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Abstract 

Accumulating evidence suggests that neurons of the ventral tegmental area 

(VTA) are highly correlated with event salience. Different regions of the VTA have 

different projection sites, yet little is known about the VTA response across its rostro-

caudal axis. High-density recording methods were used to monitor cells from the rostral 

and caudal VTA of adult male rats as they ran for food reward. Reward magnitude was 

unexpectedly changed during recording sessions. We confirm the sensitivity of VTA 

neurons to reward and  reward magnitude. Furthermore, we observed three ‘classes’ of 

VTA neurons: 1) neurons with gradual firing rate changes following reward delivery; 2) 

neurons with steep changes; and 3) neurons with no response to reward.  Within these 

categories, neurons exhibited one of two different waveforms.  While the broad 

responses to reward delivery were present in both VTA regions, the rostral VTA had a 

significantly higher proportion of cells with steep response characteristics.  Finally, 

rostral VTA neurons with no response to reward exhibited firing rate changes when 

reward contingencies were altered.  Caudal VTA neurons did not show this property.  

These results suggest that the VTA exhibits heterogeneous responses to reward which 

may have important implications for processing in structures receiving differential VTA 

output.  
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Introduction 

 Dopamine is a neurotransmitter in the central nervous system that has been 

implicated in a wide array of functions including movement, attention, and addiction 

(Wise, 2004).  In conjunction with the substantia nigra pars compacta (SNc) and the 

retro rubral fields, the ventral tegmental area (VTA) is one of three brain regions 

containing dopaminergic neurons (Carlsson 1959; German & Manaye, 1993; Dahlstrom 

& Fuxe, 1964).  Although dopamine circuits arising from the SNc have been studied 

extensively in Parkinson’s disease, less is known about the function of dopamine arising 

from the VTA.  Accumulating evidence suggests that VTA neurons are highly correlated 

with the salience of events.  In particular, VTA neurons have been shown to respond to 

reward-predictive stimuli and to further alter their firing behavior upon receiving 

unpredicted rewards (Figure1).   

Electrophysiological single-unit recordings from the VTA in awake-behaving 

animals have suggested that predictable reward fails to elicit a response in these 

neurons, whereas unpredicted rewards results in an increase of firing activity and the 

omission of a predicted reward results in a decrease of firing activity.  For example, 

Hollerman & Schultz (1998) recorded the electrophysiological responses of dopamine 

neurons from behaving monkeys as they performed a visual discrimination task (Figure 

1A).  A pair of images predicted liquid reward and at the predicted reward time (1 sec), 

dopamine neurons did not exhibit firing rate changes.  However, if the reward was 

omitted at the predicted reward time and instead given 1.5 seconds later, dopamine 

neurons decreases their firing rate initially and exhibited increased firing upon reward 

delivery.  Likewise, if the reward was given earlier than the predicted reward time,  
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dopamine neurons increased firing.  These data indicate that dopamine neurons of the 

midbrain selectively respond to the unexpectedness of reward delivery.  Dopamine 

neurons of the midbrain have also been shown to respond to changes in the magnitude 

of reward.  Tobler et al. (2005) found that dopamine neurons in non-human primates 

increased their firing in response to a visual stimulus that predicted greater amounts of 

liquid rewards (Figure 1B).  Similar results have been found in rats.  Roesch et al (2007) 

obtained electrophysiological recordings from male rats as they nose-poked for a liquid 

reward.  The rats were allowed to choose between two reward wells; one containing a 

small reward and one containing a larger reward.  After a number of trials, the reward 

Figure 2: Figure 1: Response of VTA neurons to reward. (A) Effects of reward timing in non-human primates. Firing of 
dopamine neurons was depressed at late reward (1.5 sec) and increased at early reward (0.5 sec). (B) Effects of 
reward magnitude in non-human primates. Single neuron (top) and population (bottom) scale to size of reward (0.01 
mL- 0.25). (C) Effects of reward timing and magnitude in rodents.  Left: omission of an expected reward caused 
depressing firing of dopamine neurons (black arrow).  Right: increase in reward amount and unexpected reward 
delivery at 0.50 seconds caused an increase in firing of a dopamine neuron (left and right black arrow, respectively).  
Figures adapted from Hollerman and Schultz ,1998 (A); Tobler et al., 2005 (B); and Roesch et al., 2007 (C).  
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contingencies were reversed: the well that had previously contained a small reward now 

contained the large reward.  In addition, reward was omitted from both wells during 

random trials.  VTA neurons decreased their firing when reward was omitted and 

increased their firing both for unexpected reward and an unexpected increase in reward 

magnitude (Figure 1C).  These data together provide evidence that VTA neurons are 

particularly sensitive to reward expectancy and magnitude.  However, these studies 

have only investigated the rostral region of the VTA.  Given that dopaminergic neurons 

are known to exist along the full rostro-caudal extent of the VTA, it is surprising that less 

is known about how caudal VTA neurons respond to reward.  Thus, the aim of this study 

was to investigate the neural response of the VTA across the full rostro-caudal axis. 

I. Dopamine 

 Dopamine is a catecholamine derived from the amino acid tyrosine (Figure 2).  

Tyrosine hydroxylase (TH) mediates the first step of dopamine synthesis in the VTA and 

SNc by converting tyrosine to dihydroxyphenylalanine (L-DOPA).  TH is a rate-limiting 

step because it is tightly regulated by current levels of dopamine through an inhibitory 

Figure 2: A diagram of dopamine 
biomarkers.  Dopamine synthesis: tyrosine 
is converted into L-DOPA by TH in the 
presynaptic cell (left).  L-DOPA is converted 
into dopamine which is packaged into 
vesicles awaiting an action potential for 
release into the synaptic cleft.  Dopamine 
transporters are imbedded in the membrane 
of the presynaptic terminal and serve to 
reuptake or clear the dopamine out of the 
cleft.  Dopamine receptors (D1 and D2 
shown here) are imbedded in the 
membrane of the postsynaptic cell (right) 
and serve to propagate the dopamine signal 
(adapted from Youdim et al. 2006 ).  
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feedback mechanism.  Namely, as dopamine levels increase, TH becomes 

dephosphorylated (deactivated).  Likewise as dopamine levels decrease, TH becomes 

phosphorylated (activated).  L-DOPA is then converted to dopamine via the enzyme 

dopamine decarboxylase.  The newly synthesized dopamine molecules are then 

packaged into vesicles.  Upon synaptic release, dopamine travels across the synaptic 

cleft and can bind to specialized dopamine receptors on the post-synaptic membrane.  

The activity of dopamine in the synapse can be mediated by the presence of dopamine 

transporters on the presynaptic membrane, which serve as a re-uptake mechanism.   

II. VTA Anatomy 

 The VTA lies medial to the substantia nigra pars compacta (SNc), ventral to the 

red nucleus in the midbrain and is composed of the A10 group of neurons (Dahlstrom & 

Fuxe, 1964).  The VTA is not well-defined cyto-architectonically and its boundaries are 

largely determined by those of adjacent structures.  Unlike the SNc, where 

dopaminergic neurons make up 90% of the total neuronal population, dopaminergic 

neurons in the VTA make up ~60% of the total population (Nair-Roberts et al., 2008; 

German & Manaye, 1993; Swanson, 1982).  In addition, immunohistochemical studies 

have identified a population of inhibitory GABAergic neurons in the VTA which 

contribute ~30% of the total neurons in this region (Carr & Sesack, 2000a).  Both 

dopaminergic and GABAergic populations in the VTA have been shown to be 

comprised of locally acting neurons as well as projection neurons (Swanson, 1982; Carr 

& Sesack, 2000a). Finally, a small population of glutamatergic neurons has been 

identified, though the precise projections and function of these neurons remains 

unclear.  
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Figure 3: Schematic of major efferent and afferent projections of the VTA. Direct connections are shown 
in black with indirect connections depicted in grey.  Approximate percentage of projecting dopamine neurons 
are indicated by the color scale, with warmer colors indicating greater projection density (adapted from Fields 
et al. 2007).  

The VTA receives inputs from several regions including the prefrontal cortex 

(PFC), nucleus accumbens (NAc), amygdala, ventral pallidum, laterodorsal tegmental 

nucleus (LDT), pedunculopontine tegmental nucleus (PPTg), lateral hypothalamus (LH), 

and superior colliculus (SC) (Geisler & Zahm, 2005; Phillipson, 1979) (Figure 3).  The 

PFC sends glutamatergic projections to the VTA (Sesack & Pickel, 1992) as well as 

GABAergic projections (Carr & Sesack, 2000a).  The LH, bed nucleus of the stria 

terminalis, and the SC provide additional glutamatergic input (Georges & Aston-Jones, 

2002; Geisler & Zahm, 2005; McHaffie et al., 2006).  The PPTg and LDT provide the 

major glutamatergic, cholinergic, and GABAergic projections to the VTA (Cornwall et al, 

1990, Oakman et al., 1995; Semba & Fibiger, 1992).  GABAergic, inputs arise from the 

ventral pallidum (Geisler & Zahm 2005) and the NAc (Conrad & Pfaff 1976).  

The VTA projects densely and largely ipsilaterally to the ventromedial striatum, 

primarily the NAc core and shell. Other areas receiving large inputs from VTA are the 
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pregenual and subgenual PFC, the amygdala, and the LH (Berger et al. 1974; Fuxe et 

al. 1974; Lindvall & Bjorklund 1974; Lindvall et al., 1974 1978; Ungerstedt 1971). The 

hippocampus, entorhinal cortex, and lateral septal area receive smaller projections 

(Beckstead et al. 1979, Swanson 1982).  Although attention has focused on 

dopaminergic neurons, Swanson (1982) first demonstrated that VTA projections to 

different targets consist of variable proportions of dopaminergic neurons. The projection 

to the NAc is richest in dopamine neurons (65%–85% dopaminergic), followed by those 

to the lateral septal area (72%), amygdala (53%), entorhinal cortex (46%), PFC (30%–

40%), and hippocampus (6%–18%) (Fallon et al. 1984, Gasbarri et al. 1994, Swanson 

1982) (Figure 3). A significant proportion of VTA afferents to both the NAc and PFC are 

GABAergic (Carr & Sesack 2000a, Van Bockstaele & Pickel 1995).  

III. Differences in the rostro-caudal axis 

Different areas along the rostro-caudal extent of the VTA have different major 

projection sites.  Namely, the rostral VTA has been shown to project more densely to 

forebrain areas such as the PFC, while the caudal VTA has been shown to project more 

strongly to areas such as the NAc (German and Manaye 1993; Dahlstrom and Fuxe 

1964).  Furthermore, though TH+ neurons are known to exist along the entire rostro-

caudal axis of the VTA, axial differences in dopamine cell densities also exist.  

Specifically, the caudal VTA has fewer total neurons compared to rostral VTA, but a 

greater proportion of TH+ cells (Carr & Sesack, 2000b).  Additionally, the rostral VTA 

contains a greater number of inhibitory GABAergic neurons (Nair-Roberts et al. 2008).  

These axial differences in conjunction with differences in projection topography suggest 

that specific cell populations within the VTA may have different functions based on their 
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location along the rostro-caudal axis and their main projection target.  Furthermore, it is 

possible that, depending on the location along the rostro-caudal axis, these neuronal 

populations respond differentially to reward. 

Materials and Methods 

I. Subjects and Behavioral Training 

Electrophysiological recordings were performed on three 9-month-old Fischer-

344 male rats.  The rats were housed individually and were maintained on a 12:12 light-

dark cycle.  Before implantation of a “hyperdrive” assembly, each rat was screened for 

spatial memory impairments and normal vision using the Morris swim task (Morris et al., 

1982).  The rats underwent 6 spatial trials a day for 4 days in which they were required 

to navigate an opaque pool of water using spatial cues to locate a hidden escape 

platform submerged beneath the surface of the water.  The spatial trials were followed 

by 2 days of cued visual trials (6 trials/day) in which the escape platform was above the 

surface of the water but the position of the platform changed between each trial.  This 

procedure has been described in detail previously (Barnes et al., 1997). The data were 

analyzed offline using a commercial software application (ANY-maze, Wood Dale, IL).  

Because different release locations and differences in swimming velocity produce 

variability in the latency to reach the escape platform, a corrected integrated path length 

(CIPL) was calculated to ensure comparability of the rats’ performance across different 

release locations (Gallagher et al., 1993).  All rats used for this experiment did not show 

any memory or visual deficits. 

Rats also underwent a hole-board task which required them to search for 4 food 

pellets in a 16 hole-board arena (Oades, 1982).  Each animal received 10 trials per day 
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for 5 days.  The hole-board task is thought to be, at least in part, attributed to VTA 

function as VTA-lesioned animals show marked deficits on the hole-board task by 

maintaining greater numbers of errors over testing days and failure to develop 

consistent search strategies (Oades, 1982).  Data from this task were analyzed offline 

using a statistical software package (GraphPad Software Inc., La Jolla, CA).  All rats 

used for this experiment did not exhibit impairments on the hole-board task. 

 During the behavioral training and recording period, rats were food-restricted to 

85% of their ad libitum weight and had ad libitum access to water.  Rats were trained to 

run in alternating directions for food reinforcement (chocolate Ensure) on a modified T-

maze (Figure 4).  Data were collected during the dark phase of the rats’ light/dark cycle.  

Each recording session consisted of three 20 min rest sessions interspersed between 

two maze sessions.  In each maze session, rats were required to run for 50 laps, with 

each reward event representing a single lap.  Food reinforcement was kept at a fixed 

amount (0.25 mL) during the first maze session (M1).  In the second maze session 

(M2), the magnitude of the reward was changed from the fixed amount used in M1 to 

0.00mL,  0.50mL or 0.75mL.  Electrophysiological data were collected continuously 

 

          

Rest 1

Maze 1: baseline food 
reward 
 

Rest 2 
 

Maze 2: reward 
magnitude change 

Rest 3 

Figure 4:  Schematic of multiple-
single unit recording and behavior.  
Left: schematic of a triangle maze.  
Rats were required to run in alternating 
directions (blue path, then red path) for 
food reward given at two fixed 
locations on the track.  Right: Each 
recording session consisted of three 20 
minute rest sessions interspersed 
between two maze sessions.  In Maze 
1 (M1), animals traversed the maze for 
a fixed amount of food reward delivery 
at each location (0.25 mL of chocolate 
Ensure). In Maze 2 (M2), the 
magnitude of the reward was changed 
from the baseline amount in M1 to a 
new amount (0mL, 0.50 mL, or 
0.75mL). 
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throughout all rest and maze sessions. 

II.   Surgical Procedures 

 Surgery was conducted according to the National Institutes of Health guidelines 

for rodents and protocols approved by the University of Arizona Institutional Animal 

Care and Use Committee.  Prior to surgery, rats were administered penicillin G (30,000 

units intramuscularly in each hind limb) to combat infection.  Rats were then implanted 

with an electrode assembly or “hyperdrive” consisting of 14 independently-movable 

“tetrode” recording probes under isofluorane anesthesia (doses ranging from 0.5% to 

2.5%).  The hyperdrive, surgical procedures, and the recording technique have been 

described in detail previously (Gothard et al., 1996).  Each hyperdrive consisted of 14 

drive screws coupled to a guide cannula. 12 of these guide cannula contained tetrodes, 

constructed by twisting 4 strands of 13µm nichrome wire (H. P. Reid). Two additional 

tetrodes with their individual wires shorted together served as an indifferent reference 

and an EEG recording probe. A full turn of the screw advanced the tetrode 318 µm. For 

all rats, simultaneous recordings were made from the rostral and caudal VTA.  Tetrode 

placement was verified through histology (Figure 5).  The hyperdrive was stereotaxically 

positioned at -5.20mm posterior to Bregma, 1.80mm lateral to the midline, and angled 

14˚ toward the midline. Dental acrylic was used to cement the implant which was 

anchored to the skull by small screws. Immediately after surgery all tetrodes were 

lowered 954 µm into the cortex, and rats were administered 2.7 mg/ml acetaminophen 

(Children’s Motrin) for analgesia.  They were also placed on a 10 day on/10 day off 

regimen of 0.8 cc oral ampicillin (Bactrim) for the duration of the experiment.  
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Figure 5:  Localization of tetrodes in the VTA.  Top images: schematics of coronal sections of the rat brain 
(Paxinos & Wilson, 1994).  Red areas indicate the location of the VTA in a rostral section (left, -5.00 mm Bregma), 
middle ( -5.60 mm Bregma), and caudal section (right, -6.30 mm Bregma).  Bottom images (left): 50 µm coronal 
section through the rostral VTA stained with cresyl violet.  (right): 50 µm slice directly following slice processed for 
Nissl that underwent immunohistochemisty for TH, a biomarker for dopamine neurons. Black arrows indicate the tips of 
tetrodes during data collection.  Note that they are located in the VTA region.  

 

III.   Neurophysiology 

 After surgery, tetrodes were gradually advanced to their desired location along 

the rostro-caudal axis of the VTA (Figure 5) during which time the rats underwent 

behavioral training. The reference electrode was located in or near the corpus 

callosum. The EEG recording probe was located in the hippocampal fissure. The 4 

channels of each tetrode were attached to a 50-channel unity-gain headstage 

(Neuralynx, Inc., Tucson, AZ). A multi-wire cable connected the headstage to digitally 

programmable amplifiers. The spike signals were amplified by a factor of 1000-5000, 

bandpass-filtered between 600 Hz and 6 kHz and transmitted to the Digital Cheetah 

Data Acquisition System (Neuralynx, Inc.).  Signals were digitized at 32 kHz and 

events that reached a predetermined threshold were recorded for a duration of 1 ms. 

Spikes were sorted offline according to amplitude and principal components from the 4 
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tetrode channels through a semi automatic clustering algorithm (KlustaKwik, author: K. 

D. Harris, Rutgers-Newark). Resulting clusters were edited manually using custom 

written software (MClust, author: A. D. Reddish, University of Minnesota; updated by S. 

L. Cowen and D. R. Euston, University of Arizona).  

IV.       Analyses and Statistics 

Spike activity of individual cells identified through the cluster analysis methods 

was analyzed using custom programs written in Matlab (La Jolla, CA).  Behavioral data 

from the Morris swim task and the Oades hole-board task were analyzed with one-way, 

repeated measures analysis of variance tests (ANOVA).  Analysis of cell response 

categorization was evaluated with unpaired student t-tests.  The main effect of rostral 

versus caudal VTA neurons was evaluated with two-way ANOVAs, followed by 

Bonferroni’s post hoc tests.  For all tests, the null hypothesis was rejected at the 0.05 

level of significance. 

Results 

I.       Electrophysiological recordings 

Electrophysiological recordings of VTA activity were conducted as rats traversed 

a modified T-maze for reward.  A total of 206 cells were recorded from the rostral VTA (-

5.00 to -5.50mm Bregma) and 352 cells were recorded from the caudal VTA (-6.00 to -

6.30mm Bregma).  Consistent with previous studies, the present electrophysiological 

recordings identified cells within the VTA that were reward-sensitive.  Peri-event time 

histograms (PETHs), spike raster plots and firing rate maps were generated for 

individual cells.  The PETHs illustrate the times at which neurons fire with respect to the 

time at which the rat received food reward.  Spike raster plots allow for the visualization 
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of the temporal spiking patterns of one neuron over many trials.  In addition, a firing rate 

map was generated for each cell, allowing for the localization of a cell’s firing relative to 

the animal’s position on the maze.  In these maps, warmer colors indicate regions with 

higher firing rates.   

Two main ‘classes’ of VTA neurons were responsive to reward delivery: 1) 

neurons that had gradual changes in firing rates following reward delivery; and 2) 

neurons that had steep changes in firing rates following reward delivery.  In addition, 

there was a population of neurons that exhibited no response to reward delivery (Figure 

6).  The group of cells that exhibited a gradual decrease in firing rate following reward 

onset in M1 also preserved this response during M2.  The corresponding firing rate 

maps indicated that gradual response cells tended to have more diffuse regions of 

moderately high firing rates dispersed between regions of low firing rates.  A population 

of VTA neurons demonstrated a steep decrease in their firing rate following the onset of 

reward.  Like the neurons with a gradual reward response, neurons with a steep reward 

response in M1 maintained this reward response during both M1 and M2.  The 

corresponding rate maps for these steeply responding neurons indicated that they 

tended to exhibit high firing rates in isolated regions of the track, typically at the sites of 

reward delivery.  A third group of cells showed no sensitivity to reward as indicated by 

no identifiable firing pattern in relationship to reward onset.  Firing rate maps for no 

reward response cells tended to have high firing rate regions spread out throughout the 

track with no distinct pattern (Figure 6).  However, a subset of cells demonstrating no 

reward sensitivity showed a more refined firing pattern on M2 when the magnitude of 

reward was varied from M1.   
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III.         Differences along the rostro-caudal axis of the VTA 

All cells recorded were first sorted according to subregion (rostral or caudal) and, 

utilizing the PETHs and spike raster plots, each cell was further grouped into one of the 

Figure 6: Representative peri-event histograms (PETH), spike raster plots and firing rate maps for VTA neurons 
with gradual, steep, and no response to reward delivery in M1 recording sessions.  PETHs illustrate the time which 
neurons fire with respect to the time when reward was delivered.  Spike raster plots allow for the visualization of the 
temporal spiking patterns of one neuron over many trials, with each line representing a separate trial.  Firing rate maps 
allow for the localization of a cell’s firing relative to the animal’s position on the maze.  In these maps, warmer colors 
indicate regions with higher firing rates.  Left: Representative PETH, spike raster, and firing rate map for a cell that 
gradually modulated its firing activity upon reward delivery (denoted by black arrow).  Note that firing for these types of cells 
tended to be moderately high in rate and diffusely distributed on the maze.  Middle: Representative PETH, spike raster, 
and firing rate map for a cell that steeply modulated its firing activity upon reward delivery (denoted by black arrow).  Firing 
for these types of cells tended to have high and punctate rates in isolated regions of the maze, typically at the sites of 
reward delivery.  Right: Representative PETH, spike raster, and firing rate map for a cell that had no response to reward 
delivery (denoted by black arrow).  Firing for these types of cells tended to have low rates and also be diffusely distributed 
on the maze.   
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Figure 7: Response of VTA neurons to reward delivery.  A) VTA neurons were sorted according to their 
alteration in cell firing activity upon reward delivery during M1.  These neural responses were observed to be 
gradual or steep, with a population that also exhibited no response.  Neurons with steep responses were 
observed in greater numbers than cells with gradual or no reward response in both regions of the VTA (* 
indicates p-values <0.01, # indicates p-values less than 0.05).  The rostral VTA exhibits a greater proportion of 
cells with steep responses to reward.  B) Rostral VTA neurons with no response to reward in M1 significantly 
changed their firing rate when reward contingencies were altered during M2.   Caudal VTA neurons did not show 
this property.  
 

three previously described reward-related response categories (gradual, steep or no 

reward response).  Neurons with steep responses to reward delivery constituted the 

largest group in both VTA regions, significantly outnumbering neurons with gradual 

responses to reward (rostral VTA: t=6.67, p=0.003, caudal VTA: t=5.24, p=0.0063) as 

well as those with no response to reward (rostral VTA: t=6.67, p=0.003, caudal VTA: 

t=3.38, p=0.02).  Additionally, the rostral VTA exhibited a significantly greater proportion 

of cells that demonstrated a steep response to the onset of reward as compared to the 

caudal VTA (F[2,12] = 4.22, p=0.04; Figure 7A).  Given that the categories of neuronal 

responses are based on M1, these data suggest that the rostral VTA may be more 

generally responsive to food reward than the caudal VTA neurons.   There were no 

significant differences in the proportion of gradual or no response cells in the rostral and 

caudal VTA.   
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Figure 9: Representative 
waveforms of neurons recorded in 
the VTA.  Results of waveform 
analysis based on spike duration (d, 
in waveform inset, y-axis, ms) and 
the amplitude ratio (x-axis) of the 
initial negative and positive 
segments (v and p in inset, 
respectively).  Points in red are 
representative neurons either with 
high Amplitude Ratio and shorter 
duration (bottom right, termed Type 
1) or low Amplitude Ratio and large 
durations (top left, termed Type 2).  
Importantly, the distribution of 
waveform characteristics is similar to 
those previously reported from the 
VTA (Roesch et al., 2007). 

 An average rate overlap measure was generated for VTA neurons sorted 

according to cell response to reward.  This measure compares the firing rate of each 

cell across both maze sessions.  A small rate overlap indicates a large change in firing 

from M1 to M2.  Rostral VTA neurons with no response to reward delivery exhibited a 

significantly lower average rate overlap (F[1,12]= 2.55, p=0.03; Figure 7B), indicating 

that these neurons were particularly sensitive to changes in reward contingencies from 

M1 to M2.   

IV.  Waveform amplitude ratio and spike duration 

Waveforms for recorded neurons were analyzed using previously described 

criteria for identifying putative dopaminergic neurons (Roesch et al., 2007).  For each 

neuron, an amplitude ratio was calculated by taking the difference between the initial 

negative (v) and positive (p) segments of the action potential divided by the sum of both 

segments, v-p/v+p  Further, for each neuron, the spike duration (d) is given by the time 

interval from the initial negative inflection point to the second positive inflection point on 

the waveform.  When these waveform characteristics were plotted for all VTA neurons, 

cells tended to cluster into one of two broad categories: neurons with high amplitude 

ratios and shorter spike durations (Type 1) or neurons with low amplitude ratios 
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and large spike durations (Type 2) (Figure 9).  Importantly, these findings are consistent 

with previous reports of putative dopamine neurons.  Roesch et al. (2007) found that 

certain waveforms of neurons from the VTA tended to respond to apomorphine.  

Apomorphine is a known dopamine agonist and serves to inhibit dopaminergic neurons.  

These waveforms are similar to the Type 1 waveforms described in the present report.  

To determine the distribution of Type 1 and Type 2 neurons in the VTA, tetrode 

placements were analyzed with respect to the types of cells they recorded from.  It was 

found that Type 1 neurons constituted approximately 50% of neurons recorded in both 

regions of the VTA.  Type 2 neurons constituted about 30% of neurons recorded in both 

regions of the VTA (Figure 10).  Therefore, there were no significant differences in the 

proportion of Type 1 and 2 cells in the rostral versus caudal regions of the VTA. 

 Type 1 and 2 cells were further sorted into groups according to their response to 

reward delivery: 1) neurons with gradual responses to reward delivery, 2) neurons with 

 

  

 

Figure 10: Proportions of Type 1 
and Type 2 cells in rostral and 
caudal VTA.  Images (top): 
representative waveform for Type 1 
neurons; (bottom): representative 
waveform for Type 2 neurons.  Type 
1 cells make up about half of the 
cells recorded from both rostral and 
caudal VTA.  There was a smaller 
proportion of Type 2 cells observed 
but, like Type 1 cells, similar 
proportions of Type 2 cells were 
found in both regions of the VTA. 
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Figure 11: Reward response of Type 1 and Type 2 neurons.  (A) Reward response of neurons with Type 1 
waveform characteristics.  Overall, Type 1 neurons had steep firing changes to reward delivery, with the rostral 
VTA exhibiting a greater proportion of these neurons compared to the caudal VTA (p=0.01).  (B) Reward response 
of neurons with Type 2 waveform characteristics.  Unlike Type 1 neurons, Type 2 neurons did not respond to 
reward in a preferred fashion, though the rostral VTA had a significantly lesser proportion of Type 2 neurons with 
no response to reward compared to caudal VTA (p=0.05). 

steep responses to reward delivery, and 3) neurons with no response to reward 

delivery.  Interestingly, VTA neurons with Type 1 waveform characteristics 

predominately responded to reward delivery with steep firing changes (Figure 11A).  

Additionally, the rostral VTA had a significantly greater proportion of neurons which 

were classified as having Type 1 waveform characteristics and also displayed steep 

responses to reward delivery  (F[1,12]=5.67, p=0.01; Figure 11A).  These data suggest 

that Type 1 neurons may be the primary reward-sensitive neurons in the rostral VTA. 

 In contrast to Type 1 neurons, neurons with Type 2 waveform characteristics did 

not display a preferred response to reward delivery (Figure 11B), although there was a 

significantly smaller proportion of Type 2 neurons in the rostral VTA compared to caudal 

VTA that had no response to reward (F[1,12]=4.37, p=0.05; Figure 11B). 
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Figure 12: Average rate overlap of Type 1 and Type 2 neurons.  (A) Type 1 neurons of the rostral VTA with no 
response to reward in M1 had a significantly lower average rate overlap (greater firing rate change ) in M2 when 
reward contingencies were changed (p=0.03).  Other Type 1 neurons did not show this property.  (B) Type 2 
neurons did not exhibit any changes in average rate overlap from M1 to M2. 

An average rate overlap parameter was generated for Type 1 and 2 cells 

grouped according to their response to reward delivery.   This measure compares the 

firing rate of each cell across both maze sessions, with a small average rate overlap 

indicating a large difference in firing rate from M1 to M2.  Rostral VTA neurons with 

Type 1 waveform characteristics and no reward response in M1, exhibited a significant 

change in firing during M2 when the reward contingencies changed (F[1,12]=5.43, 

p=0.03; Figure 12A).  This property was not observed for any other category of Type 1 

neurons or Type 2 neurons of either VTA region (Figure 12).   These data indicate that 

Type 1 rostral VTA neurons with no response in M1, although not selective for reward 

delivery in general, are particularly sensitive to changes in magnitude of reward.   
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Discussion 

 Several novel findings are presented in the present report: 1) a greater proportion 

of neurons in the rostral VTA exhibited steep responses to reward delivery; 2) neurons 

in the rostral VTA that had no response to reward delivery in the first maze session 

significantly changed their firing when reward contingencies were changed in the 

second maze session; 3) when cells are further analyzed based on their waveform 

characteristics into Type 1 and Type 2, we find that Type 1 neurons in the rostral VTA 

primarily respond to reward delivery with steep firing changes; and 4) Type 1 cells with 

no response to reward in the rostral VTA demonstrate significant changes in firing rate 

when reward contingencies are changed. 

 Previous electrophysiological recordings from VTA neurons in non-human 

primates and rodents have documented the general reward sensitivity of these neurons.  

Namely, previous data indicate that VTA neurons increase their firing rate to both an 

increase in reward and the presentation of an unexpected reward regardless of reward 

magnitude.  Additionally, previous data demonstrate that VTA neurons decrease their 

firing rate in response to decreases in reward magnitude and during the omission of an 

expected reward.  However, these studies have only investigated the neural response 

of rostral VTA neurons.  In the present report, we investigated the neural response of 

both rostral and caudal VTA neurons to changes in reward magnitude.  Overall, we 

confirm previous reports of the sensitivity of VTA to reward delivery.  However, the 

present data indicate that VTA neurons display heterogeneous responses to reward 

delivery and magnitude that vary with location along the rostro-caudal axis.  On first 

examination, the present data show that VTA neurons can be classified into three 
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groups based on their response to reward delivery: 1) those that have gradual changes 

in firing rate, 2) those that have steep changes, and 3) those that have no response to 

reward delivery.  Interestingly, we found that the rostral VTA had a significantly higher 

proportion of neurons that exhibited a steep response to reward delivery compared to 

caudal VTA neurons (Figure 7A).   

 Pharmacological studies have suggested that neurons in the rostral VTA may 

have a greater role in the positive aspects of reward.  For example, Carleson et al. 

(2000) delivered a herpes simplex virus vector to selectively over express the GluR1 

subunit of the AMPA receptor in the rostral or caudal VTA.  AMPA receptors are well 

known to be involved in synaptic plasticity and local overexpression of GluR1 into the 

VTA can enhance the ability of morphine to establish conditioned place preferences.  

When GluR1 was overexpressed in the rostral VTA, animals increased their place 

preference to the side of a chamber where morphine had been consistently delivered.  

However, when GluR1 was overexpressed in the caudal VTA, animals decreased their 

preference to below pre-morphine states suggesting that they actually had a preference 

for the side of the chamber where drug was never delivered.  Similarly, Lee et al. (2007) 

found that animals decreased self-administration of cocaine when the rostral VTA was 

temporarily inactivated with muscimol, a GABA-A agonist, while the same animals 

increased self-administration of cocaine when the caudal VTA was inactivated.  These 

pharmacological studies combined with the finding that rostral VTA neurons tend to 

have a steep firing rate response to food reward delivery suggest that rostral VTA 

neurons are particularly sensitive to rewards and specifically the positive aspects of 

rewards.  It could be that the particular anatomical connections of the rostral VTA (e.g. 
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PFC) are especially sensitive to quick steep or “burst” firing responses of rostral VTA 

neurons.  Since the pattern of steep responses to reward was different in the caudal 

VTA, this finding suggests that the differences observed during pharmacological 

manipulations between rostral and caudal VTA could be attributed to differences in cell 

firing characteristics which may be coupled to the different anatomical projections of 

VTA subregions.    

 A second interesting finding in the present report was also localized to rostral 

VTA neurons.  As previously discussed, the VTA had neurons with no response to 

reward in M1.  However, neurons with no response in M1 that were localized to the 

rostral VTA tended to exhibit significant changes when reward magnitude was 

increased or decreased in M2 (Figure 6).  Caudal VTA neurons with no reward 

response in M1 did not show this property.  Typically, the firing location on the maze of 

these rostral VTA neurons became more selective and punctuate on trials when reward 

was omitted.  Taken along with previous findings showing that the rostral VTA is more 

responsive to positive aspects of reward, it could be that this effect is a result of the 

flexibility of this population of rostral VTA neurons to rapidly modulate their response to 

reward when the contingencies are changed. 

 When further analyzed, it was found that VTA neurons had two predominate and 

distinct waveforms, Type 1 and Type 2 (Figure 9 & 10).  When cells were classified 

based on waveform characteristics such as peak height, valley depth, and spike 

duration, it was found that the rostral VTA contained a significantly larger proportion of 

cells that had a steep response to reward delivery and were also of the Type 1 

waveform category (Figure 11A). These data suggest that a specific population of cells, 
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responsive to reward, have a distinct waveform and location along the rostro-caudal 

axis of the VTA.  Additionally, it was found that Type 1 neurons with no response to 

reward in M1 displayed a significant change in firing when reward was either increased 

or omitted in M2.  This suggests that a population of neurons exist in the VTA that are 

distinct from those that respond generally to reward (e.g. Type 1 neurons with steep 

firing characteristics) and are particularly sensitive to changes in reward magnitude.  

These data provide novel insights for the understanding of VTA function.  Namely, by 

analyzing waveform parameters, firing rate changes from one recording session to the 

next, and anatomical location along the rostro-caudal axis, we were able to refine the 

categorization of VTA neurons.  In particular, the present data suggest VTA neurons 

may respond to reward delivery in general (Type 1 neurons with steep firing responses) 

or to the change in reward magnitude (Type 1 neurons with no response in the first 

maze session), but not both.  Importantly, these data emphasize the heterogeneity of 

VTA responses which may have significant bearing on downstream structures that 

receive differential VTA input.  Furthermore, it should not be discounted that a variety of 

neurons were also found in the caudal VTA.  Though these caudal VTA neurons 

exhibited sensitivity to reward delivery, they were not as numerous or reward-sensitive 

as rostral VTA neurons.  This could indicate that caudal VTA neurons are more readily 

responsive to a different type of stimuli, such as a non-appetitive reward, or an aversive 

event.  In summary, the present data show, for the first time, the complexity of the 

electrophysiological response of VTA neurons along the entire rostro-caudal axis.   
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I. Future Directions 

One of the aims of the present study was to confirm previous reports of 

modulating firing activity in the VTA as a response to changes in reward magnitude.  

The reward magnitude was varied from the baseline level of 0.25ml, either increased to 

0.50ml or 0.75m, or omitted enitrely across different recording sessions.  This was done 

in an attempt to confirm previous reports of graded increases in firing as a function of 

increased reward magnitude.  Although our results confirm modulation of firing rate in 

response to changes in reward size, there was no distinction between increases from 

baseline to 0.50ml or baseline to 0.75ml.  This effect could have been a result of an 

indistinguishable difference between a reward of 0.50mL and 0.75mL.  In the future, to 

investigate if changes in firing activity are graded the reward magnitudes could be 

adjusted to greater differences between the medium and large rewards.  

 The current experimental paradigm involved varying reward magnitude during 

the second maze session changing the amount of reward delivered at both reward sites.  

It is important to note that both reward sites were changed concurrently.  Previous 

studies have shown however, that rostral VTA neurons are most sensitive to the 

unexpectedness of reward and changes in the magnitude of reward.  Therefore, it would 

be interesting to see how rostral and caudal VTA neurons respond to the 

unpredictability of reward when the probability of reward delivery is varied at each 

location.  If for example, the left arm on the modified t-maze received reward 100% of 

the time versus the right arm which received reward only 80% of the time, it may be the 

case that neurons would respond differentially to each reward site based on the 

difference in the predictability of reward delivery.   
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Finally, although the present findings indicate that neurons of the caudal VTA 

were generally sensitive to reward, they did not exhibit any changes when reward 

contingencies were changed suggesting that the rostral and caudal VTA may be 

processing different types of information.  Namely, it could be that the caudal VTA is not 

especially sensitive to food reward.  To test this, electrophysiological recordings could 

be obtained simultaneously from the rostral and caudal VTA during a naturally 

motivating behavior such as sexual behavior.  Sexual behavior is known to activate the 

VTA as microdialysis studies have indicated that dopamine from the VTA is released in 

the NAc upon presentation of a sexually receptive female and remains elevated 

throughout the display of sexual behavior (Pfaus et al, 1990; Pfaus and Phillips, 1989 

and 1991; Damsma et al, 1992; Wenkstern et al, 1993).   

If it is the case that the caudal VTA is simply not sensitive to food reward, it could 

be that sexual exposure could elicit changes in activity of caudal VTA neurons.  If the 

caudal VTA actually responds to aversive aspects of reward, however, we should see 

little to no changes in activity in the caudal VTA upon sexual exposure.  In this case, an 

aversive paradigm such as exposure on an elevated maze or exposure to a bright open 

field may illicit preferential caudal VTA neural responses. 

II. Conclusion 

Previous literature has long implicated the VTA in reward processing.  

Electrophysiological studies have demonstrated a specific sensitivity of VTA neurons to 

unpredictable changes in reward delivery such as reward omission or changes in 

reward magnitude.  These studies, however, have limited the site of recording to the 

rostral VTA.  As pharmacological manipulations have shown, the rostral and caudal 
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VTA tend to respond differentially to GluR1 overexpression during a place preference 

task and to Muscimol injections during cocaine self-administration.  These data, in 

conjunction with previous anatomical studies showing that the rostral and caudal VTA 

project differentially to distinct regions of the brain, support the hypothesis that the VTA 

may be comprised of a variety of cell populations which vary in response to reward.  

The present study reports several novel effects seen in the rostral but not caudal VTA in 

response to an appetitive reward based task, thereby providing novel 

electrophysiological evidence suggesting that the VTA is a complex and heterogeneous 

structure, exhibiting different responses to reward along the rostro-caudal axis.   

 

 

 

 

 

 

 

 

 

 



27 
 

References 

Barnes, C. A., M. S. Suster, et al. (1997). "Multistability of cognitive maps in the 

hippocampus of old rats." Nature 388(6639): 272-5. 

Beckstead, R. M., V. B. Domesick, et al. (1979). "Efferent connections of the substantia 

nigra and ventral tegmental area in the rat." Brain Res 175(2): 191-217. 

Berger, B., J. P. Tassin, et al. (1974). "Histochemical confirmation for dopaminergic 

innervation of the rat cerebral cortex after destruction of the noradrenergic 

ascending pathways." Brain Res 81(2): 332-7. 

Carlezon, W. A., Jr., C. N. Haile, et al. (2000). "Distinct sites of opiate reward and 

aversion within the midbrain identified using a herpes simplex virus vector 

expressing GluR1." J Neurosci 20(5): RC62. 

Carlsson, A. (1959). "The occurrence, distribution and physiological role of 

catecholamines in the nervous system." Pharmacol Rev 11(2, Part 2): 490-3. 

Carr, D. B. and S. R. Sesack (2000a). "GABA-containing neurons in the rat ventral 

tegmental area project to the prefrontal cortex." Synapse 38(2): 114-23. 

Carr, D. B. and S. R. Sesack (2000b). "Projections from the rat prefrontal cortex to the 

ventral tegmental area: target specificity in the synaptic associations with 

mesoaccumbens and mesocortical neurons." J Neurosci 20(10): 3864-73. 

Conrad, L. C. and D. W. Pfaff (1976). "Autoradiographic tracing of nucleus accumbens 

efferents in the rat." Brain Res 113(3): 589-96. 

Cornwall, J., J. D. Cooper, et al. (1990). "Afferent and efferent connections of the 

laterodorsal tegmental nucleus in the rat." Brain Res Bull 25(2): 271-84. 



28 
 

Dahlstroem, A. and K. Fuxe (1964). "Evidence for the Existence of Monoamine-

Containing Neurons in the Central Nervous System. I. Demonstration of 

Monoamines in the Cell Bodies of Brain Stem Neurons." Acta Physiol Scand 

Suppl: SUPPL 232:1-55. 

Damsma, G., J. G. Pfaus, et al. (1992). "Sexual behavior increases dopamine 

transmission in the nucleus accumbens and striatum of male rats: comparison 

with novelty and locomotion." Behav Neurosci 106(1): 181-91. 

Fallon, J. H., L. C. Schmued, et al. (1984). "Neurons in the ventral tegmentum have 

separate populations projecting to telencephalon and inferior olive, are 

histochemically different, and may receive direct visual input." Brain Res 321(2): 

332-6. 

Fields, H. L., G. O. Hjelmstad, et al. (2007). "Ventral tegmental area neurons in learned 

appetitive behavior and positive reinforcement." Annu Rev Neurosci 30: 289-316. 

Gallagher, M., R. Burwell, et al. (1993). "Severity of spatial learning impairment in aging: 

development of a learning index for performance in the Morris water maze." 

Behav Neurosci 107(4): 618-26. 

Gasbarri, A., C. Verney, et al. (1994). "Mesolimbic dopaminergic neurons innervating 

the hippocampal formation in the rat: a combined retrograde tracing and 

immunohistochemical study." Brain Res 668(1-2): 71-9. 

Geisler, S. and D. S. Zahm (2005). "Afferents of the ventral tegmental area in the rat-

anatomical substratum for integrative functions." J Comp Neurol 490(3): 270-94. 



29 
 

Georges, F. and G. Aston-Jones (2002). "Activation of ventral tegmental area cells by 

the bed nucleus of the stria terminalis: a novel excitatory amino acid input to 

midbrain dopamine neurons." J Neurosci 22(12): 5173-87. 

German, D. C. and K. F. Manaye (1993). "Midbrain dopaminergic neurons (nuclei A8, 

A9, and A10): three-dimensional reconstruction in the rat." J Comp Neurol 

331(3): 297-309. 

Gothard, K. M., W. E. Skaggs, et al. (1996). "Binding of hippocampal CA1 neural activity 

to multiple reference frames in a landmark-based navigation task." J Neurosci 

16(2): 823-35. 

Hollerman, J. R. and W. Schultz (1998). "Dopamine neurons report an error in the 

temporal prediction of reward during learning." Nat Neurosci 1(4): 304-9. 

Lee, D. Y., M. Guttilla, et al. (2007). "Rostral-caudal differences in the effects of intra-

VTA muscimol on cocaine self-administration." Pharmacol Biochem Behav 86(3): 

542-9. 

Lindvall, O. and A. Bjorklund (1974). "The organization of the ascending catecholamine 

neuron systems in the rat brain as revealed by the glyoxylic acid fluorescence 

method." Acta Physiol Scand Suppl 412: 1-48. 

Lindvall, O., A. Bjorklund, et al. (1978). "Organization of catecholamine neurons 

projecting to the frontal cortex in the rat." Brain Res 142(1): 1-24. 

Lindvall, O., A. Bjorklund, et al. (1974). "Mesencephalic dopamine neurons projecting to 

neocortex." Brain Res 81(2): 325-31. 

McHaffie, J. G., H. Jiang, et al. (2006). "A direct projection from superior colliculus to 

substantia nigra pars compacta in the cat." Neuroscience 138(1): 221-34. 



30 
 

Morris, R. G., P. Garrud, et al. (1982). "Place navigation impaired in rats with 

hippocampal lesions." Nature 297(5868): 681-3. 

Nair-Roberts, R. G., S. D. Chatelain-Badie, et al. (2008). "Stereological estimates of 

dopaminergic, GABAergic and glutamatergic neurons in the ventral tegmental 

area, substantia nigra and retrorubral field in the rat." Neuroscience 152(4): 

1024-31. 

Oades, R. D. (1982). "Search strategies on a hole-board are impaired in rats with 

ventral tegmental damage: animal model for tests of thought disorder." Biol 

Psychiatry 17(2): 243-58. 

Oakman, S. A., P. L. Faris, et al. (1995). "Distribution of pontomesencephalic 

cholinergic neurons projecting to substantia nigra differs significantly from those 

projecting to ventral tegmental area." J Neurosci 15(9): 5859-69. 

Pfaus, J. G., G. Damsma, et al. (1990). "Sexual behavior enhances central dopamine 

transmission in the male rat." Brain Res 530(2): 345-8. 

Pfaus, J. G. and A. G. Phillips (1989). "Differential effects of dopamine receptor 

antagonists on the sexual behavior of male rats." Psychopharmacology (Berl) 

98(3): 363-8. 

Pfaus, J. G. and A. G. Phillips (1991). "Role of dopamine in anticipatory and 

consummatory aspects of sexual behavior in the male rat." Behav Neurosci 

105(5): 727-43. 

Phillipson, O. T. (1979). "Afferent projections to the ventral tegmental area of Tsai and 

interfascicular nucleus: a horseradish peroxidase study in the rat." J Comp 

Neurol 187(1): 117-43. 



31 
 

Roesch, M. R., D. J. Calu, et al. (2007). "Dopamine neurons encode the better option in 

rats deciding between differently delayed or sized rewards." Nat Neurosci 10(12): 

1615-24. 

Semba, K. and H. C. Fibiger (1992). "Afferent connections of the laterodorsal and the 

pedunculopontine tegmental nuclei in the rat: a retro- and antero-grade transport 

and immunohistochemical study." J Comp Neurol 323(3): 387-410. 

Sesack, S. R. and V. M. Pickel (1992). "Prefrontal cortical efferents in the rat synapse 

on unlabeled neuronal targets of catecholamine terminals in the nucleus 

accumbens septi and on dopamine neurons in the ventral tegmental area." J 

Comp Neurol 320(2): 145-60. 

Swanson, L. W. (1982). "The projections of the ventral tegmental area and adjacent 

regions: a combined fluorescent retrograde tracer and immunofluorescence 

study in the rat." Brain Res Bull 9(1-6): 321-53. 

Tobler, P. N., C. D. Fiorillo, et al. (2005). "Adaptive coding of reward value by dopamine 

neurons." Science 307(5715): 1642-5. 

Ungerstedt, U. (1971). "Stereotaxic mapping of the monoamine pathways in the rat 

brain." Acta Physiol Scand Suppl 367: 1-48. 

Van Bockstaele, E. J. and V. M. Pickel (1995). "GABA-containing neurons in the ventral 

tegmental area project to the nucleus accumbens in rat brain." Brain Res 682(1-

2): 215-21. 

Wenkstern, D., J. G. Pfaus, et al. (1993). "Dopamine transmission increases in the 

nucleus accumbens of male rats during their first exposure to sexually receptive 

female rats." Brain Res 618(1): 41-6. 



32 
 

Wise, R. A. (2004). "Dopamine, learning and motivation." Nat Rev Neurosci 5(6): 483-

94. 

Youdim, M. B., D. Edmondson, et al. (2006). "The therapeutic potential of monoamine 

oxidase inhibitors." Nat Rev Neurosci 7(4): 295-309.Barnes, C. A., M. S. Suster, 

et al. (1997). "Multistability of cognitive maps in the hippocampus of old rats." 

Nature 388(6639): 272-5. 


