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Target Audience: Systems, Behavioral, and Imaging Neuroscientists.   
Introduction: In pathological conditions, such as addiction and schizophrenia, aberrant dopaminergic activity may act to over-enhance the salience of particular intrinsic and 
extrinsic stimuli1,2.  We recently demonstrated that selective optogenetic stimulation of ventral tegmental area (VTA) dopaminergic neurons enhanced cerebral blood volume 
(CBV) signals in striatal target regions3.  This project aims to further investigate whether sensory representation measured with fMRI is affected by coincidental and selective 
dopaminergic activity.  We first measured changes in CBV signals in response to a range of somatosensory stimulation frequencies.  We then repeatedly paired a single 
somatosensory stimulation frequency (9 Hz) with 30 Hz optogenetic stimulation of VTA dopaminergic neurons.  Following the pairing, we re-assessed changes in CBV fMRI 
responses to all somatosensory stimuli frequencies.  Interestingly, pairing VTA dopaminergic neuronal activity with somatosensory stimuli expanded the neuronal representation 
and enhanced coherence evoked by the stimulus.     
Methods: To target dopamine (DA) neurons within the midbrain, tyrosine hydroxylase (TH)-Cre rats were microinjected with quadruple injections of 1 μl of purified and 
concentrated adeno-associated virus into the VTA (Fig. 1a).  VTA dopaminergic neurons were transduced with an AAV5 carrying a cre-inducible expression cassette encoding 
channelrhodopsin-2 (ChR2) fused to an enhanced yellow fluorescent protein (eYFP) under the control of the EF1α promoter (AAV5-DIO-ChR2-eYFP; THVTA::ChR2 rats) or only 
eYFP (AAV5-DIO-eYFP; THVTA::control rats).  Chronic optical fibers were stereotactically implanted bilaterally directly above the VTA to permit light delivery to selectively 
activate DA neurons within this region4 (Fig. 1b).  The time from virus injection to the start of the MRI experiments was 5–6 weeks for all subjects.  On the day of MRI 
experiments, each rat was endotracheally intubated, ventilated, and sedated using dexmedetomidine (0.1 mg/kg/hr) and pancuronium bromide (1.0 mg/kg/hr) with 0.5% isoflurane. 
End-tidal CO2, body temperature, heart rate and oxygen saturation were continuously monitored and maintained within normal ranges. Single shot gradient echo-EPI sequence 
(spectral width=300 kHz, TR/TE=1000/8.1 ms, FOV=2.56x2.56 cm2, slice thickness= 1 mm, matrix=80x80, providing temporal resolution=1 s) was used.  CBV-weighted fMRI 

was achieved by injecting Feraheme at a dose of 30 mg Fe/kg via a tail vein catheter.  Electrical forepaw stimulation was applied at the right forepaw of each subject.  The 
stimulation was applied in a 20-s OFF, 10-s ON, 70-s OFF pattern.  To measure the frequency dependence of the stimulus-evoked activation, subjects underwent two to five 
repeated trials at the following frequencies: 1, 3, 9, 15, and 21 Hz with a fixed pulse width of 0.3 ms and a current of 1.5 - 3.0 mA (pre-pairing).  Then, a repeated pairing of 
forepaw electrical stimulation at 9 Hz with 30 Hz optogenetic stimulation of VTA DA neurons was performed with an initial 20-s OFF, followed by 20 blocks of 10-s ON and 70-s 
OFF.  Finally, changes in CBV signals and frequency dependence in response to all forepaw stimuli frequencies were re-assessed (post-pairing).  Functional connectivity MRI 
(fcMRI) scans for these animals included two trials of 5-min each, where we assessed functional connectivity during the pre-pairing baseline period and in the post-pairing period, 
respectively. Data were analyzed using our established pipelines detailed elsewhere5-6.        
Results: Forepaw stimulation produced time-locked CBV increases in the contralateral somatosensory cortex (Figs. 1d-i).  Following pairing of 9 Hz forepaw stimulation with 
dopaminergic activity, there was a selective enhancement in CBV signals in response to 9 Hz subsequent forepaw stimulation (Fig. 1d-f) compared to other non-paired frequencies 
(Fig. 1f) (pairing main effect: F1,50 = 5.25, P = 0.0262, n = 6 rats per group) and data from control animals that received laser light delivery, but did not express ChR2 in VTA 
dopaminergic neurons (Figs. 1g-i) (group main effect: F1,99 = 0.465, P = 0.50, n = 6 rats per group).  After pairing, we also observed significant enhancement of functional 
connectivity between both hemispheres under resting conditions (Fig. 2h) (interaction main effect: F1,20 = 8.25, P = 0.009, n = 6 rats (Figs. 1j-l). 

 
Figure 1. (a) To target DA neurons within the midbrain, TH::Cre rats were 
microinjected into the ventral midbrain with a Cre-inducible AAV carrying 
the gene encoding channelrhodopsin (ChR2). ChR2-eYFP expression 
(green) following viral targeting of VTA dopaminergic neurons in TH-cre 
rats. VTA: Ventral Tegmental Area, IPN: Interpeduncular Nucleus. Scale 
bar: 500 μm. (b) Experimental set-up. (c) Experimental timing diagram.  (d, 
g) Group-averaged CBV activation maps in response to forepaw (FP) 
stimulation before and after pairing 30 Hz optogenetic stimulation of VTA 
dopaminergic neurons with 9 Hz FP stimulation.  (e) Following pairing of 
VTA dopaminergic activity with 9 Hz FP stimulation there were significant 
increased somatosensory cortex CBV timecourse signals  (n = 6 rats per 
group).  (f) Pairing VTA dopaminergic activity with 9 Hz FP stimulation 
selectively enhanced somatosensory CBV signals at 9 Hz compared to other 
tested frequencies.  Double asterisks denote significant (p < 0.01) post-hoc 
tests between before and after pairing at each frequency).  (g,h) Following 
pairing of VTA laser light delivery with 9 Hz FP in rats only expressing 
eYFP did not significantly change CBV responses in somatosensory cortex. 
(i) Pairing VTA laser light delivery with 9 Hz FP stimulation in rats only 
expressing eYFP did not alter somatosensory CBV frequency tuning 
signals.  (j) Average resting-state functional connectivity maps before and 
after the pairing protocol.  (k) Following pairing, there was a significant 
increase in the connectivity strength between ipsi- and contralateral 
somatosensory cortex in ChR2-eYFP expressing rats compared to controls.  
Double asterisks denote significant (p < 0.01) post-hoc tests between ChR2-
eYFP and eYFP groups after pairing.  (l) Increase in the total amount of 
statistically significant correlated voxels before and after the pairing 
protocol. 
Discussion and Conclusions:  Collectively, these data suggest that 
dopaminergic activity can selectively enhance the neural representation of 
explicitly paired extrinsic stimuli.  These data provide further insight into 
how aberrant dopaminergic signaling may degrade optimal neuronal 
network dynamics, which in turn may shift brain activity to promote 
maladaptive states.    
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