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Abstract

Recent studies show that dense dopamine (DA) innervation from the ventral tegmental area (VTA) 

to the olfactory tubercle (OT) may play an important role in processing multisensory information 

pertaining to arousal and reward, yet little is known about DA regulation in the OT. This is mainly 

due to the anatomical limitations of conventional methods to determine DA dynamics in small 

heterogeneous OT subregions located in the ventral most part of the brain. Additionally, there is 

increasing awareness that anteromedial and anterolateral subregions of the OT have distinct 

functional roles in natural and psychostimulant drug reinforcement as well as regulating other 

types of behavioral responses such as aversion. Here, we compared extracellular DA regulation 

(release and clearance) in three subregions (anteromedial, anterolateral, and posterior) of the OT of 

urethane-anesthetized rats using in vivo fast-scan cyclic voltammetry following electrical 

stimulation of VTA dopaminergic cell bodies. The neurochemical, anatomical, and 

pharmacological evidence confirmed that the major electrically evoked catecholamine in the OT 

was DA across both its anteroposterior and mediolateral extent. While both D2 autoreceptors and 

DA transporters play important roles in regulating evoked DA in OT subregions, DA in the 

anterolateral OT was regulated less by the D2 receptors when compared to other OT subregions. 

Comparing previous data of other DA rich ventral striatum regions, the slow DA clearance across 

the OT subregions may lead to a high extracellular DA concentration and contribute towards 

volume transmission. These differences in DA regulation in the terminals of OT subregions and 

other limbic structures will help us understand the neural regulatory mechanisms of DA in the OT, 

which may elucidate its distinct functional contribution in the ventral striatum towards mediating 

aversion, reward and addiction processes.
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Introduction

The olfactory tubercle (OT) has long been considered as an olfactory area because it receives 

input from the olfactory bulb (Wesson & Wilson 2011). However, this view has begun to 

change with data indicating that the OT also functions as a distinct component of the limbic 

system. Recent findings have suggested that the OT, in addition to processing odor input, 

also serves to integrate reward and motivation information from other limbic structures 

(Ikemoto 2003, Ikemoto 2007, Wesson & Wilson 2011, Shin et al. 2010, Gadziola & Wesson 

2016). Anatomically, the OT is a substructure of the ventral striatum, a brain region which 

also includes the nucleus accumbens (NAc) and is adjacent to the ventral pallidum (VP), a 

distinct structure which receives primary output from the ventral striatum (Alheid & Heimer 

1988, Wesson & Wilson 2011). Although the OT has been often considered as a ventral 

extension of the larger NAc, growing evidence suggests that the OT is a distinct component 

of the ventral striatum, taking into account its morphology, chemistry, and anatomical 

connectivity (Ikemoto 2007, Wesson & Wilson 2011, Millhouse & Heimer 1984). Unlike the 

NAc, the OT has a trilaminar structure containing distinct layers of neurons and is 

interconnected with numerous brain regions including neighboring cognitive and reward-

related limbic structures such as the NAc and VP as well as the olfactory bulb, the prefrontal 

cortex, thalamus and hippocampus (Shin et al. 2010, Wesson & Wilson 2011, Giessel & 

Datta 2014). Additionally, while the OT, like the NAc, is comprised mainly of GABAergic 

medium spiny neurons expressing D1 and D2 DA receptors and receives dense DA inputs 

from the ventral tegmental area (VTA) (Voorn et al. 1986), the anatomical distribution of the 

VTA DA inputs to the OT and their function may differ from that of the NAc (Ikemoto 2007, 

Murata et al. 2015).

The OT can be subdivided into several subregions, including the anteromedial (amOT), 

anterolateral (alOT), and posterior (pOT) subregions. The regional specificity may also 

extend to distinct subpopulations of VTA DA innervation of the OT, as the medial part of the 

VTA projects to the medial ventral striatum, including the medial OT, while the lateral VTA 

projects more to the lateral OT (Ikemoto 2007). Therefore, heterogeneous DA inputs into the 

OT may be an important and distinct contributor to how the limbic system processes reward 

and arousal-related information. Indeed, recent data has suggested that the different OT 

subregions can be functionally distinct with regard to both natural (DiBenedictis et al. 2015, 

Murata et al. 2015, Agustin-Pavon et al. 2014) and stimulant reward (Ikemoto 2007). In light 

of these new findings, the OT has recently become a focus of increased interest as a key 

processing area for DA associated with drug reward and goal directed behavior, perhaps 

distinct from other parts of the ventral striatum (Ikemoto 2007, DiBenedictis et al. 2015, 

Gadziola & Wesson 2016, Robinson et al. 2005).

However, little is known about how extracellular DA is regulated in the OT overall and 

whether DA is regulated heterogeneously in the subregions of the OT. In part, this is due to 

the challenges in selectively monitoring DA transmission in the OT apart from adjacent DA 

rich areas such as the NAc, VP or caudate putamen (CPu) with conventional in vivo 
neurochemical methods including microdialysis. In addition, the rat OT has appreciable 

amounts of DA in an area only a few hundred microns across and is located in the ventral 
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most portion of the brain, which makes selective monitoring of DA in the OT a challenge. In 

this study, we employed fast-scan cyclic voltammetry (FSCV) coupled with carbon-fiber 

microelectrodes; a technique that has been widely used to study the regulatory mechanisms 

of subsecond changes of many neurochemicals such as monoamines and adenosine in 

discrete brain regions, including an initial characterization of the OT (Bucher & Wightman 

2015, Robinson et al. 2008, Swamy & Venton 2007, Park et al. 2015, Robinson et al. 2002, 

Robinson & Wightman 2004, Robinson et al. 2005). We hypothesize that this approach 

having high spatial (≤ 100 μm) as well as temporal (≤ 100 ms) resolution allows us to 

overcome the limits associated with conventional neurochemical techniques to study distinct 

extracellular DA regulation in the subregions of the OT. Importantly, unlike the initial 

studies characterizing the OT in behaving rats (Robinson & Wightman 2004, Robinson et al. 

2002), we used an anesthetized approach to accurately assess the mechanisms of DA 

regulation (i.e. release and clearance) in OT subregions, avoiding confounding issues present 

in awake behaving rats, such as affective and motivational states and the presence of 

contextual cues at the time of recording.

Here, as an extension of our recent work and others (Wakabayashi et al. 2016, Robinson et 

al. 2005), we identified for the first time the major catecholamine evoked in the OT by the 

electrical stimulation of the VTA as DA and subsequently determined how the regulation of 

extracellular DA release and clearance differed in the amOT, alOT and pOT with 

pharmacological manipulation.

Materials and methods

Animals

Adult male Sprague-Dawley rats (290–400g) were purchased from Charles River 

Laboratories (Wilmington, MA, USA) and housed in temperature and humidity controlled 

rooms with a 12 hours on/off light cycle (lights on at 6:00 am). Food and water were 

available ad libitum. All procedures for handling and caring for laboratory animals were in 

accordance with the “Guide for Care and Use of Laboratory Animals” (8th Edition, 2011, 

US National Research Council) and were approved by the Institutional Animal Care and Use 

Committee of the University at Buffalo.

Surgery

Rats were anesthetized with urethane (1.5 g/kg) and placed in a stereotaxic frame (David 

Kopf Instruments, Tujunga, CA). Temperature was maintained at 37 ºC with a heating pad 

(Harvard Apparatus, Holliston, MA). The scalp was depilated, and swabbed with iodine and 

ethanol. Pre-incision local anesthesia was induced by an injection of bupivacaine (1.6 mg/kg 

s.c.), the dorsal skull surface was exposed, and small holes were drilled in the skull for 

implanting the carbon-fiber microelectrodes as described in previous studies (Park et al. 

2015, Park et al. 2011). Each rat received one carbon-fiber microelectrode implant in the 

anteromedial OT (amOT; from bregma, AP +1.8 mm, ML +0.9 mm, DV from −7.8 to −8.4 

mm), anterolateral OT (alOT; AP +1.8 mm, ML +2.5 mm, DV from −8.3 to −8.8 mm) or 

posterior OT (pOT; AP −0.1 mm, ML +2.5 mm, DV from −8.5 to −9.8 mm), according to 

coordinates of Paxinos and Watson (Paxinos & Watson 2007). For simultaneous 
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measurements, another microelectrode was implanted in one of the other subregions of the 

OT. During the same surgery, ipsilateral holes were drilled for the bipolar stimulating 

electrode above the VTA (AP −5.2 mm, ML +1.0, DV −8.0 mm to −9.0 mm). A Ag/AgCl 

reference electrode was placed into the contralateral hemisphere and was secured on the 

skull with dental cement.

Electrical stimulation

Electrical stimulation was accomplished with a bipolar, stainless-steel electrode (0.2 mm 

diameter, Plastics One, Roanoke, VA). The stimulating electrode insulated to the tip 

(separated by ~ 1.0 mm) was placed into the VTA/substantia nigra (SN). Stimulus pulses 

were computer-generated with a 6711 PCI card (National Instruments, Austin, TX, USA) 

and were electrically isolated from the electrochemical system (NL 800A, Neurolog, 

Medical Systems Corp., Great Neck, NY, U.S.A.). The electrical stimulation consisted of 

biphasic square wave pulses (300 μA, 2 ms/ each phase) with stimulation frequencies 

between 5 and 60 Hz. The number of stimulus pulses was normally held constant at 60. 

Each stimulation was repeated every 4 or 5 min to allow time for releasable DA stores to 

return to their original levels, which generate reproducible responses for DA release (Kita et 
al. 2007).

Voltammetric procedures for dual measurement

Glass-encased cylindrical carbon-fiber microelectrodes were prepared as described earlier 

(Cahill & Wightman 1995). T-650 untreated carbon fibers (Thornel, Amoco Corp., 

Greenville, SC) with an exposed length of 75 – 100 μm and 7 μm nominal diameter were 

used (Wakabayashi et al. 2016). FSCV was computer-controlled and the experimental setup 

for dual measurement has been described previously (Park et al. 2011, Zachek et al. 2010). 

TH-1 software was used with a Quad UEI instrument that has four independent current 

transducers and can support four different carbon-fiber microelectrodes (Department of 

Chemistry Electronic Shop, University of North Carolina at Chapel Hill). Two carbon-fiber 

microelectrodes were referenced to the sole reference electrode. A triangular scan (−0.4 to 

+1.3 V, 400 V/s) was simultaneously applied to both electrodes and repeated every 100 ms. 

The triangular waveform was low-pass filtered at 2 kHz to remove digitization noise and 

data were digitized and processed using NI-6711 and NI-6251 DAC/ADC cards and TH-1. 

Cyclic voltammograms obtained during electrical stimulation were background subtracted 

digitally from those collected during baseline recording. Temporal responses were 

determined by monitoring the current at the peak oxidation potential for DA in successive 

voltammograms. As the carbon-fiber microelectrode was used to generate a lesion for 

histological verification, detailed below, the average post-calibration factor (9.2 ± 1.1 pA/

(μM·μm2) was obtained in vitro with known concentrations of DA from our recent study (n 

= 8 electrodes) to determine DA concentrations in the OT (Wakabayashi et al. 2016).

Histology

At the end of experiments, a lesion was made at the recording site by applying continuous 

current (20 μA for 10 s) to carbon-fiber microelectrodes to verify microelectrode placements 

in the OT (Wakabayashi et al. 2016, Park et al. 2015). This precluded post-calibration of the 

electrode sensitivity. Brains were removed from the skull, stored in 10 % formaldehyde for 
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at least 3 days, and sectioned into 40–50 μm coronal sections. The sections were mounted on 

slides and viewed under a light microscope.

Drugs and reagents

All chemicals and drugs were obtained from Sigma-Aldrich (St. Louis, MO, USA) unless 

otherwise indicated. In vitro post-calibration of carbon-fiber microelectrodes was performed 

in a Tris buffer solution at a pH 7.4 containing 15 mM Tris, 140 mM NaCl, 3.25 mM KCl, 

1.2 mM CaCl2, 1.25 mM NaH2PO4, 1.2 mM MgCl2, and 2.0 mM Na2SO4 in double 

distilled water (Mega Pure System, Corning Glasswork, Corning, NY) using a flow cell as 

described in previous studies (Robinson & Wightman 2007). Desipramine-HCl, raclopride-

HCl, and idazoxan-HCl were dissolved in saline. GBR 12909-HCl was dissolved in double 

distilled water and then diluted with saline. Their effects on catecholamines and the doses 

used in this study are based on previous data (Park et al. 2009, Park et al. 2011, Fox & 

Wightman 2017, Herr et al. 2012, Budygin et al. 2000, Rice & Patel 2015), and a subset of 

rats used in this study (n = 26) received a random pair of drugs (i.e. α2 receptor inhibitor 

followed by the selective NET inhibitor or D2 autoreceptor inhibitor followed by DAT 

inhibitor) that were systemically administered. All drugs were given intraperitoneally (i.p.) 

and injected volumes were 0.6 ml/kg.

Statistical analysis

Voltammetric data are presented as color plots where abscissa represents time, ordinate 

represents potential, and current is encoded in false color (Michael et al. 1999). Clampfit 8.1 

as part of the pCLAMP 8.1 software package (Axon Instruments, Foster City, CA) was used 

to analyze electrically evoked maximal DA concentration ([DA]max), the rise time (tr), the 

time from the signal onset to the point the maximum is reached of [DA]max, and the half-life 

(t1/2) for DA clearance, the time to descend from its maximum value to half of that value 

(Park et al. 2006, Park et al. 2011). Naturally occurring DA releases (termed “transients”) 

were defined as signals that were greater than five times the root-mean-square noise level 

and were analyzed for frequency and amplitude using Mini Analysis Software (Synaptosoft, 

Decatur, GA, USA) (Park et al. 2010). While simultaneous measurements in the same 

animal eliminate experimental confounds such as variable levels of anesthesia and allow 

direct comparison of neurotransmitter dynamics under identical conditions (Park et al. 2011, 

Park et al. 2015, Zachek et al. 2010), the success rate of such measurements (~60 %) was 

lower than for single measurements. Therefore, data in this study were pooled from both 

single and simultaneous dual measurements. The effects of drugs were expressed as % of 

change from pre-drug baseline. Data were analyzed in Prism (GraphPad Software version 

6.0, La Jolla, CA. USA) where one-sample t-tests (Fig. 2(c)&(d), one-way (Table 1 and 2), 

and two-way repeated measures ANOVA (Figs 2(c)&(d) and 5(c)&(d)) were used to 

determine statistical significance, followed by a Fisher post-hoc test, where appropriate. The 

criterion of significance was set at p < 0.05. Data from 37 rats were analyzed for this study. 

Group selection was not randomized. Rats were arbitrarily assigned their OT recording 

locations as well as the drug pair administered. Initial analysis of drug effects was conducted 

by an experimenter blind to both the brain region and drugs administered. The sample sizes 

of experiments were determined based on our previous studies without a priori power 

calculations (Wakabayashi et al. 2016, Park et al. 2011, Park et al. 2015). No data were 
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excluded for the statistical analysis except if histological examination revealed that the 

carbon-fiber electrode was anatomically off-target. Data are represented as mean ± S.E.M. 

and ‘n’ values indicating the number of rats.

Results

Mapping electrically evoked catecholamine release in the subregions of the OT.

Catecholamine release in the amOT, alOT, and pOT subregions evoked by electrical 

stimulation of the VTA/SN (60 Hz, 60 pulses) was mapped at different depths to 

characterize the distribution of catecholamine release sites in each subregion. For this 

portion of the study, the stimulating electrode was fixed in the VTA/SN at a depth where 

maximal catecholamine release, [CA]max, was observed in the OT. When the stimulating 

electrode was above or below the VTA/SN, catecholamine release in the OT was not 

observed. Figure 1 (top left panels, (a)-(c)) shows the coronal plane where measurements 

were made in the different OT subregions where the approximate carbon-fiber 

microelectrode track is shown by the dotted line.

Electrically evoked catecholamine release was measured as the carbon-fiber microelectrodes 

were lowered incrementally beginning at 5.0 or 6.0 mm from the skull (i.e. the CPu or NAc), 

and were taken 200 – 300 μm apart. As the electrode approached the OT, measurements 

were carefully made every 100 μm. Representative evoked release at different depths (Fig. 

1(d)-(f)) showed robust catecholamine release when the carbon-fiber microelectrodes were 

in the NAc and CPu, where the major catecholamine is DA (Park et al. 2010, Park et al. 

2009). As the electrode transited through the ventral region of the NAc and VP, evoked 

release markedly decreased before reappearing robustly when the electrodes reached the OT, 

peaking in the ventral most part of the OT near the border of the brain near the ventral skull. 

The voltammograms of evoked signals in the subregions of the OT (insets in Fig. 1) are 

identical to the voltammograms of catecholamines like DA, with an oxidation to its ortho-

quinone form at ~+0.6 – +0.7 V and a reduction back to DA at ~ −0.2 – −0.3 V, observed in 

the NAc and CPu. Each individual recording evidenced this pattern, and was seen in the 

average relative response, clearly delineating two spatially distinct areas (Fig. 1 top right 

panels, (a)-(c)).

Plots of the evoked catecholamine release were normalized to the maximum value observed 

along the track of the electrodes. The maximal relative response of catecholamine in the OT 

was 0.79 ± 0.09 (amOT), 0.90 ± 1.0 (alOT), and 0.74 ± 0.08 (pOT). All values were similar 

or greater than that of catecholamine release observed in the adjacent NAc (0.69 ± 0.07) or 

CPu (0.57 ± 0.18), respectively, although this difference was not significant (p > 0.05). 

Notably, the ventral-most evoked catecholamine was observed in a relatively narrow region 

only ~500 μm across, which corresponds with the anatomical thickness of the rat OT. 

Lowering the electrodes further resulted in a rapid decrease in evoked DA signal, finally 

causing them to break against the ventral skull within ~200 μm. These observations 

suggested that this restricted region of electrically evoked catecholamine represented the OT 

and not a neighboring but much larger DA-rich limbic structure such as the NAc or CPu. A 

representative histological section with the post-experiment electrolytic lesion highlighted in 

red dotted circle. (Supplementary Fig. 1)
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Effects of selective dopamine and norepinephrine autoreceptor and transporter inhibitors 
on catecholamine regulation in the OT.

As norepinephrine (NE) can exhibit similar electrochemical characteristics as DA (Park et 

al. 2009, Heien et al. 2003), and the ventral noradrenergic bundle (VNB), a major pathway 

of noradrenergic neurons, passes directly through the VTA/SN region (Ungerstedt 1971, 

Miyahara & Oomura 1982, Saphier 1993), electrical stimulation of this region may also 

activate the VNB and possibly evoke NE in the OT (Park et al. 2009, Park et al. 2010). Thus, 

to determine the identity of the major catecholamine in each OT subregion as well as its 

regulation via its autoreceptors and transporters, we used a previously established 

pharmacological criterion to distinguish DA from NE (Park et al. 2009, Park et al. 2011, Fox 

& Wightman 2017). Before drug administration (intraperitoneal (i.p.)), electrically evoked 

catecholamine in the OT at 60 Hz with 60 pulses were recorded every 4 or 5 min for a 

minimum of 30 min as a control, as described in previous studies (Park et al. 2010). If the 

electrically evoked maximal catecholamine concentration ([CA]max) and half-decay (t1/2) 

changed over 20% over 30 min during control recordings, we waited another 20–30 min 

until the evoked release was stabilized. Then, the NE α2-adrenergic receptor antagonist, 

idazoxan (IDA, 3 mg/kg, i.p.), was administered and followed by the NE transporter 

inhibitor, desipramine (DMI, 15 mg/kg, i.p.), 30 min after IDA administration. Our previous 

studies showed that the maximal effects of both IDA and DMI on NE receptors and NET, 

respectively, took less than 20 min after their systemic administration (Herr et al. 2012, Park 

et al. 2009, Park et al. 2011). As shown as an individual example, IDA and DMI did not 

significantly alter the evoked catecholamine signal in any OT subregion 30 min after their 

administration (Fig. 2(a)). In contrast, in another set of experiments, the D2 receptor 

antagonist, raclopride (RAC, 2 mg/kg, i.p.) increased [CA]max and t1/2 and the subsequent 

administration of the DAT inhibitor, GBR 12909 (GBR, 15 mg/kg, i.p.), further increased 

the evoked [CA]max and t1/2 in all three subregions of the OT (Fig. 2(b)). It is noteworthy 

that the RAC effect on catecholamines maximizes within 20 min, while the maximum 

effects of GBR on DAT takes at least 40 min (Park et al. 2010, Budygin et al. 2000). 

Therefore, maximum changes of [CA]max and t1/2 were recorded at 30 min and one hour 

after the systemic administration of RAC and GBR, respectively.

This trend was reflected in all subjects comprising the group mean of the drug effect (Fig. 

2(c) & (d)). The average results from all animals show that only the D2 receptor and DAT 

specific drugs RAC and GBR significantly increased both [CA]max and t1/2 from baseline 

levels. This strongly suggests that the major catecholamine in all of the OT subregions is 

DA. Therefore, the NE contribution to the electrically evoked DA in OT is negligible. This 

result also supports the hypothesis that both presynaptic D2 autoreceptors and the DAT play 

key roles in modulating DA release and removal, respectively, in the ventral striatum 

including the subregions of the OT. Interestingly, an analysis of the RAC effect on maximum 

evoked concentration revealed that this differed across the OT subregions (Two-way 

repeated measures ANOVA, Main effect of Region F2,15 = 4.13 and Drug F1,15 = 58.8, both 

p < 0.05) with RAC having a greater effect on the amOT compared to the alOT. However, 

the GBR effect on the evoked catecholamine concentration and t1/2 was not significantly 

different between the OT subregions (p > 0.05).
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Although naturally occurring phasic DA transients are rarely observed in anesthetized rats, 

spontaneous DA transients were clearly observed in the OT after the administration of the 

D2 and DAT inhibitors (Fig. 3). The average frequency and maximal concentration of DA 

transients are reported in Table 1. While all three subregions of the OT showed spontaneous 

transients after the administration of RAC and GBR, with similar frequencies of transients, 

their concentrations differed across the OT subregions (One-Way ANOVA, F2,12=4.13, p < 

0.05), with the alOT subregion being lower than the amOT.

Comparison of DA dynamics in OT subregions.

Electrically evoked DA in the OT provides information on the dynamics of DA release and 

clearance. Representative examples of the time courses of DA in each of the three OT 

subregions are shown in Figure 4. DA release began immediately upon stimulus initiation, 

reached a maximum, and returned to its initial value after the stimulation (60 Hz, 60 pulses). 

Cyclic voltammograms recorded at the maximum were identical to DA (Fig. 4, insets) with 

its oxidation at ~+ 0.6 – +0.7 V and reduction at ~ −0.2 V – −0.3 V as described above. Both 

the average maximal DA concentration ([DA]max) and the rise time to maximum DA 

concentration (tr) evoked by electrical stimulation at 60 Hz was slightly less in the alOT 

when compared to the other subregions, although this effect did not reach significance 

([DA]max, p = 0.07 and tr, p = 0.055; Table 2). However, the half-decay time (t1/2), the time 

needed for DA to descend from its maximum to half of its value, was significantly different 

between each subregion (One-Way ANOVA, F2,26=7.77, p < 0.01), with the amOT and pOT 

showing a significantly longer t1/2 than the alOT (p < 0.05) indicating a more rapid clearance 

of evoked DA in the alOT.

Effects of the stimulation parameters on DA regulation in the OT.

The responses in each OT subregion to different stimulation parameters were investigated, as 

shown in Figure 5. Increasing stimulation frequency (5, 10, 20, 40, and 60 Hz, 60 pulses) 

showed that the amplitude increased in all three OT subregions, with an overall effect in 

average maximal responses ((Two-Way repeated measures ANOVA, Frequency: F4,104 = 

547), subregion (F2,26 = 4.21) and a significant interaction (F8,104 = 3.53, all p < 0.05))(Fig. 

5(a) and (c)). While similar relative DA responses in the alOT and pOT at different 

stimulation frequencies were observed, the amOT showed greater relative responses than the 

other two subregions at lower frequencies (10 and 20 Hz). Steady-state responses were 

observed in all three OT subregions at 5 Hz (Fig. 5a and inset). Figure 5(b) and (d) show the 

responses in the three OT subregions to different pulse numbers (10, 20, 40 and 80 and 120 

pulses at 60 Hz). Measurable responses (signal to noise (S/N) ≥ 5) were normally observed 

with at least 10 pulses at 60 Hz under these experimental conditions (Fig. 5b and inset). The 

response in the all three OT subregions increased linearly with pulse number, as evidenced 

by the pooled maximal response (F5,105 = 1315), subregion (F2,21 = 18.46) as well as a 

significant interaction (F10,105 = 5.95, all p < 0.05)(Fig. 5(d)). In comparison to the other 

two regions, the relative response in the alOT showed greater maximal evoked DA levels 

between 10 and 80 pulses.
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Discussion

The OT, as the ventral-most component of the ventral striatum, is a highly interconnected 

structure integrating information from both olfactory and diverse non-olfactory brain regions 

involved in a wide range of sensory and reward-related functions beyond that of odor 

processing (Wesson & Wilson 2011, Ikemoto 2007, Ikemoto 2003, Shin et al. 2010, 

Robinson et al. 2002, Robinson & Wightman 2004). Unlike other parts of the ventral 

striatum, the OT contains a distinct trilaminar structure consisting of a molecular (layer I), a 

dense cell layer (layer II), and a multiform layer (layer III) resembling cortical areas 

(Millhouse & Heimer 1984, Wesson & Wilson 2011). Moreover, there is a high degree of 

compartmentalization in the OT, including unique elements such as the Islands of Calleja, a 

sub-structure of granule cells forming reciprocal connections with the NAc, as well as 

specialized “dwarf cells” - small medium spiny neurons (MSNs) mainly observed in the 

deeper layers (I and II) of the OT (Hsieh & Puche 2013, Giessel & Datta 2014).

Recently, it has been shown that neurons in the OT in mice can encode both odor-based 

Pavlovian cue associations (Gadziola et al. 2015) and goal-directed licking behavior for 

natural reinforcers, and is sensitive to reward magnitude and type (Gadziola & Wesson 

2016). Moreover, there is increasing evidence that distinct anatomical subregions of the OT, 

including the amOT, alOT, and pOT regions have distinct functional roles in both social 

odor-guided natural reinforcement (Agustin-Pavon et al. 2014, DiBenedictis et al. 2015), 

determining the appropriate response to cues associated with reward and punishment 

(Murata et al. 2015), and psychostimulant drug reward (Ikemoto 2007). This suggests that 

dopaminergic regulation in this brain area may differ from the other ventral striatal 

structures such as the NAc and also across different subregions of the OT, which may 

influence different behavioral responses. Indeed, while the OT receives strong mesolimbic 

DA input from the VTA like other ventral striatal compartments, the OT has a unique 

distribution pattern of DA receptors, DAT, and projection terminals from that of the 

neighboring NAc (Minuzzi & Cumming 2010, Giessel & Datta 2014, Ikemoto 2007, Hsieh 

& Puche 2013, Jansson et al. 1999). For example, although some have reported dense DAT 

expression in both the OT and the NAc (Ciliax et al. 1995), others have suggested that the 

density of the inhibitory autoreceptor D2/3 binding sites is less in the OT than in the NAc 

(Minuzzi & Cumming 2010). In this present study, we show for the first time that in vivo 
FSCV coupled with carbon-fiber microelectrodes can determine heterogeneous DA 

regulation in three subregions of the OT of anesthetized rats by monitoring rapid changes in 

DA concentration evoked by electrical stimulation of the VTA, despite the challenges 

presented by the small size and the relative anatomical inaccessibility of each region.

Neurochemical, electrochemical, and anatomical evidence confirms that major 
catecholamine in the OT is DA.

Electrical stimulation of the VTA can activate both DA cell bodies and the ventral 

noradrenergic bundle (VNB) that contains axons from NE cell bodies primarily from the 

nucleus of the solitary tract (A2) and other noradrenergic cell groups (A1, A5 and A7) 

(Ungerstedt 1971, Miyahara & Oomura 1982, Saphier 1993) resulting in increased NE 

concentration (Park et al. 2009, Park et al. 2011). Although the electrically evoked signal in 
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the OT showed the characteristic voltammograms of catecholamines like DA (Fig. 1 & 4 

insets) and is identical to the voltammogram of DA found in the NAc and CPu (Park et al. 

2009, Park et al. 2011), DA and NE are indistinguishable electrochemically (Park et al. 

2009, Heien et al. 2003). This is a critical factor, as it has been established that NE 

contributes to the overall catecholaminergic signal in more posterior locations in other 

ventral striatal structures like the NAc shell, which is just above the OT (Park et al. 2010). 

Therefore, NE release in more posterior locations of the OT could be contributing to the 

changes in concentration observed during electrical stimulation, presenting a confound in 

our work as well as in previous data employing FSCV in the OT (Robinson et al. 2005, 

Robinson & Wightman 2004, Robinson et al. 2002). However, our pharmacological 

evidence suggests that the major catecholamine along both the anteroposterior and 

mediolateral extent of the OT evoked by the electrical stimulation of the VTA is DA.

Specifically, administration of selective NE autoreceptor and transporter inhibitors (IDA and 

DMI, respectively) in this study did not change the evoked DA signal in any subregion of the 

OT, while DA D2 receptor and transporter inhibitors (RAC and GBR, respectively) 

significantly increased the evoked DA concentration and its t1/2 in the OT subregions (Fig. 

2). Our findings are in agreement with previous neurochemical studies, which showed that 

over 94% catecholamine in the OT was DA, supporting the idea that evoked NE 

neurotransmission in the OT is minimal (Kilts & Anderson 1986, Kilts & Anderson 1987, 

Suaudchagny et al. 1989, Park et al. 2010, Ikemoto 2007, Seifert et al. 1998, Hsieh & Puche 

2013, Mitchell et al. 1994). Nonetheless, as the VTA is a heterogeneous structure and also 

sends non-DA projection neurons such as GABA to the ventral striatal areas (Brown et al. 
2012), which may also include the OT, the contribution of other neurons and 

neurotransmitter systems to the electrically evoked DA signal will need to be assessed 

further.

DA regulation in the subregions of OT is spatially distinct from neighboring limbic areas.

Our previous work demonstrated that FSCV could be used to selectively determine DA 

release evoked by optical stimulation of the VTA from both NAc and the amOT, and that the 

carbon-fiber microelectrode used for monitoring DA had sufficient spatial resolution to 

distinguish light evoked DA between the two compartments of the ventral striatum 

(Wakabayashi et al. 2016). This experimental approach revealed that evoked DA in the 

amOT was regulated differently compared with DA in the NAc. Our current study 

investigates electrically evoked DA regulation across three subregions, the amOT, alOT, and 

pOT. All three OT subregions are structurally much smaller than the NAc, CPu, and VP and 

consist of a region of evoked DA that is distinct from more dorsal areas anatomically 

associated with the NAc and the CPu (Fig. 1). The electrically evoked catecholamine in the 

VP where both DA and NE coexist was much less than the other brain regions. Consistent 

with previous work showing that electrically evoked catecholamines at a single, relatively 

posterior OT and NAc coordinate can be distinguished from each other using FSCV 

(Robinson et al. 2005), our results from multiple OT subregions across the anteroposterior 

and mediolateral axes demonstrate that FSCV can examine extracellular DA regulation in 

the OT without interference of NE and diffused DA from the NAc, CPu, or VP located 

immediately adjacent to the OT. Particularly, maximal evoked DA release was observed 
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within ~200 μm between layer I and II across all three OT subregions, where the dendrites of 

MSNs were mostly observed (Giessel & Datta 2014). For this study, the optimal depths of 

the bipolar stimulating electrode tips (spaced ~1.0 mm apart) used to evoke maximal DA 

release in the OT were around ~8.5 mm below the skull where maximal evoked DA release 

was also observed in the NAc and CPu (Park et al. 2009, Park et al. 2011). It should be noted 

that due to the relatively poor spatial resolution of electrical stimulation, a detailed 

examination of heterogeneous inputs of VTA neurons including DA neurons into the 

striatum and the OT will need to be conducted with higher spatial resolution techniques. 

However, under identical electrical stimulation conditions, the [DA]max in the OT was 

similar to that in NAc and CPu, but the rate of DA clearance in the OT was less than that of 

DA in the NAc and CPu. This is consistent with previous reports employing a range of 

methods (Annunziato et al. 1980, Horn et al. 1974, Robinson & Wightman 2004). This 

suggests that DA in the OT may have more time to diffuse further from its release sites, 

allowing DA in the OT to participate in “volume transmission” to a greater degree.

Although the results in the amOT are similar to our previous finding from optically evoked 

DA (Wakabayashi et al. 2016), electrically evoked [DA]max in the amOT showed a ~9 times 

greater amount of maximally evoked DA concentration (Table 2) when compared to 

optically evoked [DA]max. This difference is in agreement with reports comparing 

electrically and optically evoked DA levels in the dorsal striatum and NAc after SN or VTA 

stimulation, respectively, in either in vivo or in vitro preparations (Bass et al. 2013, Bass et 
al. 2010). These differences are likely due to a combination of factors, including the 

possibility that electrical stimulation may stimulate more neurons due to its poor spatial 

resolution as described above in comparison to light stimulation. Unlike electrical 

stimulation, additional factors such as light transmittance influence the efficacy of light 

stimulation (Al-Juboori et al. 2013). Also, it should be noted that [DA]max evoked by optical 

stimulation depends on other factors not present with electrical stimulation, including the 

expression pattern of the non-native light sensitive channel used to excite the neuron and the 

position of the optical fiber delivering the light stimulation. Finally, electrical stimulation is 

comparatively non-specific, and readily stimulates fibers of passage in addition to cell 

bodies in the target region (Wakabayashi et al. 2016), while optical stimulation in the VTA 

would not stimulate fibers of passage originating from other, non-transfected parts of the 

brain (Cearley & Wolfe 2006). Taken together, these factors could explain some of the 

differences found between these two studies.

Heterogeneous DA regulation between subregions of OT.

The various stimulation parameters and pharmacological agents that we used revealed a 

significant difference in DA regulation between the subregions of the OT, as the rapid time 

resolution of the DA recordings at the carbon-fiber microelectrode enabled us to characterize 

the dynamics of release and uptake at a subsecond time resolution. Either inhibiting D2 

autoreceptors or subsequently blocking the function of the DAT significantly altered DA 

dynamics in all three subregions, suggesting that extracellular DA in all three subregions is 

regulated by D2 autoreceptors and DAT. However, systemic administration of the D2 

autoreceptor antagonist, RAC, increased the evoked [DA]max in the amOT more compared to 

the alOT and pOT, indicating that DA release in the amOT was more regulated by D2 
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receptors than the alOT and pOT. In contrast, the effect of RAC was smallest in the alOT, 

suggesting that there is comparatively less inhibition by D2 autoreceptors. Less autoreceptor 

inhibition in the alOT subregion could also explain why the alOT showed a greater relative 

DA release with increasing pulse number than the amOT and pOT (Fig. 5(d)). Additionally, 

there was significantly smaller t1/2 of evoked DA under pre-drug control conditions in the 

alOT subregion compared to the other two subregions (Table 2). While this may initially 

suggest that DA is under greater regulation by DAT in the alOT, the effects of DAT blockade 

by GBR on maximal amplitude and half-decay time were not significantly different between 

the different OT subregions. Thus, this difference may instead result from less DA release in 

the alOT compared to the amOT and pOT (Table 2). In addition, previous 

immunohistochemistry studies have shown that VTA DA neuronal projections are more 

dense in the medial OT than in lateral parts of the anterior or posterior OT (Newman & 

Winans 1980).

The amOT showed a greater sensitivity to changes in stimulation frequency than the other 

subregions at 20 Hz (Fig. 5(c)). The characteristics of evoked DA release depend on three 

factors: the rapidity (frequency) of stimulation, the rate of DA clearance, and the amount 

release per impulse (Garris et al. 1997, Bergstrom & Garris 2003, Garris & Wightman 

1994). Generally at lower stimulation frequencies, sufficient time exists for the release and 

uptake of DA to equalize to a steady-state level, while the shorter time between stimulus 

pulses at higher frequencies permits release to overtake clearance, resulting in peak-shaped 

signals largely dependent on the magnitude of DA release. Like the NAc and CPu, the 

evoked release of DA shows a steady-state release in all OT subregions at a low frequency, 

5Hz (Fig. 5(a), inset). However, given that the amOT shows a significantly increased relative 

response to higher frequencies (10 and 20 Hz) compared to other subregions, these results 

suggest that amOT regulation of DA by inhibition of DA release and uptake via D2 

autoreceptors and DAT, respectively, may be more readily overwhelmed at higher 

frequencies (> 5 Hz) compared to other regions of the OT.

Less spontaneous phasic DA transients in the alOT following inhibition of DA uptake and 
D2 autoreceptors.

While naturally occurring phasic DA transients in the NAc and OT are observed in awake 

rats as a result of burst firing of DA neurons in the VTA (Sombers et al. 2009, Wightman et 
al. 2007, Robinson et al. 2002, Robinson & Wightman 2004), similar transients are rarely 

seen in deeply anesthetized rats except under D2 receptor antagonism and DAT blockade 

(Venton & Wightman 2007, Park et al. 2010). These drugs increase burst firing and slow 

rhythmic oscillations in the firing rate of VTA DA neurons in anesthetized rats (Shi et al. 
2004). The drug-induced spontaneous phasic DA transients have been observed in both the 

dorsal striatum (Venton & Wightman 2007) and ventral striatum (Park et al. 2011, Park et al. 

2010, Wakabayashi et al. 2016). Here we report that while the frequency of the spontaneous 

transients does not differ across subregions, the maximal concentration of DA transients 

appears to be significantly smaller in the alOT than either the amOT or pOT (Table 1). 

Interestingly, when compared to drug-induced spontaneous DA transients in the NAc 

(frequency = 0.41 Hz and [DA]max = 0.18 ± 0.04 μM) (Park et al. 2011), amOT and pOT 

transients appear to be similar in [DA]max, but all OT transients appear to be less frequent 
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and broader than those observed in the NAc (Fig. 3 & Supplementary Fig. 2). These indicate 

a longer half-decay time of DA transients although it is difficult to accurately evaluate the 

exact t1/2 since individual transients were not always clearly resolved from each other. This 

may also reflect a difference in DA regulation via inhibitory autoreceptors and reuptake 

mechanisms in the OT, its subregions and NAc. These results may support increasing 

mechanistic evidence for a functional distinction in DA-related behaviors (e.g. natural and 

drug reward) between the NAc and the OT.

Conclusion

Taken together, our results in anesthetized rats show that heterogeneous DA regulation, 

primarily through differences in inhibitory autoreceptor regulation, differs in anatomical 

sub- territories of the OT. This difference in DA regulation may help explain some of the 

functional distinctions observed between the medial and lateral OT in both natural and drug 

reward (Ikemoto 2003, Agustin-Pavon et al. 2014, DiBenedictis et al. 2015) as well as 

switching between appropriate motivated behaviors in response to reward and danger 

(Murata et al. 2015). Moreover, as the VTA is not a uniform structure, ventral striatal DA 

regulation (i.e. OT subregions and the NAc) may depend on spatially heterogeneous input 

from the VTA (Ikemoto 2007). As electrical stimulation lacks spatial resolution, more 

localized stimulation approaches employing optogenetics may be beneficial in the future. As 

the first real-time DA recording in the subregions of the OT, the results of this study lay the 

groundwork for the future exploration of the role of DA in the OT in drug abuse and 

motivated behavior.
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Refer to Web version on PubMed Central for supplementary material.
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List of abbreviations:

alOT anterolateral olfactory tubercle

amOT anteromedial olfactory tubercle

AP anteroposterior

CA catecholamine

CPu caudate putamen

DA dopamine

DAT dopamine transporter
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DMI desipramine

DV dorsoventral

FSCV Fast Scan Cyclic Voltammetry

GBR GBR-12909

IDA idazoxan

i.p. intraperitoneal

ML mediolateral

MSN medium spiny neuron

NAc nucleus accumbens

NE norepinephrine

NET norepinephrine transporter

NST nucleus of the solitary tract

OT olfactory tubercle

pOT posterior olfactory tubercule

SN substantia nigra

Tris tris(hydroxymethyl)aminomethane

VNB ventral noradrenergic bundle

VTA Ventral Tegmental Area

VP ventral pallidum
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Figure 1. 
Maps of electrically evoked catecholamine (CA) responses in the dorsal (CPu), ventral 

striatum (NAc), ventral pallidum (VP), and the amOT (a), alOT (b), and pOT (c) subregions 

as a function of the depth of the carbon-microelectrode. Panels (a)-(c) show coronal sections 

schematically (left, from Paxinos and Watson (Paxinos & Watson 2007)). The approximate 

path of the microelectrode (left, dotted line) was aimed at the different subregions of the OT 

(black: amOT, red: alOT, blue: pOT)(left). Relative response of catecholamine in the OT 

subregions are shown on the right. Mean relative response (Ix
d/Imax

d) of catecholamine in 

response to VTA electrical stimulation (60 Hz, 60 pulses) in the amOT (n=6), alOT (n=5), 

and pOT (n = 8) subregions at different depths of the microelectrode where Ix
d is the 

response at a particular depth divided by the maximal response, Imax
d of catecholamine. 

Panels (d)-(f) show representative CA concentration versus time traces at different depths of 

the microelectrode for each OT subregion before, during and after the electrical stimulation; 

insets show the distinct cyclic voltammogram for CA at the peak concentration values. Red 

bar denotes electrical stimulation of the VTA/SN interval (60 Hz, 60 pulses). Abbreviations 

used: CPu, caudate-putamen; NAc, nucleus accumbens; OT, olfactory tubercle; VP, ventral 

pallidum.
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Figure 2. 
Effect of selective NE and DA autoreceptor and transporter inhibitors on electrically evoked 

release and uptake in the subregions of the OT. The NE drugs, idazoxan (IDA, 3 mg/kg, 

dotted blue line), and IDA + desipramine (DMI, 15 mg/kg, solid read line) did not alter 

release or uptake in the representative examples of evoked release in all of the subregions of 

the OT (a). In contrast, a D2 receptor antagonist, raclopride (RAC, 2m/kg, dotted blue line) 

increased both [CA]max and t1/2 in the representative examples of evoked release in all of the 

OT subregions (b). Subsequent administration of a DAT inhibitor, GBR 12909 (GBR, 15 
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mg/kg, solid red line) potentiated both [CA]max and t1/2 in the subregions of the OT. Red bar 

indicates the duration of the electrical stimulation of the VTA (60 Hz, 60 p). Effect of the 

these agents on the average maximum evoked catecholamine concentration ([CA]max) and 

half-decay time (t1/2) in the OT subregions; the NE drugs idazoxan (IDA, 3 mg/kg, i.p.) and 

IDA + desipramine (DMI, 15 mg/kg, i.p.) had no significant effect on either the [CA]max (c, 

left) or the t1/2 (d, left). Raclopride (RAC, 2 mg/kg, i.p.) significantly increased evoked 

[CA]max ((c, right), amOT t4=7.61, alOT t5=3.16, pOT t7=8.94, *, all p < 0.0001) and half-

decay time ((d, right), amOT t4=4.54, alOT t5=2.66, pOT t6=4.37, all p < 0.05) from pre-

drug control levels (dashed line). Subsequent administration of GBR 12909 (GBR, 15 

mg/kg, i.p.) after RAC further increased maximum evoked release from baseline levels. 

Fisher post-hoc tests revealed that the [CA]max after RAC was greater in the amOT than in 

the alOT (#, p < 0.05), and that the effect of RAC+GBR on maximum evoked release was 

greater than RAC alone for all OT subregions (†, p < 0.05). GBR after RAC also increased 

t1/2 from baseline levels (two-way repeated measures ANOVA, main effect of drug 

F1,15=41.9, p < 0.0001), although this effect was not statistically different across OT 

subregions.
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Figure 3. 
Combined inhibition of DA uptake and D2 antagonism induces spontaneous DA transients 

in all subregions of the OT. Color plot representations of background-subtracted cyclic 

voltammograms collected over 30s before (left) and after (right) raclopride (RAC, 2 mg/kg, 

i.p.) and GBR 12909 (GBR, 15 mg/kg, i.p.) administration. DA concentration changes were 

seen in the color plot at the potential for DA oxidation (~ 0.6 – 0.7 V, dashed white line). 

The time courses of the DA concentration changes are shown below each color plot. Cyclic 

voltammograms are shown as insets recorded at the time indicated by the asterisk (*).
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Figure 4. 
Comparison of electrically evoked DA regulation in subregions of the OT. Representative 

examples of the change in DA concentration in the OT (amOT (a), alOT (b), pOT (c)) after 

stimulation (60 Hz, 60 pulses) of the VTA. Upper panels are color plots for the voltammetric 

data shown for each example, comprised of all background-subtracted cyclic 

voltammograms recorded for 5 s before and 10 s after stimulation, with current changes 

encoded in false color. Changes in DA concentration occurred at the potential for its 

oxidation (∼+0.6 - +0.7 V, dotted line) and reduction (∼ −0.3 - −0.2 V, solid line). Lower 

plots show changes in DA concentration before, during and after stimulation, shown at the 

potential where DA is oxidized. Background-subtracted cyclic voltammograms are shown as 

insets at the maximum of evoked release. The red bars indicate the period of electrical 

stimulation.
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Figure 5. 
Comparison of representative DA responses in the amOT, alOT and pOT subregions as a 

function of frequency (a) and pulse number (b). Representative evoked DA concentration 

traces at 5 Hz and 10 pulses are shown as insets, in (a) and (b), respectively. Maximal mean 

DA responses in the subregions of the OT as a function of frequency (c) and pulse number 

(d) as shown as relative response (monitored DA response (Ix)/maximal response (Imax)). 

Significantly different response between the alOT and amOT (*), amOT and pOT (†), alOT 

and pOT (‡) subregions (p < 0.05).
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Table 1.

Characteristics of spontaneous DA transients after the systemic administration of RAC and GBR in subregions 

of the OT.

Subregion (n = 5) Frequency (Hz) [DA]max (μM)

amOT 0.22 ± 0.02 0.25 ± 0.06 *

alOT 0.18 ± 0.02 0.09 ± 0.02 *

pOT 0.17 ± 0.03 0.17 ± 0.02

*
indicates significant difference via Fisher’s Post-hoc test (p < 0.05).

Frequency of naturally occurring phasic DA transients given as Hz (number of transients per second). [DA]max is the average maximal DA 

concentration of spontaneous transients. Values represent the mean ± SEM.
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Table 2.

Numerical parameters measured from evoked DA in the subregions of the OT after electrical stimulation (60 

Hz, 60 p).

Subregion [DA]max (μM) tr (s) t1/2 (s)

amOT (n=7) 2.89 ± 0.43 1.63 ± 0.10 1.84 ± 0.19

alOT (n=10) 2.01 ± 0.15 1.33 ± 0.04 1.27 ± 0.05*,†

pOT (n=12) 3.00 ± 0.35 1.50 ± 0.09 1.83 ± 0.12

*,†
indicate significant difference (p < 0.05) between alOT and amOT, alOT and pOT, respectively.

[DA]max is the maximally evoked DA concentration, tr is the time required to reach [DA]max from the start of the stimulation, and t1/2 is the time 

required for [DA]max to decay to 50% of its value. Values represent the mean ± SEM and were compared by One-Way ANOVA followed by a 

Fisher post-hoc test.
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