Even water, which
normally produces few aversive reactions, elicited significantly more aversive reactions with 20
Hz (P <0.001, ES = 2.92) and 130 Hz stimulatidgh< 0.001, ES = 1.35)JFigure 5b) Not
surprisinglys*quinine tastes evoked even more aversive reactions than @eigoa 5c)(P <
0.001, ES = 1.7 for both frequencies) [frequency x taste rea&tiqe; = 4.42,P = 0.002; taste
reaction xperiodF 19, = 53.60,P < 0.001].

“VYacuum” reactions During the inteitrial interval when no taste was present, rats
exhibited “vacuum” reactions, i.e., facial reactions in the absence of the actuéBaasitge &
Valenstein, 1991) These reactions in total were 2@ss per trial and did not differ significantly
between stimul&n and no stimulation (Figure 5d) (hedonic reactions: 0 v$2200.87, ES =
0.09; 0 vs«130R:= 0.90, ES = 0.07; neutral reactions: 0 vs.R6:0.48, ES = 0.22; 0 vs. 13B:
= 0.98, ES==0:006; aversive reactions: 0 vs. #0= 0.19, ES = 0.32; 0 vs. 13B:= 0.45, ES =
0.23).

Stimulation produced multiphasic firing patterns
As a preliminary study, we studied a small number of units when possigkpéniment

1 (no stinulatiort 8 units, LFS: 5 units, HFS: 2 unitetal 15 unityand experiment 2 (no stim: 8
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units, LFS: 7 units, HFS: 4 units, total 19 units). Neurons were not silenced by somaisti
others have shown in different bramegions (Bar-Gad et al., 2004; Cleary et al.0123;
Hashimoto et al., 2003; Maltete et &0Q07; McCairn &Turner, 2009) Indeed, after a brief
inactivation period (2 to 25 ms) some units actually fired faster than badeiijee6). Firing

rates were,assessed in the habituation period after stimulation artifacts were removed and
recording timewas compensated for dead time removal (1.83 = 0.06 ms of dead time after each
pulse; n"="18"units). There was no significant rate difference during stimulation compared to the
period before“stimulation foeither experiment 1H;14 = 1.6, P = 0.242, n = 7 units] or
experiment 2 215 = 2.627 P = 0.103, n = 11 units]. In experiment 1, average firing rates
during thesfirst,5 minutes of habituation (before stimulation was turned on) was 313 +
spikes/s for‘the LFS units and dropped to 2.84 + 1.04 spikes/s during the latter 5 minutes of th
habituation period when stimulation was on. For the HFS units these ratesO\&8et10.38
spikes/s and 6.27 + 4.86 spikes/s, respectively. In experiment 2, comparing the meandsing rat
during the first minute of the habituation period and the second minute when stimulation was on,
LFS units had«12.59 + 5.18 spikes/s and 21.67 + 6.28 spikes/s, respectively. For HFS units, this
went from20.92 + 6.83 spikes/s to 7.56 + 2.85 spikes/s.

Deep=brain stimulation at 20 Hz evoked multiphasic patterns of atiwcis and
inhibitions.(Figure6a). Most responses began with a period of inhibition. Fivésuwere
inhibited before returning to mean pstimulation rates (i.e. baselingyiring the period between
stimulation»puisege.g., Unit4, Figure6a) Oneunt had a period of excitation following
inhibition (Unit 2, Figure 6a), and two units had two periods of inhibition with either an
excitation (Unit 1, Figure 6a) or a return to baseline (Unit 5, Figure 6a) in betvieibition
started from ~2 ms aftetiswlation artifact and ranged from 2 ms to 22 ms before returning to
baseline.."A.smaller number of units started with a period of excitation beforeimg to basal
rates(e.g. 'Units '3 and 6, Figure 6a, n = /At 130 Hz DBS rates, responses weret syth three
units being“inhibited (e.g., Unit 7igure 6B and two showing excitations followed by
inhibitions™(e.g., UnitlO, Figure6b). Inhibition was not due to stimulus artifact interference as
spikes could recover between 2 and 3 iiterahe stinulus (e.g., Units 8 and 10, Figure)6b
There was no inherent periodic patterns evident in the control “PSTHs” (Fegumeets)
indicating that the likelihood of a spike firing was independent of simply lining up spike activity
at periodic interval§Hashimotoet al, 2003).

This article is protected by copyright. All rights reserved



Neural-behavioral ativation

Neural units in CeA from experiment 1 were activated in association with behavioral
events such as lever contaotldeederclick, i.ereward delivery (Figure 7a, first row,= 6/8).
However,sinceranimals rarely touched the control lever or consumed pellei3B&@tbn, it is
challenging to"assess whether neurons might still be coding behavior. Of sevexxamitsed
during stimulationy only two were, at best, weakly tessponsive (Figure 7a, second and third

row).

In experiment 2with stimulation absentnost neuronsespondedo sucrose (&) and
water (58). “A"smaller number responded to quinineBj3Figure 7b, first row).Because taste
reactivity testing ipassive, we were able to test taste reactions while DBS was on. In contrast to
high propertions of responses without stimulation, only one out of seven units responded to
sucrose ands=guinine during 20 Hz stimulation and no units responded during 130 uHatisin
(Figure 7h, second and third rowvespectively. Deep brain stimulation at either 20 Hz or 130
Hz significantly reduced neural firing to sucrose [main effect comparing liclpdrefore and
after taste onseFE,37 = 16.280,P <0.001]. There was no effect of stimulation on neural firing to
tastes ofswaterF> s = 2.698,P = 0.098] or quinine 215 = 0.687,P = 0.518]. With no
stimulation, firing rates to sucrose tastes were higher than both water and quinine [ntain effe
Fs47 ="5.535,P <0.001]; however, with stimulation at either frequency these differences
dissipated [20 HzZE 5 41 = 1.108,P = 0.374; 130 HzFs 53 = 1.503,P = 0.247].

Discussion

Deep*brain stimulation (DBS) of the central nucleus of the amygdala (Cafsed
animals tQ stop lever pressing for and consuming sucrose pellet rewards. Taste reactivity tests
revealed increased “disliking” reactions to palatable, neutral, and aveastes.t Surprisingly,

DBS presented in brief pulses in the same location under the animatsolcesulted in
vigorous selstimulation.  Overall, neural recordings during stimulation showed smaller

proportions of responsive neurons to rewaldted events.
LFS at 20 Hz as effective as HFS at 130 Hz
Therapeutic effects of DBS for Parkinson’s edise, essential tremor, and dyskinesia

typically occur at frequencies greater than 90 Hz. Conversely, lower frequenéié$i@ have
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been reported to have no therapeutic benefit or even worsen symptoms (Kuncek@dal
Moro et al., 2002; Rizzone at., 2001). Thus, weanticipatedhat stimulationat 130 Hzwould
“block” while 20 Hz stimulation might “activat the circuit and behavior. Surprisingly though,
both frequencies decreased pellet delivery and consumption and also increased avetisive reac

to tastes.

CeAmunits=have very low firing rates, typically less than 5(Ballins & Paré, 1999;
Rosenkranz &Grace, 1999).So for CeA, 20 Hz migheffectively be a “high” frequencythat
overwhelmsthe very low intrinsic frequency of CeA neurons. Frequency effects depend on the
type of structurgDostrovsky & Lozano, 2002)and the intrinsic frequency of neurons being
stimulated (Grillet al.,2004) Our frequency sweep study did show that there neaeffect of
DBS at frequencies 10 Hz and lower (Figdee b)with a surprisingdrop off between 10 and 16
Hz. We did not tesfrequenciedetween 10 Hz and 16 Hoit is possible thabetweenthose
valuestherevare frequencies thatight produce a intermediate effectalthough others have
reported abruptransitiors with DBS (Wu et al.,2001) Thisthreshold effectve observeaould
be dueto a intrinsic oscillation frequency between10 Hz and 16 Hz above whichnet
stimulation frequency is “fast” enough to overwhelm the circuit and below which noronal ne
responses towreward events can pass throlgst neurons in the medial nucleafghe CeAare
referred to,aslate firing’, that is in response to current injection the membrane potential
depolarizes slowlyover hundreds of millisecondéMartina et al., 1999). These membrane
dynamics=could contribute to the frequency dependence and thresfeddts ébr DBSlike

stimulation
Is this a deerease in “wanting” only?

Our results showed that DBS decreased food consumption and the number of operant
responses on the reward lever. But is this decrease in pellet delidecpr@sumption only due
to a decrease in motivation or also due to a change in palatability of the food? Duringrd8S s
rats would putthe pellets in their mouths and then spit them out, suggesting they stildwa
the pelletssbut no longer found them palatable. Other rats remained by the food bowl orthe leve
and even occasionally delivered more pellets, while some completely ignorege¢harnd food
bowl. Histology did not reveal a difference in electrode locations that could accouhéder t

individual differences; but, th€eA is a heterogeneous nuclg@svanson &Petrovich, 1998)
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and it is possible that differences in the underlying tissue and current spreddresaut in
different neuronal components beiagtivated. Furthermore stimulation could be impacting
both upsream and downstream structut®s activating afferent and efferent axons as well as
fibers of passag€Okun, 2012) Hence, all of these factors could account for these slight

differences.in.behavior.

CeAwstimulation not only decreased “wanting” of fooewards, but also affected
“liking” responses. In our taste reactivity study, stimulation resulted in decreased “liking” and
increased “disliking” reactions to tastes. Riley and King (2013) also reportegsesin
aversive reactionto tastewith CeAstimulation In addition, we observed slightly more neutral
and aversive reactions in the absence of tg#besigh not significant). Even in our operant
response experiment, rats would sometipregluce gaping reactiondHence, DBS in the CeA
could becreating a general aversive stattudies have reported increases in aversive reactions
to quinines(Touzani et al., 199@nd reduction in quinine consumption (Kemble et al., 1979)
with CeA lesions and it has been proposed that CeA may play a rolediatiiog food intake
based on/taste palatabiliiiemble et al., 1979; Li et al., 2012; Touzani et al., 1997). However,
others have reported no change in aversive reactions to disliked tastes withaGghlations
(Galavernaet.al.1993; Mahler &Berridge, 2011; Robinson et al., 2014; Seeley et al., 1993)
These differences could be due to different types of manipulations used and tbgemetigy of
the structure itself. A recent study by Cai and colleagues (2014) has identiiieldtpms of
neurors inthes lateral subdivision of the CeA that play important, but opposite roles in

influencing feeding.

The,CeAuis a site that supports setimulation(Wurtz & Olds, 1963). We also found
that animals=weuld selstimulateif the same stimulation parameters wered in short bursts
(0.5 s)of stimulation. Both20 and 130 Hz stimulatiomwere effective although thhigher
frequency wasmore robustas other studieshave shown (Arvanitogiannis &hizgal, 2008)
Interestingly, even though animals would wvigasly engage in CeA sedtimulation theywould
sometimes produc&versive” gapesimilar to what was observed in the operant responding and
taste reactivity experiments, which may again sugsg@siulation is also triggeringn aversive
response It is also possible thahts short burst of stimulation could be triggering motivational

circuits and hence be “wanted” even though not necessarily “likédshould be noted that
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Robinson and colleagues (2014) showed that animals would natisalfate wih optogenetic
activation of CeA These differencecould be due in part to the duration of the stimulation train
used 8 s versus 0.5 s9nd the type of stimulatioroftogeneticvs. electrical)with eectrical
stimulation likely activating axons and csllin more widepreadregions than optogenetic
stimulation..-Einally, the intrinsic membrane properties of CeA neurons mentioned above
(Martina et.al.,«1999vith regard to threshold®siay alsoconfer different consegmcedor short

and long bursts of stimulation.

Perhaps it is not a change in palatability in the food per se that is impacting food
consumptien. #eeding behavior and motivational mechanisms behind feedingroadutaeted
by many SignalgSaper et al.2002; Sternson, 2013)Needbased states and neurons and/or
chemicals _that signal these states can impact motivation to seek out and consume food. This
motivation couldstem from the desire t@duce the negative valence due to hur{§¢ernson,
2013). Agoutirelated protein (&RP-expressing neurona the hypothalamuare activated by
energy defieitresulting in increaseteeding behavior. However, continuous phstionulation
of these neurondecrease instrumental responding for food over the course of Bgtley et
al., 2015) Betley and colleagudsypothesized that since these neurons kept signaling a negative
state, the animals stopped responding as their actions failed to reduce this state. We also saw
decreased.instrtumental responding VMBS, so it is possible that something similar could be
occurringhere though we saw decreased responding within seconds and minutes, compared to
over a dayinstheir study. Testing could be done to determine if these nengertwesng activated
with the type ofstimulationused in our studyAgain, given the differences in optogenetic versus
electrical stimulation, DBS malye decreasing consumption by different mechanisRehaps
DBS isinhibiting motivational or hunger circuits. Further discussiorthasmpossibleinhibitory

mechanism.of.DBS is discussed below.

More directly, within the CeA itselfn the lateral subdivision, there is a subpopulation of
neurons (PK&)) that are activated by multiple anorexigenic signalapalatable food, bulso
other anerexigenic signals that trigger satiation or visceral mataiadead to decrease in food
consumption.Optogenetic activation of theseurongesulted in decreased food consumption in
both fooddeprived and fed micgCai et al., 2014) Hence,we could be alsbe activating those

neurons resulting in decreased motivation for food rewards and increased axespmMeses.
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(Note, this does not rule out decrease in perceived palatabildg these neurons respond to
multiple sgnals including bter tastants

Inactivation of the CeA has also been shown to decrease dopamine baseline levels and
dopamine efflux in the nucleus accumbens (&h®hillips, 2002. DBS could be inactivating
the CeA resulting in a similar mechanism. Future studiesdtaok at the effects of DBS in the
CeA with 6OHDArlesions to tease out the role of dopamine in this (something similar could be
done for gpioid antagonists)Howland and colleagues did observe no significant change in
dopamine levels during a short burst of stimulation delivered to the CeA (10 91A300
However, ‘they/did indicate that their microdiaylsis technique may be too slasedadrfaster
changes in DA. Interestingly, at higher amplitudes (up to |38) they reported chewing
behavior which could be similar to the increased mouth movements we observed with

stimulation(Howland et al., 2002).

Our data shows that both “wanting” and “liking” of food rewards are affecteld wit
stimulation, though more regea is needed to determine if both systems are being activated or if
one is directly impacting the otherg, are animals not eating because the food is no longer
palatable-or-dees the animal neither “like” nor “want” the food). Further testing ischezde
determine whether it is a change in palatability or a more physiological reason for this decrease
in “wanting”."As part ofthat, it also should be determingdDBS in the CeA is creating a

general ayersive state, by exploring DBS'’s effects on other rewards such as sex and drugs.
Is this decreased feeding due to fear and anxiety?

Our results could possibly be due to an increase in fear and anxiety. The &e@laloa
role in fear and anxietyMaren & Fanselow, 1996; Pitkanen et al., 1997; Tye et al., 2011)
Though we can't completely rule this out, there is some evidence that suggessntitithe
case. In experiment 1, rats receiving stimulation in the CeA would still cross the cetiiter of
chamber, realgroom,and interact with the food bowl and levéesen sniffing and occasionally
nibbling_at*the bowl). We did not see any significant differences in chamber crossing and
rearing between rats beinginsulated in the CeA versus in our control sites. Some of the
animals receiving stimulation in the CeA did deliver and eat pellets throughout fiense
(though significantly less than when stimulation was off). In both experimestsbserved

gapes aa forelimb flails and occasional defensive treading during stimulabionywe did not
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see any obvious signs of freezing. We also did not observe any obvious changes in autonomic
systemssuch as changes in respiration rate (though this was not directly measbpéaljenetic
excitation of the CeA has also been reported to have anxiolytic eftemit®t al., 2014; Tye et

al., 2011).. However, more tests should be carried out before we can rule this outelgmple
Mechanism of DBS?

We found that DBS in #nCeA produced similar behavioral effe(dgcrease in food and
liquid consumption and increased aversive reactiagseen with lesioning or inactivation of the
CeA The"various manipulations included the use of fagaring lesioning agents such as
kainic acid (Hajnal et al.1992) and ibotenic lesior{3ouzani et al., 1997 as well aslidocaine
(Ahn & Phillips, 2002, muscimol Vill et al., 2009), andtauterizatiorof tissue(Galaverna et
al., 1993;Kemble et al., 19¥9Ahn and Phillips(2002)also notedhat their CeAlesioned rats
would putfeedin their mouths buhendiscard the partially eaten foodhich was a behavior
we observed in some of our rats during stimulation. However, our findings neiihal
recordings indicate th&BS did rot just silence neurons. We found that stimulation in the CeA
induced multiphasic patterns of firirtgat could represent loose entrainment of unit activity to
stimulation===Jnits were more likely to fire at specific latencies from stimulation pulse onset
(Figure 6), suggesting a form of entrainment. These responses have been seemecontés
near the site of stimulatigiBar-Gad et al., 2004; Carlson et al., 2010; Cleary et al., 28i@at
distant targets (Hashimoto et al., 2003; Maltete et 2007; McCairn & Turner, 2009)
Stimulation also seems to be disrupting CeA encoding of reward. Even after accoanting f

artifact dead time, we saw fewer and weaker responses to reslael events in both studies.

It is argued that DBS could be imposing its own pattern that is no longer meanmgful
the underlying circuif{Garcia et al., 2005a; Garcia et, #005b; Johnson &Icintyre, 2008;
Mcintyre et al., 2004) In a sense, creating an “information lesidsrill et al., 2004)and
disrupting infamation flow (whether normal or pathological) in the circuit. Therefore,
stimulation_coeuld be inducing its own pattern of firing in the CeA and disrupting neaatalg

for food rewards and taste palatability, making things more aversive.

Histological verification from our study (Figure 2) showed that the majority ofreldes
were in the medial division of the CeA (CeM). Some of the primary connections to the CeM are
from the lateral subdivision of the CeA (CelL) which is GABAergic. The outpthel®M is
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also primarily GABAergiqSwanson &Petrovich, 1998). Given some of the similar responses
between lesion and activating studies and our results and the likelihood of DESiragtxons,

it is possible thathe stimulation could be activating axons from the @akeasng GABA into

the CeM and thus inhilditg it. This, in turn could lead tdlisinhibition of downstream structures
ultimately deereasing food consumption and motivation. For example, axons from the CeA have
been propesed to synapse ontocal GABAergic interneuron network in the ventral tegmental
area (VTA).“Disinhibition of these interneurons could result in increaehbition of the VTA

and thus inhibition of dopaminergic neurons projectimghe nucleus accumbefidowland et

al., 2002)' Taste pathways entering into the CeA could also be activated ultimatelyngegult
increased aversion possibly though opioid activation (Mahler & Berridge, 201 d&i&a&oh,
1978) More targeted stimulation such as optagenstimulation(Gradinaru et al., 2009ould

be used to shed more light on thelfferent unit responses.
Conclusion

Our results demonstrate that the de/A very effective target for blocking “wanting” and
“liking” of foad rewards. Both 20 Hz and 130 Hz stimulation resulted in significant decreases in
working=for=the delivery of a food reward, consumption of that reward alsoincreased
aversive responses to sweet, neutral, and bitter tastes. Stimulation produced multiphasic patterns
in CeA'units'and resulted in fewer responsive units to rewaatied events. Questions remain
whether stimulation is independently affecting both “wanting” and “likingtuwts, or only
directly modulating “liking” circuits which in turn is affecting “wanting” Furthermore, if
stimulation is creating a general aversive state one wonders éftieisds to other rewardsd it
presents obstacles to the potentdhical utility of DBS for blockng rewarddysfunction.
Though«DBSsin the CeA was very effective at decreasing motivation for food rearaddbus
food consumptiontherewere accompanyg aversive reactionsFeweraversive reactions were
seen with 20 Hz stimulation, so it is possible that stimulation paranwigld be optimized
Further testing.is needé¢d assess possible side effects as well as long term effects of DBS in the
CeA
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Abbreviations

AA" — anterior amygdaloid area, ASt amygdalostriatal transition area, BMA
basomedial amygdaloid nucleus, BEAbasolateral amygdaloid nucleus, Ce&entral nucleus
of the amygdala, CeC€central nucleus of the amygdala, capsular part, Sentral nucleus of
the amygdala, medial division, Celcentral nucleus of the amygdala, lateral division, GPu
caudate putamen, DBSdeep brain stimulationDEn — dorsal endopiriform nucleus, EA
extended amygdala, FRixed ratio, GP- globus pallidus, HFS high frequency stimulatiqn -
intercalated nuclei of the amygdala, "Mntercalated amygdaloid nucleus main phRS - low
frequency stimulationMCPO — magnocellular preoptic nucleus, MeAbmedial amygdaloid
nucleus, anterior dorsal, MePDmedial amygdaloid nucleus posterodorsal pdEn — ventral

endopiriferm=-nucleusyP — ventral pallidum.
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Figure Legends

Figure 1 4{a)Experiment 1 task design. @chemat of a limited progressive rati@-R — fixed

ratio) test sessionStimulation was turned on 5 minutes into the habituation period for DBS test
days. (i) Experimental timeline (b) Experiment 2 task design. (i) Experimental paradigm for a
given testrsession. For DBS test sessions, stimulation was turned on 1 minutkeinto
habituation"period. (ii) Schematic of a taste infusion trial showing timingeoflifferent events

(ITI —intertrial interval). (iii) Experimental timelineNo Stim—test dag where no stimulation
was delivered, LFS- low frequency stimulation at 20 Hz, HFShigh frequency stimulation at
130 Hz.

Figure 2-=Coronal $ices showing electrode placements of rats implanted in the Glagk(

filled circlesyn,=7 rats) and in theantrols sitesX’s, n = 4 rats)or (a) experiment 1 and (b)
experiment,2.(n = 6 rats). Grey circles represent estimated current density that would exceed the
threshold (to activate axons (for cell bodies, circles would be ~1/2 the size of these). See
Supplemental methoder detailed information. Note, rats were implanted bilaterally, but for
presentation_purposes both left and right electrode locations are plotted omthemanal

image in the figure.Images aremodified from the Paxinos and Watscat atlas, 6 edtion
(Paxinos &Watson, 2007) SeeAbbreviations for names of the structures. Images on the far
right are examples of brain slices showing electrode tracks and lesion marks from a rat implanted
in the CeA in experiment 1 (top, far right) and another in experiment 2 (bottom, far rigbgs S
stainedwith cresyl violet.
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Figure 3— DBS in the CeA decreases motivation to work for and consume sucrose pellets. (a
b) Average number of reward (black bars) and control lever (unfilled bars) cortaate f
stimulation, 20 Hz stimulation, and 130 Hz stimida. (a) Rats implanted in the CeA (n = 7).
Reward lever _contacts were significantly reduced during stimulation cechpto no
stimulation,*P.< 0.001 and compared to rats receiving stimulation in control Qe#)-sites, **

P < 0.001,, Reward lever ctacts were significantly greater than control lever contactél =
77.000,P €0:001 during no stimulation, but not for 20 HZ1) = 68.000P = 0.053] or 130 Hz

[T(1) = 73:000P = 0.007 stimulation. (b) Rats implanted in areas outside of the CeA (n = 4).
There was a significant decrease in control lever contacts compared to reward lever contacts for
each test gondition, ¥1) = 78.000P < 0.001, but no effect of stimulation. (c) Average number

of sucrose'pellets consumed in 30 minutes for rats implanted in the CeA (blgckrmhcontrol

sites (unfilled bars). Stimulation decreased pellet consumption for rats implanted in the CeA (*
P < 0.001) compared to no stimulation and to stimulation control site$ (¥*0.001). (d)
Average rate of bowhpproaches. Stimulation decreased rate of bowl approaches for rats
implanteddngthe CeA (P < 0.001, black bars) compared to no stimulation and to stimulation in

control sites (**P < 0.001, unfilled bars). Error bars represent standard error.

Figure 4" —(ab). DBS at frequencies below 16 Hz had no effect on operant responses or pellet
consumption. (a) Average number of reward (grey bars) and control lever (unfilled bars)
contacts for different frequencies of stimulation and no stimulatioR;<#0.001 reward vs.
control lever; *P < 0.01 compared to 0 Hz, 2 Hz, 4 Hz, 10 Hz; n = 2. (b) Average number of
pellet consumption for same range of frequenciéd®3<*0.01 compared to 0 Hz, 2 Hz, 4 Hz, 10
Hz; n =2-(e)-Animals implanted in the CeA and consites all acquired seltimulation with
significant more nose pokes into the reward fdee hole (black bars) compared to the control
nosepoke hole(unfilled bars), < 0.01 at 130 Hz frequency, n = 11. (d) When comparing
responses at _differentefjuencies, higher frequencies produced more robust responBes (*
0.001 far,130 Hz compared to 20 Hz and 60 HR;<$0.001 for 20 Hz vs 60 Hz, n = 11); and at

all 3 frequencies, animals did more ngekes in the reward hole (black bars) compared to the

control hole (#° < 0.001, unfilled bars), NP — nose poke. Error bars represent standard error.
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Figure 5— DBS in the CeA decreased hedonic reactions to sucrose and also increased aversive
reactions to all tastes. Plots{&) show the average taseactivity counts per trial during the

10 s post infusion period (a) Hedonic, neutral, and aversive reactions to sucrasa sml@ach

test condition (no stimulation, 20 Hz stimulation, and 130 Hz stimulation). Plots imdklch

show hedonig, neutral, and aversive reactions to water and quinine, respeciiweing no
stimulation, there_ were more hedonic reactions to sucrose compared to watgrirand and

more aversive feactions to quinine compared to water and sucrBse®01). For eaclaste:

* P < 0.05 compared to no stimulation within a given taste reactidgh<#.05 compared to
hedonic reactions within a given stimulation frequency, an@® ##0.05 compared to aversive
reactions within a given stimulation frequency. (d) Plot shtwsaverage taste reactivity counts

per trial during‘the 10 s background period between infusions (i.e. when no taste was delivered)
for each test condition. These reactions were significantly fewer compareatctioms during

taste P < 0.03). Error barrepresent standard error, n = 6 rats.

Figure 6—=Coemmon patterns of spike activation evoked by stimulation pulses at 20 Hz (a) and
130 Hz (b) for CeA units from experiment 1 (units: 1, 2, 5, 7, and 8) and experiment 2 (units: 3,
4, 6, 9, and 10). Numbef stimulation pulses were 42,000 for units 1, 2, and 5; 273,000 for
units 7 and"8%37,200 for units 3, 4, and 6; and 241,800 for units 9 and 10). (a, b, Top row) 10
superimposed.raw waveform sweeps from the unit in the averaged histogram shown imymediate
below. All histograms are aligned to the stimulus at time = O for the perioddyestienulation
pulses with=0:5:ms bins. The mean firing rate (solid line) of the unit and 2 standatibde

from the mean'(dashed lines) are indicated on the histogtots. The grey areas beginning on

the left of each histogram mark the period of stimulus artifact dead time duriog ndispikes

could be detected. The inset histograms computed by alignment to “sham” stimulatenipuls

the period.before stimuian (in the same units) show no inherent background spike activity
pattern (for'experiment 1. 6,000 stimulation pulses for 20 Hz and 39,000 for 130 Hz; experiment
2: 1,200 for20 Hz and 7,000 for 130 Hz). At 130 Hz, the istienulus interval is 7.6 ms;
hence, by"necessity-axes for the right graphs are shorter. Online version of this figure is in

color.
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Figure 7- Fewer CeA unit responses during stimulation to task events. Representative PETHs
and raster plots for (a) experiment 1 and (b) experiment 2 during no stimulation (top row), 20 Hz
stimulation (middle row), and 130 Hz stimulation (bottom row) for different events (columns i

v). Plots show unit activity up to 2 s before and after the event of interegt islientered at O.

Each mark.ira raster indicates a spike and each horizontal line is a trial, with consecutive trials
going from,top/to bottom. Histograms (bin width = 100 ms) show the average firing rate across
all trials? ‘Inhibition (1) and excitation (E) responses to particwWants are highlighted by grey
rectangles. ““Responses are with respect to the 5 s period just before the lever extended for

experiment 1 (a) and the 1 s period before the taste onset for experiment 2 (b).
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(a) Experiment 1 Histology Results
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