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ABSTRACT. Prevailing research suggests a complex hedonic reward network exists in the brain that is 
FRRUGLQDWHG�LQ�JHQHUDWLQJ�KHGRQLF�H[SHULHQFH��3UHYLRXV�VLWHV�RI �KHGRQLF�KRWVSRWV�KDYH�EHHQ�LGHQWLÀHG�
within subcortical structures such as the nucleus accumbens and the ventral pallidum. However, little is 
known about the identity and role of  other brain substrates that are part of  this reward circuit. Here, the 
role of  orbitofrontal cortex (OFC), a region located within the prefrontal cortex known to be involved in 
sensory experiences of  pleasure, was investigated to determine whether activation of  this region can in-
dependently produce/ampify hedonic impact. Using the affective taste reactivity test with Sprague-Daw-
OH\�UDWV��WKH�GHJUHH�RI �KHGRQLF�DPSOLÀFDWLRQ�LQ�WDVWH�UHZDUG�IROORZLQJ�����RSLRLG�RU�����RUH[LQ�VWLPXODWLRQ�
ZLWKLQ�WKH�2)&�ZDV�REMHFWLYHO\�DVVHVVHHG��7KH�UHVXOWV�VKRZ�D�VLJQLÀFDQW�LQFUHDVH�LQ�KHGRQLF�UHDFWLRQV�
with either drug microinjection in the rostral portion (+3.50–4.80 mm) of  OFC. In contrast, there is also 
evidence for the existence of  a hedonic ‘coldspot’ within the caudal portion (+2.76–3.50 mm) of  OFC, 
subject to further investigation. Lastly, in agreement with previous work, opioid or orexin stimulation 
throughout OFC seems to robustly enhance food intake of  palatable M&Ms. These results extend the 
hedonic network to now include a cortical pleasure generator.

1. Introduction

 Previous studies have shown that hedonic 
KRWVSRWV� H[LVW� ZLWKLQ� VSHFLÀF� DUHDV� RI � WKH� EUDLQ�� PRVW�
notably the nucleus accumbens and ventral pallidum; opi-
oid-like neurochemical signals microinjected into these 
areas are able to directly magnify hedonic reactions to 
food rewards (Berridge, Lawrence, van Ditzhuijzen, Da-
vis, Woods, & Calder, 2006; Peciña & Berridge, 2005; 
Smith & Berridge, 2005). Nonetheless, there exists evi-
dence of  a larger functional circuitry formed by the in-
teraction between multiple hedonic hotspots within the 
brain (Peciña, Smith, & Berridge, 2006; Richard & Ber-
ridge, 2013; Richard, Plawecki, & Berridge, 2013; Smith 
& Berridge, 2007). Here we attempt to identify and char-
acterize the possible presence of  a hedonic hotspot with-
in the orbitofrontal cortex through taste reactivity exper-
iments on Sprague-Dawley (SD) rats.
 One of  the major goals of  affective neuroscience 
is to identify the brain substrates that are associated with 
pleasure (Berridge & Kringelbach, 2013). In this vein, 
neuroimaging studies have found that a large number 

of  brain structures are activated in response to reward-
ing stimuli (Beaver, Lawrence, van Ditzhuijzen, Davis, 
Woods, & Calder, 2006; Kringelbach, 2005; Pessiglione, 
Schmidt, Draganski, Kalisch, Lau, Dolan, & Frith, 2007; 
Small, Veldhuizen, Felsted, Mak, & McGlone, 2008). 
Nonetheless, there remains the question of  which, if  any, 
of  these structures are directly responsible for and thus 
cause the pleasure associated with the reward, as opposed 
to being simply correlates of  externally generated hedon-
ic activity, due to spreading network activation or as neu-
rological responses to the pleasure event (Berridge, Rob-
inson, & Aldridge, 2009). In order to identify these areas 
of  the brain that are responsible for pleasure causation, 
UHVHDUFK� VWXGLHV� VSHFLÀFDOO\� ORRN� DW� EUDLQ� UHJLRQV� WKDW��
when manipulated (e.g. pharmacological activation), are 
able to directly amplify hedonic impact (Castro & Ber-
ridge, 2014; Peciña & Berridge, 2005; Smith & Berridge, 
2005; Söderpalm & Berridge, 2000; Tindell et al., 2006); 
this would imply that these brain sites are capable of  in-
dependently producing or amplifying the experience of  
pleasure.
 In our discussion of  hedonic impact, an import-
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ant distinction exists between the psychological compo-
nents of  reward of  “liking” effects and “wanting” effects. 
“Liking” refers to sensory pleasure that may be experi-
enced, consciously or unconsciously, as a reaction to he-
donic stimuli. The extent of  “liking” reactions may be 
measured objectively through behavioral studies, such as 
through orofacial expressions in the case of  taste arousal. 
On the other hand, “wanting” refers to incentive salience, 
a type of  incentive motivation that promotes consump-
tion of  and approach towards rewards (Berridge et al., 
2009). Concordantly, “wanting” effects can be measured 
using food intake volume as an indicator of  internal mo-
tivation. Typically, due to their roles in reward acquisition, 
“liking” and “wanting” co-occur naturally in a brain. A 
dissociation of  their effects is commonly observed when 
ZH�SHUIRUP�VSHFLÀF�LQYHVWLJDWLRQV�LQWR�KHGRQLF�KRWVSRW�
regions (Berridge et al., 2009). Hence in these cases, stim-
XODWLRQ�RI �VSHFLÀF�EUDLQ�DUHDV�PD\�UHVXOW�LQ�HQKDQFHPHQW�
of  “wanting” but not “liking”. Our investigation there-
fore is to identify if  an area of  the orbitofrontal cortex 
FDQ�VSHFLÀFDOO\�HQKDQFH�´OLNLQJµ�ZKHQ�VXEMHFW�WR�DSSUR-
priate neurochemical manipulations.
 In the aforementioned studies, researchers em-
ploy the use of  opioid, endocannabinoid, or GABA-ben-
zodiazepine neurotransmitter systems in their investiga-
tions (Berridge, Ho, Richard, & DiFeliceantonio, 2010; 
Mahler et al., 2007; Richard, Plawecki, & Berridge, 2013). 
These are a few of  the known neurochemical systems 
WKDW� DUH� DEOH� WR� HQKDQFH� ´OLNLQJµ� ZLWKLQ� VSHFLÀF� VLWHV�
LQ�WKH�EUDLQ��7KHVH�VSHFLÀF�VLWHV�DUH�NQRZQ�DV� ¶KHGRQLF�
hotspots’, which are anatomical subregions within specif-
ic brain structures that, when activated, result in an am-
SOLÀFDWLRQ�RI �VHQVRU\�SOHDVXUH�VHQVDWLRQ��%HUULGJH�HW�DO���
2009 Peciña et al., 2006). The current candidate locations 
of  these hotspots include a cubic millimeter (1.0 mm3) 
region in the rostrodorsal quadrant of  the medial nucleus 
accumbens shell and a 0.8 mm3 region in the posterior 
ventral pallidum (Berridge et al., 2009; Peciña & Berridge, 
2000; Smith & Berridge, 2005; Smith & Berridge, 2007). 
These hedonic hotspots also demonstrate reciprocal in-
teractions with each other; for instance, an opioid trans-
mission in the NAc hotspot can cause activation in the 
VP hotspot, vice versa (Peciña et al., 2006; Smith & Ber-
ridge, 2007). Thus, it has been proposed that there may 
exist a network of  hedonic hotspots, other than the ones 
SUHYLRXVO\�LGHQWLÀHG��WKURXJKRXW�WKH�EUDLQ�WKDW�DUH�FRRU-
dinated in producing hedonic experience (Peciña et al., 
2006). In particular, several cortical regions show promise 

for housing a hotspot, which will be discussed below. 
 In the prevailing research surrounding hedonic 
substrates of  the brain, the opioid peptide neurotrans-
mitter system is one of  the best studied. There exist three 
major opiate receptor subtypes: μ, delta, and kappa, all of  
which are present and localized within the medial prefron-
tal cortex (Steketee, 2003). Previous studies have shown 
that opioid stimulation increases food intake, which by 
inference is an enhancement of  “wanting” (incentive sa-
lience), and causes conditioned place preference effects 
(DiFeliceantonio, Mabrouk, Kennedy, & Berridge, 2012; 
Glass, Billington, & Levine, 1999; Grandison & Guidotti, 
1977; Mucha & Iversen, 1986; Wise, 1989). According-
ly, microinjections of  an opioid agonist (morphine) into 
the nucleus accumbens shell produces a general increased 
eating effect in rats. However, in addition to food con-
sumption, opioid stimulation produces selective increases 
in positive hedonic patterns of  behavioral affective reac-
tion elicited by oral sucrose, in a localized region of  the 
QXFOHXV�DFFXPEHQV�� WKLV� UHJLRQ�KDV�KHQFH�EHHQ�GHÀQHG�
as a hedonic hotspot (Peciña & Berridge, 2000). Identical 
results of  localized hedonic enhancement were observed 
when the selective μ-opioid agonist DAMGO ([D-Ala2, 
N-MePhe4, Gly-ol]-enkephalin) was microinjected into 
WKH� SRVWHULRU� YHQWUDO� SDOOLGXP�� WKH� RWKHU� LGHQWLÀHG� KH-
donic hotspot region (Smith & Berridge, 2005). Most re-
cently, Berridge and colleagues have shown that delta and 
kappa receptor stimulation can similarly enhance hedonic 
UHDFWLRQV��DV�ORQJ�DV�WKH\�DUH�DFWLYDWHG�ZLWKLQ�WKH�FRQÀQHV�
of  the respective hotspots (Castro & Berridge, 2014). 
Conversely, there is also evidence for opioid stimulation 
that suppresses hedonic reactions, in regions anatomical-
ly distinct from the hotspots; these are thereby known 
as hedonic coldspots (Castro & Berridge, 2014; Pecina 
& Berridge, 2005; Smith & Berridge, 2005). Hence, the 
evidence shows that opioid stimulation can induce dis-
sociable effects of  “wanting” and/or “liking”, the latter 
RFFXUULQJ�LQ�ORFDOL]HG�UHJLRQV�RI �VSHFLÀF�EUDLQ�VXEVWUDWHV��
The presence of  localized “liking” effects from opioid 
stimulation would thereby serve as a reliable indicator 
IRU� WKH� SUHVHQFH� RI � DQ\� FXUUHQWO\� XQLGHQWLÀHG� KHGRQLF�
hotspots or coldspots.
 A secondary neurotransmitter system that had 
been implicated in hedonic reward is orexin, which also 
has receptors expressed in the prefrontal cortex (Marcus 
et al., 2001). Orexin neurons have projections from the 
lateral hypothalamus, a brain region regularly implicated 
in food reward and hunger, to many forebrain targets in-
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cluding the nucleus accumbens and ventral pallidum (Bal-
do, Daniel, Berridge, & Kelley, 2003; Fadel & Deutch, 
2002; Harris & Aston-Jones, 2005). A recent study has 
shown that an orexin hotspot exists within the VP in 
HVVHQWLDOO\�WKH�VDPH�ORFDWLRQ�DV�WKH�SUHYLRXVO\�LGHQWLÀHG�
opioid hotspot (Ho & Berridge, 2013), and related pre-
liminary research suggests that an orexin hotspot in the 
nucleus accumbens may also exist. In addition, as with 
the case of  opioids, orexin stimulation also appears to en-
hance food intake in parts of  the brain including the lat-
eral hypothalamus, paraventricular nucleus, and nucleus 
accumbens (Dube, Kalra, Kalra, 1999; Edwards, Abus-
nana, Sunter, Murphy, Ghatei, & Bloom, 1999; Thorpe & 
Kotz, 2005).
 The primate orbitofrontal cortex (OFC) receives 
sensory inputs from a number of  sensory modalities such 
as taste, olfaction, vision and somatic sensation (Carmi-
FKDHO�	�3ULFH�� ������&ULWFKOH\�	�5ROOV�� ������gQJ�U�	�
3ULFH��������5ROOV���������6SHFLÀFDOO\��LW�FRQWDLQV�WKH�VHF-
ondary taste cortex, the secondary and tertiary olfactory 
cortical areas, and the inferior temporal cortical visual ar-
eas, which code for the reward value of  their respective 
sensations; the neurons within these areas respond only 
to food (through taste, smell or sight) when the primate is 
in a state of  hunger. Accordingly, these areas also exhibit 
a decrease in neuronal response to a food when it is eaten 
to satiety, while retaining the respective reward values of  
other foods through a mechanism known as sensory-spe-
FLÀF�VDWLHW\��5ROOV�HW�DO���������5ROOV���������6HQVRU\�VSH-
FLÀF�VDWLHW\�UHIHUV�QRW�RQO\�WR�DOWHUDWLRQV�LQ�QHXUDO�DFWLYLW\��
but also entails a decline in the hedonic and motivational 
value from consuming a food that the subject was previ-
ously exposed to, evidenced through taste reactivity and 
food intake tests in rats as well as in humans (Balleine 
& Dickinson, 1998; Berridge, 1991; Havermans, Janssen, 
Giesen, Roefs, & Jansen, 2009). The existence of  this 
mechanism as mediated by the OFC suggests an import-
DQW� DQG� VLJQLÀFDQW� UROH� LQ� WKH� DIIHFWLYH� EUDLQ� UHSUHVHQ-
WDWLRQV�RI �IRRG��6SHFLÀFDOO\��WKDW�WKH�2)&�LV�FDSDEOH�RI �
modifying reward values (hedonic impact) of  experienced 
stimuli. Lesions of  the OFC also eliminated the ability of  
monkeys to modify their behavior to changes in the incen-
tive value of  food (Butter, Mishkin, & Rosvold, 1963) and 
altered food preferences (Baylis & Gaffan, 1991). These 
ÀQGLQJV�VXJJHVW�WKDW�2)&�DFWLYDWLRQ�LQ�WKH�SUHVHQFH�RI �
hedonic activity is not merely representative of  a simple 
neurological response, but indicative of  a source of  he-
GRQLF�DPSOLÀFDWLRQ�RU�DWWHQXDWLRQ��7KHVH�UHVXOWV�DUH�FRQ-

sistent with human neuroimaging studies, which similarly 
show that OFC activations are associated with subjective 
pleasantness produced by sensory arousal (Kringelbach, 
2·'RKHUW\��5ROOV��	�$QGUHZV���������WKHUHIRUH�DIÀUPLQJ�
its involvement and importance in hedonic reward across 
species.
 In terms of  anatomy, the orbitofrontal cortex 
FRQWDLQV� VLJQLÀFDQW�GHQVLWLHV�RI �RSLRLG�SHSWLGHV�DQG� LWV�
receptors (Lerich, Cote-Vélez, & Méndez, 2007; Steketee, 
2003). Concordantly, research studies have shown that 
bilateral infusions of  DAMGO in circumscribed regions 
of  the OFC leads to increased food intake in rats, simi-
lar to its action within the aforementioned known opioid 
hotspots (Mena, Sadeghian, & Baldo, 2011). Likewise, 
orexin receptors are known to be expressed within the 
OFC (Marcus et al., 2001). In addition, a recent study has 
found that the medial orbitofrontal cortex exerts a top-
down corticolimbic control of  appetitive eating behav-
ior induced by nucleus accumbens microinjections; OFC 
activation also increased Fos activity within the nucleus 
accumbens hotspot (Richard & Berridge, 2013). This is 
congruent with the notion that corticolimbic projections 
from the orbitofrontal cortex form part of  a larger neural 
network that guides motivation. However, while we know 
that the orbitofrontal cortex is implicated in appetitive 
eating behavior, little is known about its role in hedonic 
“liking” of  food reward. Thus, informed by a reliable and 
VLJQLÀFDQW�DPRXQW�RI �HYLGHQFH�ZLWKLQ�WKH�FXUUHQW�ERG\�
of  research, we seek to determine the possible existence 
of  a hedonic hotspot within the region of  the orbitofron-
tal cortex.

2. Method

Subjects

 Female Sprauge-Dawley rats (n = 13; 250–350 g 
at surgery) were housed on a 12 hr light/dark reverse cy-
cle (~21°C) with ad libitum food (Purina Rat Chow) and 
water (tap water). All experimental procedures were ap-
proved by the University Committee on the Use and Care 
of  Animals at the University of  Michigan.

Oral Tube and Cranial Cannulation Surgery

 All rats were anesthetized with intraperitone-
al injections of  a mixture of  ketamine (80 mg/kg) and 
xylazine (5 mg/kg), and treated with atropine (0.05 mg/
kg) to prevent respiratory distress. Rats also received sub-
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cutaneous injections of  cefazolin (75 mg/kg) to prevent 
infection and carprofen (5 mg/kg) for analgesia. After an-
esthesia induction, polyethylene oral tubing [PE-50] were 
LQVHUWHG�ELODWHUDOO\��MXVW�ODWHUDO�WR�WKH�ÀUVW�PD[LOODU\�PRODUV�
and ran subcutaneously along the zygomatic arch to the 
top of  the skull, where they exited through an incision. 
The tubings were secured with wiring and dental cement. 

Intracerebral Microinjections

 Drug microinjections were administered bilateral-
ly in a 0.2μl volume on test days spaced at least 48 h apart. 
On test days, drug solutions were brought to room tem-
SHUDWXUH��a����&���LQVSHFWHG�WR�FRQÀUP�WKH�DEVHQFH�RI �
precipitation, and bilaterally infused at a speed of  0.2 μl/
min using a syringe pump attached via PE-20 tubing to 
stainless steel injectors (16 mm, 29 gauge) which extend-
ed 2 mm beyond the end of  the guide cannulae into the 
orbitofrontal cortex. Injectors were left in place for 1 min 
to allow for drug diffusion, after which obturators were 
replaced, and rats were immediately placed in one of  the 
taste reactivity testing chambers.

Figure 1. DAMGO drug microinjection effects on palatability of sucrose or 
quinine taste stimuli.

 Rats were then placed in a stereotaxic apparatus 
(David Kopf  Instruments), with the mouth bar set to -3.3 
mm below intra-aural zero. Bilateral stainless steel guide 
cannulae (14 mm, 23 gauge) were aimed 2 mm above 
points throughout the medial prefrontal cortex (orbi-
tofrontal), between coordinates anteroposterior (AP) 

Notes. Sagittal slice maps of the orbitofrontal cortex brain region show loca-
tions of drug microinjection sites and corresponding effects on palatability 
of respective taste stimuli. All value comparisons are made against a with-
in-subject vehicle condition. Each color-coded circle represents a distinct 
microinjection placement site; symbol colors are on a gradient denoting per-
centage enhancement/suppression of hedonic (left column) or aversive (right 
column) orofacial reactions to a given taste stimuli (A: sucrose; B: quinine). 
Histogram bar graphs along the anterior-posterior (3.0–4.5mm) and the dor-
sal-ventral axes (3.5–6.5mm) denote mean change in number of observed 
hedonic/aversive reactions within each corresponding level (AP: ±0.3mm; 
DV: ±0.6mm). DAMGO microinjections in rostral section of orbitofrontal 
FRUWH[�VKRZ�VLJQL¿FDQW�HQKDQFHPHQW�RI�KHGRQLF�UHDFWLRQV�WR�VXFURVH�EXW�QRW�
any other types of reactions.

+3.24–4.68 mm ahead of  bregma, mediolateral (ML) 
±1.0–2.0 mm from the midline, and dorsoventral (DV), 
-5.7–6.0 mm below skull. Cannulae were anchored to the 
skull using surgical screws and secured with dental ce-
ment; stainless steel obturators (28 gauge) were inserted 
to prevent occlusion of  the cannulae. Post-surgery, rats 
were carefully monitored for 2 h for signs of  distress and 
topical antibiotic was applied to the surgical area to pre-
vent infection. Rats were again administered carprofen 24 
h after surgery, and were allowed to recover for at least 7 
days before testing.

Habituation and Testing Apparatus

� 3ULRU�WR�WKH�ÀUVW�WHVW�GD\��UDWV�ZHUH�KDELWXDWHG�WR�
handling and procedures for 7 days: rats were handled 
for 10 min per day for 3 days, and then habituated to the 
testing procedure and apparatus for 1 h each on four ad-
ditional days. On the 4th day of  habituation, rats received 
‘mock’ microinjections (described below) of  vehicle be-
fore being placed in the testing chambers. On drug test 
days, each rat received one of  three drug microinjections 
(DAMGO; orexin; vehicle) and were placed immediately 
in a taste reactivity testing chamber.
 The taste reactivity chambers had a transparent 
ÁRRU��XQGHU�ZKLFK�DQ�DQJOHG�PLUURU�UHÁHFWHG�DQ�LPDJH�RI �
the rat’s ventral face and mouth into a digital video cam-
era. The food intake chamber was transparent (23 × 20 × 
45 cm), contained pre-weighed food (~20 g M&Ms), ad li-
bitum water, and granular cob bedding (~2 cm deep). 

Behavioral Testing of  Hedonic Behaviors

 Rats were left in their respective taste reactivity 
testing chambers (described above) for 25 min to allow 
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 Hedonic, aversive, and neutral response patterns 
were scored in slow motion (1/5 - 1/2 actual speed) by a 
trained observer blind to the drug condition and cannu-
lae placement, using procedures developed to compare 
hedonic and aversive taste reactions (Berridge, 2000). 
Hedonic or positive “liking” responses included tongue 
protrusions, lateral tongue protrusions, and paw licking. 
Aversive or negative “disliking” responses included gapes, 
KHDGVKDNHV��IDFH�ZDVKLQJ��IRUHOLPE�ÁDLOV��DQG�FKLQ�UXEV��
Neutral responses include relatively non-valent behaviors 
or passive dripping of  solution out of  the mouth, rearing 
or mouth movements. All video analysis was conducted 
using Observer software (Noldus Information Technol-
ogy, 2008). A time bin scoring procedure was used to en-
sure that taste reactivity components of  different relative 
IUHTXHQF\�ZHUH�EDODQFHG�LQ�WKHLU�FRQWULEXWLRQV�WR�WKH�À-
nal affective hedonic/aversive totals (Berridge, 2000). In-
dividual totals were calculated for hedonic and aversive 
categories for each rat by adding all response scores with-
in an affective category for that rat.
 Eating patterns were scored in the same manner 
described above, by a trained observer blind to the drug 
condition and cannulae placement. The behaviors scored 
included appetitive behavior (food carrying, food sniffs), 
eating behavior (consumption), drinking behavior (licking 
from water spout), general motor behavior (rearing, cage 

Histology

Behavioral Coding of  Videorecorded Behaviors

 After testing was complete, rats were deeply anes-
thetized with an overdose of  sodium pentobarbital, and 
WKHLU�EUDLQV�ZHUH�UHPRYHG�DQG�À[HG�LQ�����SDUDIRUPDO-
dehyde for 1–2 days followed by 25% sucrose solution 

 Following the taste reactivity testing, rats were 
placed in their respective food intake testing chamber 
(described above). Rats remained in the chamber for 60 
min while their eating behavior was video-recorded for 
later analysis. Immediately following the testing period, 
the remaining food was removed and weighed to deter-
mine volume of  consumption.

Behavioral Testing of  Unconditioned Motivated Behaviors

crossing), fearful defensive treading/burying behavior 
(pushing of  bedding) and grooming behavior (Aldridge, 
Berridge, Herman, & Zimmer, 1993). Individual totals 
were calculated for each rat with regards to the time they 
spent exhibiting each type of  behavior.

for the respective drug to take effect. At 25 min and 30 
min post-microinjection, a solution containing sucrose 
or quinine respectively (0.1 M sucrose or 3x10-3 M qui-
nine) was infused in 1 ml volume over a 1 min period via 
syringe pump connected to the oral delivery tube. The 
sucrose mixture was used to elicit positive hedonic reac-
tions while the quinine mixture was used to elicit negative 
aversive reactions. The taste reactivity behavior of  each 
rat was video-recorded for subsequent analysis.

Figure 2. Orexin drug microinjection effects on palatability of sucrose or 
quinine taste stimuli.

Notes. Sagittal slice maps of the orbitofrontal cortex brain region show loca-
tions of drug microinjection sites and corresponding effects on palatability 
of respective taste stimuli. All value comparisons are made against a with-
in-subject vehicle condition. Each color-coded circle represents a distinct 
microinjection placement site; symbol colors are on a gradient denoting 
percentage enhancement/suppression of hedonic (left column) or aversive 
(right column) orofacial reactions to a given taste stimuli (A: sucrose; B: 
quinine). Histogram bar graphs along the anterior-posterior (3.0–4.5mm) 
and the dorsal-ventral axes (3.5–6.5mm) denote mean change in number of 
observed hedonic/aversive reactions within each corresponding level (AP: 
±0.3mm; DV: ±0.6mm). Orexin microinjections in rostral section of orbitof-
URQWDO�FRUWH[�VKRZ�VLJQL¿FDQW�HQKDQFHPHQW�RI�KHGRQLF�UHDFWLRQV�WR�VXFURVH�
but not any other types of reactions.
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 The effect of  drug stimulation on overall (hedon-
ic/aversive; sucrose/quinine) taste reactions between-sub-
jects, with the factor difference being site location (rostral 
YV�� FDXGDO���ZDV�PDUJLQDOO\� VLJQLÀFDQW� �F(10,46) = 1.71, 
p = .11). In particular, drug stimulation effects between 
VLWHV�VLJQLÀFDQWO\�DOWHUHG�SRVLWLYH�KHGRQLF�RURIDFLDO�UHDF-
tions elicited by the taste of  sucrose (F(2,26) = 6.29, p < 
.01). No change was statistically detectable for drug stim-
ulation effects on aversive orofacial reactions to sucrose 
(F(2,26) = .44, p = .65), hedonic reactions to quinine 
(F(2,26) = .26, p = .77), or aversive reactions to quinine 
(F(2,26) = .76, p = .48). The consistency of  these non-he-
donic reactions protects against the possibility that the 
increase in hedonic reactions may be attributed to alter-
native locomotor or sensory explanations.
 Unlike the localized changes in hedonic reactions, 
��RSLRLG�RU�RUH[LQ�VWLPXODWLRQ�SURGXFHG�D�VLJQLÀFDQW�LQ-
crease in food intake (F(2,26) = 3.73, p = .04; DAMGO: 
p = .02; orexin: p = .03) throughout all sites within the 
orbitofrontal cortex, similar to the anatomically distribut-
ed eating effects observed in NAc medial shell (Peciña & 
Berridge, 2005; Castro & Berridge, 2014).

Drug Stimulations Produce Selective Hedonic Enhancement

 An alpha level of  .05 was used for all statisti-
cal tests. Overall, there was no main effect of  drug on 
hedonic reactions to sucrose. However, an anatomical 
analysis revealed both DAMGO and orexin stimulations 
caused opposing processes within the rostral or caudal 
sections of  the OFC. When microinjection sites were lo-
cated within the rostral section of  the OFC, the num-
ber of  positive hedonic orofacial reactions elicited by the 
taste of  sucrose was enhanced two to three-fold for mi-
croinjections of  opioid agonist or orexin, compared with 
within-subject control levels measured after vehicle mi-
croinjections in the same rats (F(2,20) = 6.16, p < .01). In 

3. Results

for at least 3 days. To assess microinjection site locations, 
brains were sliced at 60 μm on a freezing microtome, 
and stained with Cresyl violet. Microinjection sites were 
mapped onto coronal slices from a rat brain atlas (Pax-
inos & Watson, 2007). Functional effects on appetitive 
and aversive behaviors were mapped using color-coding 
to express intensity of  changes in motivated behaviors 
for individual behaviorally tested rats. A site was consid-
ered to be in the rostral orbitofrontal cortex if  it was lo-
cated between +3.50 – 4.80 mm AP and caudal if  it was 
located between +2.76 – 3.50 mm AP.

Figure 3. DAMGO and orexin drug microinjection effects on subject food intake.

Notes. Sagittal slice maps of the orbitofrontal cortex brain region show loca-
tions of drug microinjection sites and corresponding effects on food intake. All 
value comparisons are made against a within-subject vehicle condition. Each 
color-coded circle represents a distinct microinjection placement site; symbol 
colors are on a gradient denoting percentage enhancement/suppression of food 
intake volume (left column: DAMGO; right column: orexin). Histogram bar 
graphs along the anterior-posterior (3.0–4.5mm) and the dorsal-ventral axes 
(3.5–6.5mm) denote mean change in food intake volume (in grams) within 
each corresponding level (AP: ±0.3mm; DV: ±0.6mm). DAMGO and orexin 
PLFURLQMHFWLRQV� VKRZ�VLJQL¿FDQW� HQKDQFHPHQW�RI� IRRG� LQWDNH� LUUHVSHFWLYH�RI�
microinjection location within the orbitofrontal cortex.

comparison, when microinjection sites were located with-
in the caudal section of  the OFC, the number of  positive 
hedonic reactions to sucrose were suppressed to less than 
half  that of  within-subject control levels (F(2,6) = 1.47, p 
= .30). 
� 6SHFLÀFDOO\��PX�UHFHSWRU�VWLPXODWLRQ�E\�'$0*2�
microinjections within the rostral section of  the OFC 
tripled the number of  hedonic reactions elicited by the 
taste of  sucrose, compared with vehicle levels in the same 
rats (average = 312%; p = .02). Orexin receptor stimula-
tion by orexin microinjections within the rostral section 
of  the OFC doubled the number of  hedonic reactions 
elicited by the taste of  sucrose, compared with vehicle 
levels in the same rats (average = 216%; p = .02). Finally, 
both drug conditions, after microinjection, elicited a two 
to three-fold increase in food intake independent of  stim-
ulation site within the OFC (F(2,26) = 3.73, p = .04).

Localization of  Hedonic Enhancement Within Rostral Orbitof-
rontal Cortex

 At sites located within the rostral section of  the 
OFC (+3.50–4.80 mm), the number of  positive hedon-
ic orofacial reactions elicited by the taste of  sucrose was 
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 Our results point to the existence of  a hedon-
ic hotspot within the rostral section of  the orbitofrontal 
cortex. μ-opioid and orexin stimulation within this area 
generates 200-400% enhancements of  hedonic reactions 
to sweetness. Contrarily, a potential region of  suppres-
sive coldspot in the caudal section of  the OFC was also 
discovered; mu and orexin stimulation within this area 
resulted in a 20-50% suppression of  hedonic reactions 
WR�VZHHWQHVV��KRZHYHU��WKH�GDWD�LV�QRW�VLJQLÀFDQW��DWWULE-
utable to the limited number of  subject trials. In addi-
tion, all drug placements located within the OFC elicited 
a 150-300% increase in food intake; this data corresponds 
to similar previous studies of  hedonic hotspots (Peciña & 
Berridge, 2000; Smith & Berridge, 2005; Castro & Ber-
ridge, 2014), as well as previous investigations into the 
OFC (Mena et al., 2011).
 The small, selective region of  hedonic enhance-
ment within the rostral section contrasts with the lack of  
enhancement across the rest of  the OFC, as the opposing 
behavioral effects would wash out any localized effect. 
7KLV�GDWD�FRQÀUPV�D�VHOHFWLYH�UROH�LQ�KHGRQLF�UHZDUG�IRU�
the rostral OFC, which as shown, is capable of  inde-
pendently producing and amplifying hedonic experience. 
With regards to the psychological components of  reward 

“wanting” and “liking”, the OFC displayed an anatomical 
localization of  “liking” function to the aforementioned 
rostral section; in comparison, “wanting” effects from 
drug stimulation were detected throughout the OFC.
 Our study is limited due to the low number of  tri-
al animals; as such, more trials would enable a clearer elu-
cidation and mapping of  the anatomical locations of  the 
LGHQWLÀHG�URVWUDO�2)&�KRWVSRW��)XWXUH�)RV�SOXPH�VWXGLHV�
ZRXOG�DOVR�KHOS�WR�FOHDUO\�GHÀQH�WKH�DFWXDO�ERXQGDULHV�RI �
this novel hotspot. Furthermore, as apparent from the 
VWDWLVWLFDOO\� LQVLJQLÀFDQW� GLVWLQFWLRQ� RI � WKH� FDXGDO�2)&�
coldspot, more subject trials may provide enough data 
WR�HVWDEOLVK�VLJQLÀFDQFH�LQ�FRQÀUPLQJ�WKH�H[LVWHQFH�RI �D�
coldspot. Conditioned taste aversion experiments would 
KHOS� WR� IXUWKHU� YHULI\� WKDW� RXU� H[SHULPHQWDO� ÀQGLQJV�
demonstrate an alteration in hedonic value of  taste stimu-
li, rather than simply an alteration of  their sensory quality. 
Though it was shown that opioid or orexin receptor func-
WLRQ� LV� VXIÀFLHQW� WR�SURGXFH� WKH�HIIHFWV�RI � WKH�KRWVSRW��
it would also be insightful to determine their necessity. 
Finally, further research could also be done to investigate 
stimulation effects of  other opioid receptors (delta, kap-
pa), which had recently been found to also act as hedonic 
generators (similar to mu and orexin) within the nucleus 
accumbens hotspot (Castro & Berridge, 2014). 
� 2XU�ÀQGLQJV�DUH�FRQVLVWHQW�ZLWK�WKH�RULJLQDO�H[-
pectation of  locating an area of  hedonic hotspot within 
WKH�VSHFLÀF�UHJLRQ�RI �WKH�RUELWRIURQWDO�FRUWH[��,W�LV�DOVR�
VLJQLÀFDQW�WKDW��XQOLNH�SUHYLRXVO\�GLVFRYHUHG�VXEFRUWLFDO�
brain structures containing hedonic hotspots, the OFC 
hotspot is uniquely located within the cortical region. 
The presence of  a hedonic generator within the corti-
cal region lays down a foundation for a new, informed 
understanding of  the hedonic circuit as an extensive net-
work that stretches throughout the entire brain; from the 
parabrachial nucleus of  the brainstem pons (Berridge, 
1996), to subcortical structures as the nucleus accumbens 
and ventral pallidum, to this newly discovered hedonic 
OFC hotspot in the cortex. 
 With the current understanding of  the OFC as a 
sensory integration nexus involved in affective brain rep-
resentations and reward processing (Berridge & Kringel-
EDFK��������&ULWFKOH\�	�5ROOV��������gQJ�U�	�3ULFH��������
5ROOV���������RXU�ÀQGLQJV�VXSSRUW�WKLV�UROH�RI �WKH�2)&�
by establishing it as a brain structure capable of  inde-
pendently generating hedonic pleasure. Multiple neuro-
imaging studies had implicated the OFC in reward repre-
sentations elicited by an assortment of  sensory cues (De 

4. Discussion

 At sites located within the caudal section of  the 
OFC (+2.76–3.50mm), the number of  positive hedon-
ic orofacial reactions elicited by the taste of  sucrose was 
cut in half  by DAMGO or orexin microinjections (F(2,6) 
= 1.47, p = .30). Though the data was not statistically 
VLJQLÀFDQW�� WKLV�PD\� EH� DWWULEXWHG� WR� WKH� ORZ� Q� IRU� WKH�
subset of  rats with caudally located microinjection sites. 
Further investigation with more animals would enable a 
better understanding of  the functional properties of  this 
subregion. Regardless, this section reported no enhance-
ment of  hedonic reactions to sucrose, thereby suggesting 
WKH�VSHFLÀF�ORFDOL]DWLRQ�RI �WKH�KRWVSRW�WR�RQO\�WKH�URVWUDO�
section of  the OFC.

Localization of  Hedonic Suppression Within Caudal Orbitofron-
tal Cortex

more than doubled by DAMGO or orexin microinjec-
tions (F(2,20) = 6.16, p < .01; DAMGO: p = .02; orexin: p 
 �������)RRG�LQWDNH�OHYHOV�ZHUH�DOVR�VLJQLÀFDQWO\�LQFUHDVHG�
following either receptor stimulation (F(2,20) = 10.29, p 
< .01; DAMGO: p < .01; orexin: p < .01).
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compulsive disorders, eating disorders and addiction, can 
potentially be curbed by clinical applications informed by 
a growing understanding of  the brain’s underlying reward 
circuitry. The role of  the unique cortically-located orbi-
tofrontal cortex in reward circuits can prove useful in in-
forming future therapeutic strategies for cases of  psycho-
pathology, paving the way for more effective treatments.
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