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Abstract

The medial prefrontal cortex (mPFC) coordinates goal-directed behaviors, which may be mediated
through mPFC regulation of dopamine release in the nucleus accumbens (NAc). Furthermore,
frequency-specific oscillatory activity between the frontal cortex and downstream structures may
facilitate inter-region communication. Although high-frequency (e.g., 60 Hz) mPFC stimulation is
known to increase basal dopamine levels in the NAc, little is known about how phasic dopamine
release is affected by mPFC stimulation. Understanding the frequency-specific control of phasic
dopamine release by mPFC stimulation could elucidate mechanisms by which the mPFC
modulates other regions. It could also inform optimization of deep brain stimulation for treatment
of neurological disorders.

Obijective: The goal of this work was to characterize the frequency response of NAc dopamine
release resultant from mPFC stimulation. We hypothesized that the magnitude of dopamine release
in the NAc would increase with increasing stimulation frequency.

Methods: Electrical stimulation of the mPFC of anesthetized rats was delivered at 4 — 60 Hz and
at varying durations while measuring NAc dopamine release with fast-scan cyclic voltammetry.

Results: mPFC stimulation resulted in phasic dopamine release in the NAc. Furthermore, 20 Hz
stimulation evoked the largest peak response for stimulation intervals > 5 seconds when compared
to higher or lower frequencies.

Conclusions: Activation of the mPFC drives dopamine release in the NAc in a complex
frequency- and duration-dependent manner. This has implications for the use of deep brain
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stimulation treatment of disorders marked by dopaminergic dysregulation, and suggest that mPFC
may exert more specialized control over neuromodulator release than previously understood.
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Introduction

Dopamine release in the nucleus accumbens (NAc) facilitates critical components of
learning and decision making such as motivation, reward valuation, and action selection (for
review see [1,2]). Still, little is known about top-down modulatory (cortical) control of
dopamine release in the NAc. Dysfunctional cortical control of dopamine release is
implicated in many disorders such as depression [3,4], chronic pain [5], and addiction [6,7].
Specifically, the medial prefrontal cortex (mPFC) is often implicated in regulation of
mesolimbic activity. The mPFC sends direct glutamatergic projections to the NAc and to the
ventral tegmental area (VTA) [8,9]. These projections are involved in goal-directed
behaviors and learning [10-13]. While early tracing studies in rats suggested that mPFC
efferents to the VTA do not synapse onto cells that then project to the NAc [9], recent
evidence indicates that these projections do indeed synapse onto NAc-projecting
dopaminergic cells [10]. Further, inactivation of mPFC neurons with tetrodotoxin decreases
tonic dopamine levels in the NAc [14]. Electrophysiological evidence also suggests a role of
the mPFC in the activation of meso-accumbens-projecting VTA neurons [15] and functional
connections have been illustrated through electrical [16-18] and pharmacological [14,19]
stimulation of the mPFC.

The potential of the mPFC to regulate dopamine release is also supported by the successful
application of deep brain stimulation (DBS) in various prefrontal sub-regions for the
treatment of disorders associated with dysregulation of the dopaminergic system. For
example, DBS of the mPFC is used clinically for treatment-resistant depression and
intractable chronic pain [20,21]. Despite its success, the mechanisms by which DBS in the
mPFC exerts its clinical benefit remain poorly understood. While Rea et al. suggest that the
mesolimbic dopamine pathway is not engaged during DBS [22], Bruchim-Samuel et al. have
shown improvement in depressive behaviors following electrical stimulation of ventral
mPFC that may be due to VTA activation [23]. Similar techniques have shown a clear
connection between the activation of dopamine neurons and anti-depressive effects. For
example, optogenetic stimulation of tyrosine hydroxylase-expressing VTA neurons results in
both a behavioral anti-depressive effect and an alteration in NAc single-unit activity (/.e.,
cell firing) [24]. Additionally, optogenetic stimulation of VTA-projecting glutamatergic
mPFC terminals has been shown to affect behavior mediated by NAc dopaminergic activity
[10]. Repeated transcranial magnetic stimulation of the prefrontal cortex at 10 Hz and 20 Hz
has also been reported to increase extracellular dopamine concertation in the NAc, dorsal
striatum, and hippocampus of rats [25] and in the caudate of humans [26]. Together, the
findings above suggest that dopamine release is an active component of DBS-mediated relief
of depression and/or chronic pain.

Brain Stimul. Author manuscript; available in PMC 2019 October 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hill et al.

Page 3

Previous studies have illustrated the importance of stimulation frequency by demonstrating
that extended (> 30 min) high-frequency (60 Hz) electrical stimulation of the mPFC can
increase extracellular concentrations of dopamine in the NAc of rats as measured by
microdialysis [16,17] Contrarily, low-frequency (10 Hz) stimulation reduced measured
dopamine levels [17]. Although microdialysis has excellent chemical specificity, it has the
disadvantage of poor temporal resolution (minutes to hours). Consequently, the effects of
mPFC stimulation on second-to-minute changes in dopamine concentration were not
resolved. While slow (minutes) “tonic” changes in dopamine concentration have been linked
to motivation and value estimation [27], understanding dopamine release with second-to-
minute resolution is of equal interest as dopaminergic fluctuations on this time scale are
critical for decision making and learning. For example, rapid (sub-second) “phasic” changes
in dopamine concentration in the NAc regulate error-driven learning [28] and respond to the
proximity of an animal to a reward [29].

Observations of some physiological characteristics of the mPFC (such as cell firing rate and
local-field activity) suggest that stimulation frequencies below those typically used for DBS
(< 100 Hz) may be optimal for triggering dopamine release. For example, principal neurons
in the prefrontal cortex fire at frequencies that are far lower than frequencies used for deep
brain stimulation, with peak rates rarely exceeding 30 Hz when animals perform behaviors
involving decision making, working memory, and attention [30-35]. Similarly, local-field
oscillatory activity in the mPFC in the theta- (5 — 10 Hz) and beta- (15 — 30 Hz) frequency
bands is associated with inter-region communication, attention, and decision making [36].
Stimulation frequencies that more closely mirror prefrontal firing patterns and local-field
activity may enhance the effectiveness of DBS treatments to normalize or regulate
dysfunction.

This study was designed to systematically examine the effects of mPFC stimulation
frequency (4 — 60 Hz) and stimulation duration (1 — 30 s) on phasic dopamine release in the
NAC using a real-time electrochemical detection method—FSCV. Although we originally
hypothesized that NAc dopamine concentration would increase as mPFC stimulation
frequency increased, we found instead that stimulation at 10 — 20 Hz for 10 to 20 s triggered
the largest response.

Materials and Methods

Electrode fabrication and calibration.

Carbon-fiber microelectrodes were fabricated as previously described [37]. T-40 carbon
fibers (Cytec Thornel, Woodland Park, NJ) were first aspirated into 0.68 mm 1.D. glass
capillary (A-M Systems, Inc., Sequim, WA). Capillaries were then heated and pulled to form
a seal around the fiber using a type PE-2 pipette puller (Narishige, Tokyo, Japan). Fibers
were cut 70 — 80 um in length from the glass seal. These electrodes were coated with
PEDOT:Nafion following procedures described by Vreeland et a/. [38] to minimize bio-
fouling and increase electrochemical selectivity and sensitivity. Reference electrodes (Ag/
AgCI) were prepared by soaking a silver wire (0.5 mm diameter, Sigma-Aldrich, St. Louis,
MO) in chlorine bleach for 24 hours.
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Electrodes were calibrated using a flow cell and known concentrations of dopamine. A
calibration factor of 22 nA/uM, was used to convert current measurements to dopamine
concentration.

Animals and Surgery.

Male Sprague Dawley rats (350 — 500 g) were anesthetized using 3.5 % Isoflurane gas
which was subsequently lowered to 0.75 — 1.5% for the duration of the procedure. Oxygen
flow rate was kept constant at 1.5 L/min. Holes were drilled and a single carbon-fiber
microelectrode was lowered into the NAc (AP: 1.5 mm, ML: 1.4 mm, DV: 6.0 — 7.4 mm for
pharmacology experiment and AP: 1.5 mm, ML: 1.4 mm, DV: 6.2 — 7.2 mm for frequency
and duration experiments [39]). Bipolar stimulating electrodes (Plastics One) were lowered
into the mPFC (AP: 3.2 mm, ML: 0.8 mm, DV: - 2.5.0 to - 4.4 mm for pharmacology
experiment and AP: 3.2 mm, ML: 0.8 mm, DV: - 2.5.0 to — 3.5 mm for frequency and
duration experiments [39]) and the medial forebrain bundle (AP: —=2.5 mm, ML: 1.7 mm,
DV: - 7.8 t0 - 8.9 mm [39]). An Ag/AgClI reference electrode was lowered 5 — 7 mm into
cerebral cortex contralateral to the carbon fiber electrode roughly 3 mm lateral to the
midline. Upon completion of the experiment, electrolytic lesions were made at both
stimulating electrode sites and at the site of the carbon probe. Lesions at the stimulating
electrodes were made by passing a constant 200 YA anodic current for up to 20 seconds at
each pole of the bipolar stimulating electrode. A lesion at the carbon-fiber electrode was
made by passing a constant 1 mA anodic current for up to 20 seconds. Isoflurane was
increased to 3.5% prior to lesioning to mitigate any discomfort to the animal. Animals were
sacrificed using Fatal-Plus® (350 mg/kg, Vortech Pharmaceutical Ltd., Dearborn, MI) or
Euthasol® (350 mg/kg, Virbac AH, Inc., Fort Worth, TX) and perfused using 4 %
paraformaldehyde in phosphate-buffered saline. Brains were extracted, sectioned, and a
Nissl stain was used to confirm electrode placement (Figure S1). All experiments were
approved by the University of Arizona Institutional Animal Care and Use Committee.

Fast-Scan Cyclic Voltammetry.

Voltammetric recordings were made using custom hardware and WCCV 3.0 software
(Knowmad Technologies, LLC. Tucson, AZ). Recording was performed by applying a
triangular voltage waveform (- 0.4 to 1.3 V) to the carbon-fiber microelectrode 400 V/s
(waveform duration = 8.5 ms) once every 100 ms (10 Hz) [37].

Stimulation Procedures.

The position of the carbon-fiber microelectrode was optimized by electrically stimulating
the medial forebrain bundle (MFB) and lowering the carbon-fiber microelectrode and
stimulation electrode in 200 um increments until evoked dopamine release in the NAc
exceeded 300 nM. The stimulating electrode in the prefrontal cortex was then lowered in
200 um increments (stimulating with 1 ms/phase, 60 pulses, 60 Hz, = 300 — 600 pA) until
dopamine release in the NAc was detected. In trials that explored stimulation-parameter
space, the parameters were varied randomly to control for any possible order effects.
Amplitude was varied from * 200 pPA to £+ 800 pA in 200 YA increments while pulse width,
frequency, and duration were held constant (1 ms/phase, 60 Hz, 60 pulses). Frequency was
then varied (10 Hz, 20 Hz, 30 Hz, 40 Hz, and 60 Hz) while pulse width, duration, and
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amplitude were kept constant (1 ms/phase, 60 pulses, 600 UA). On separate trials, duration
was varied across several frequencies (4 Hz, 10 Hz, 20 Hz, and 60 Hz; for 15,2s,5s, 10 s,
20 s, and 30 s) to assess the interaction between frequency and duration. Each stimulation
train was separated by —several minutes (5 minutes for the frequency experiments and 7
minutes for the pharmacological validation experiment using GBR-12909) to allow for
recovery of releasable dopamine and all stimulations were biphasic with charge balanced
pulses to minimize tissue damage. No pharmacological agents were administered when
frequency parameters were varied. Pharmacology was only used as described in the
following section to characterize the observed signal.

Pharmacology.

To ensure accurate chemical identification, rats were injected with the highly selective, high-
affinity dopamine reuptake inhibitor GBR-12909. GBR-12909 was dissolved in 1 — 3 mL
saline to yield a dose of 10 mg/kg. Rats were then injected (/.p.) with either GBR-12909 (n =
6 rats) or saline (n = 7 rats) after a 28-minute baseline recording. Measurements were taken
up to 70 minutes post-injection using fixed stimulation parameters (60 Hz, 60 pulses, 2 ms/
phase pulse width, 600 pA).

Data Analysis.

Results

Analyses were carried out in Graphpad (Prism; La Jolla, CA), Matlab (Matlab R2016,
Mathworks Inc., Natick, MA, 2016), and WCCV 3.0 (Knowmad Technologies, LLC.)
Principal component regression was used to isolate dopamine measurements from other
local pH fluctuations as previously described [37]. Statistical tests used include Grubb’s test,
Student’s t-test, and one- and two-way ANOVA.

Evidence that mPFC stimulation evokes dopamine release in the NAc

To determine whether electrical stimulation of the mPFC evokes phasic dopamine release in
the NAc, voltammetric responses produced by mPFC stimulation were compared to
responses produced by direct MFB axonal stimulation (Figure 1). First, a carbon-fiber
microelectrode was lowered into the NAc and stimulating electrodes were placed in the
MFB and mPFC to evoke dopamine release in the NAc (Figure 1A). Electrode placement
was verified histologically. Figure S1 A - C show examples of electrode tracts seen coronal
tissue slices from the mPFC, NAc, and MFB. Figure S1 D — E show the electrode
placements from other animals not shown in A — C. A brief (8.5 ms) triangular waveform (-
0.4 to 1.3 V) was applied to the working electrode every 100 ms resulting in the oxidation
and reduction of dopamine at the electrode surface. The resultant current was background
subtracted using pre-stimulus voltammograms and plotted versus the applied potential
generating cyclic voltammograms (CVs) that can be used to distinguish dopamine from
other analytes (Figure 1B and 1C, insets). The CV shown from mPFC stimulation was
highly correlated with that from MFB stimulation (r2 = 0.87) suggesting that dopamine is
the analyte released in the NAc upon mPFC stimulation. These data are presented in color
plots where time is shown on the x-axis, applied potential on the y-axis, and current in false
color (Figure 1B and 1C). Currents due to the oxidation of dopamine were isolated from
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interfering current changes due to fluctuations in local pH using principal component
regression as previously described [37]. Concentration versus time traces are shown above
the color plots and the insets show cyclic voltammograms corresponding to the white dashed
lines on the color plots. Figure 1B shows representative dopamine release evoked by MFB
stimulation (x 300 pA, 60 Hz, 60 pulses, 1 ms/phase pulse width). Figure 1C shows
representative dopamine release evoked by mPFC stimulation (+ 600 pA, 60 Hz, 60 pulses,
1 ms/phase pulse width).

Characterization of dopamine release in the NAc evoked by different amplitudes of mPFC

stimulation

To determine the relationship between stimulation intensity and NAc dopamine release, the
stimulation current applied to the mPFC electrode was varied from + 200 to + 800 pA while
holding all other parameters constant (60 Hz, 60 pulses, 1 ms/phase pulse width, Figure S2).
It was observed that dopamine release increased with increasing stimulation current up to

+ 600 PA (one-way ANOVA; F 4 12 = 28.68, p < 0.003, n =5 rats). Dopamine release
evoked by either = 600 PA or + 800 pA was significantly greater than that evoked by + 200
HA (p <0.04 and p < 0.02, respectively, Tukey multiple-comparisons test) and + 400 pA (p <
0.02 and p < 0.01, respectively). No significant difference was observed between + 600 and
+ 800 pA (p > 0.22). Given these data, + 600 pA stimulation was used for all subsequent
experiments.

Pharmacological validation of measured signal

Pharmacological manipulations were performed to validate whether the signal resultant from
mPFC stimulation was due to dopamine release. Specifically, a selective dopamine reuptake
inhibitor was injected (GBR-12909, 10 mg/kg, 7.p., Figure 2) which has been shown to
increase the magnitude of stimulated dopamine release [40]. The mPFC was stimulated
every 7 minutes (+ 600 pA, 60 Hz, 60 pulses, 1 ms/phase pulse width), dopamine release
was measured in the NAc, and peak dopamine release ([DA] max) was quantified. After
recording 28 minutes of baseline data, GBR-12909 or saline was injected /.p. Average data
from each measurement are shown (Figure 2A, error bars indicate SEM). A marked increase
in the magnitude of stimulated release is observed following drug injection. Grubb’s test for
outliers was performed and a single outlier that showed an increase following GBR-12909
injection was removed (alpha = 0.05). Peak stimulated dopamine release increased
significantly following injection of GBR-12909 when compared to saline (Figure 2B,
Student’s t-test, p < 0.002, average of measurements 6 — 10 post injection were compared,
saline n = 7 rats, GBR-12909 n = 5 rats). Because the baseline and saline data were stable
throughout the experiment, it can be inferred that changes in dopamine release due to the
injection of the drug were not affected by repetitive stimulation.

Effect of mPFC stimulation frequency on NAc dopamine release

The effect of mPFC stimulation frequency on evoked NAc dopamine release was
investigated by varying stimulation frequency while holding total charge passed constant

(= 600 pA, 60 pulses, 1 ms/phase pulse width). Interestingly, varying mPFC stimulation
frequency (10, 20, 30, 40, and 60 Hz) resulted in greater evoked release for lower (e.g., 10 —
20 Hz) versus higher (e.g., 60 Hz) frequencies (Figure 3). Figure 3A shows average change
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in dopamine versus time. Data were normalized as percent of maximal release of all mPFC
stimulations within animal and smoothed using a moving average with a 500 ms window.
Figure 3B shows average, normalized peak release for each frequency tested (+ SEM, n = 10
rats). A main effect of frequency was observed (F 4 45 = 4.247, p < 0.006, one-way ANOVA)
with post-hoc tests indicating that 10 and 20 Hz stimulation evoked greater release than 60
Hz stimulation (10 versus 60 Hz: p < 0.03, 20 versus 60 Hz: p < 0.02, Tukey multiple-
comparisons test).

Dopamine release is dependent on both frequency and duration of stimulation

As a consequence of controlling the number of pulses in the stimulation train (total charge
entering tissue), the duration of the stimulation is shortened with increasing frequency (e.g.,
60 pulses x 20 Hz = 3 s versus 60 pulses x 60 Hz = 1 s). To investigate the effect of
stimulation duration, dopamine release was measured in response to different frequencies of
mPFC stimulation (4, 10, 20, and 60 Hz), while holding the stimulation duration constant (1,
2,5, 10, 20, or 30 s; Figure 4). To determine the optimal parameter to use for normalizing
the data, the standard deviation of the peak dopamine release for each stimulation parameter
across all animals was calculated. The parameter that resulted in the largest standard
deviation between animals (20 Hz 10 s, data not shown) was chosen as the normalization
factor to account for inter-animal variability. The effects of different frequencies of
stimulation when duration was held at 1 s (Figure 4A) and 20 s (Figure 4B) are shown. At a
stimulation duration of 1 s, 60 Hz evoked greater dopamine release than other frequencies.
In contrast, a 20 s, 20 Hz stimulation evoked greater dopamine release when compared to
other frequencies tested. Peak dopamine release depended on both the frequency and
duration of stimulation as shown in the responses presented in Figure 4C. A significant
interaction between duration and frequency was observed (F15 144 = 3.07, p < 0.0003), along
with main effects of frequency (F3 144 = 28.05, p < 0.0001) and duration (Fs 144 = 16.69, p <
0.0001, two-way ANOVA).

When comparing each stimulation frequency within each stimulation duration, post-hoc
analysis further indicated that high stimulation frequencies produced greater dopamine
release at short durations (1 s), while lower stimulation frequencies (10 — 20 Hz) produced
greater dopamine release at durations > 5 s (Figure 4C). For example, at a 2 s stimulation
duration, dopamine release from 60 Hz stimulation was larger than that from 4 Hz (p < 0.02,
Tukey multiple-comparisons test), but for 20 s, dopamine release from 20 Hz stimulation
exceeded 4 Hz (20 Hz p < 0.0001) and 60 Hz (p < 0.002). All post-hoc comparisons are
presented in Table S1.

The interaction between frequency and duration was further explored by computing the
difference between peak dopamine release at 20 and 60 Hz for each stimulation duration
(Figure 4D). Peak dopamine release from 60 Hz stimulation was subtracted from that of 20
Hz stimulation for each duration (1, 2, 5, 10, 20, and 30 s) such that 0 indicates no difference
between the two. Values significantly less than 0 indicate that 60 Hz stimulation resulted in
greater dopamine release whereas values significantly greater than 0 indicate that 20 Hz
stimulation resulted in greater dopamine release. This analysis revealed that dopamine
release in response to 20 Hz stimulation exceeded dopamine release in response to 60 Hz
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stimulation for durations of 5, 10, and 20 s (Multiple Student’s t-tests with Bonferroni-Holm
correction for multiple-comparisons, p < 0.05).

Discussion

In the present work, we show that phasic dopamine release can be evoked by mPFC
stimulation and validate the observed response as an increase in dopamine using the
selective DAT inhibitor, GBR-12909 as other stimulations have been validated as previously
reported [41-43]. We also show effects of frequency and duration of mPFC stimulation on
NAc dopamine release. Wightman et a/. found that increasing the frequency of direct
stimulation of the MFB from 10 — 60 Hz results in an increase in dopamine release [44]. In
contrast, this work identified a more complex relationship between the frequency of mPFC
stimulation and dopamine release in the NAc. Increasing the frequency of MFB stimulation
increases measured extracellular dopamine as the rate of stimulated release overtakes uptake
kinetics [44,45]. As such, we predicted that increasing stimulation frequencies in the mPFC
would result in increased measured dopamine release. Instead, it was observed that NAc
dopamine release peaked at 10 — 20 Hz when stimulation durations were = 5 s. In contrast, at
short stimulation durations (< 5 s), high frequencies (e.g., 60 Hz) triggered peak dopamine
release.

Contrast to microdialysis studies

Tonic (slow) changes in dopamine concentration, typically measured over several seconds to
minutes, are implicated in motivation and value estimation [27,46] while phasic (rapid)
dopamine release is implicated in error-driven learning and decision making [28,29,47].
Previously, Jackson et al. used microdialysis to measure tonic changes in dopamine
concentration at 5-minute intervals in response to repeated mPFC stimulation [17]. They
reported that low-frequency stimulation (10 Hz, 100 YA, 5 pulses repeated every 5 s for 30
minutes, total pulses = 1800) resulted in reduced tonic dopamine concentration in the NAc.
In contrast, we measured rapid dopamine release in response to individual stimulation trains.
We observed that evoked dopamine release in the NAc is affected by both stimulation
duration and frequency whereby low-frequency, 10 — 20 Hz, mPFC stimulation resulted in
greater NAc dopamine release than high-frequency, 60 Hz, stimulation. Our results suggest a
frequency-dependent mechanism by which the mPFC regulates phasic NAc dopamine
release. A closer study of the mechanisms by which the mPFC induces changes in phasic
release would bolster understanding mPFC-mesolimbic interactions involved in learning and
decision making. Taken together our data and the Jackson et a/. study suggest that phasic
and tonic dopamine signaling are differentially affected by stimulation duration and
frequency.

Possible mechanisms underlying peak phasic dopamine release at 10 — 20 Hz stimulation

Because the FSCV signal is background subtracted, it is typically used to measure phasic
dopamine release. The timescale typically used to describe phasic dopamine release is sub-
seconds to seconds and the timescale for tonic measurement is typically minutes to hours
[42,48]. Here we observe an increase in evoked dopamine release that lasted in some cases
for several seconds and thus may suggest that tonic and phasic dopamine signaling were
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altered. Because we cannot measure absolute (tonic) concentrations of dopamine, we will
refer to this release pattern as prolonged-phasic dopamine release. We observed that 10 — 20
Hz stimulation is more effective than high-frequency stimulation to drive prolonged-phasic
dopamine release in the NAc. Several features of the mPFC and the dopaminergic system
may contribute to this phenomenon such as electrophysiological characteristics of neurons in
the mPFC and VTA and connectivity between neurons in the mPFC, VTA, and NAc.

VTA cell activity—VTA neurons can fire in burst or tonic modes. Burst firing is associated
with phasic dopamine release in the striatum with burst onset defined as at least two action
potentials occurring within an 80 ms interval [49] and is thought to be involved in encoding
salient events [50]. Furthermore, Hyland et a/. reported the intra-burst frequency of VTA
neurons to be ~ 20 Hz [51]. This is similar to intervals used here to evoke peak prolonged-
phasic dopamine release (10 to 20 Hz ~ 50 to 100 ms inter-pulse interval). These data
suggest that stimulation frequencies near 20 Hz are physiologically optimal for maximizing
prolonged-phasic dopamine release driven by the mPFC.

Electrophysiological characteristics of the mPFC—The mPFC is implicated in
goal-directed behaviors which may be facilitated by its projections to the NAc and VTA.
mPFC neurons fire at frequencies near 20 Hz when animals perform behaviors that require
modulation of dopamine release [30,34]. For example, single-neuron and local-field activity
within the prefrontal cortex at frequencies between 13 — 30 Hz (beta frequency) have been
observed in animals performing working memory, attention, and decision making tasks [30-
36,52].

Circuit-level organization/interconnectivity—mPFC projections to other regions may
also play a role in the observed relationship between mPFC stimulation frequency and NAc
dopamine. The mPFC projects to the VTA [10], the NAc [53], and intermediate structures
such as the pedunculopontine nucleus [53]. Anatomical studies by Carr and Sesack were
unable to find evidence for projections from the mPFC to NAc-projecting dopamine neurons
in the VTA [9]. Nevertheless, Beier ef a/. have shown that direct projections from the mPFC
to the VTA are capable of changing NAc-dopamine-mediated behaviors [10]. Specifically,
the authors observed that animals preferred nose-poke holes associated with 20 Hz
optogenetic stimulation of mPFC terminals in the VTA over lower stimulation frequencies.
This effect was abolished by dopamine-receptor blockade in the NAc. Additionally, there are
direct mPFC projections to the NAc capable of modulating dopamine release [54]. In a
neurochemical investigation in brain slices, Kosillo et a/., found that cortical projections to
the striatum increase dopamine release via cholinergic interneurons [54]. These studies
support both direct and indirect routes by which the mPFC controls NAc dopamine release.
Figure 5 offers several established neural circuits by which the mPFC could activate
dopamine release in the NAc through direct activation of the VTA [10], through intermediate
structures that synapse onto VTA [9], through direct/indirect activation of dopamine
terminals in the NAc [55], or through a combination of these (e.g., perhaps direct NAc
terminal activation and indirect VTA activation to mediate different patterns of release).
Given that VTA burst firing occurs in the range of 20 Hz [51] and that others have shown
that activation of mPFC afferents in the VTA are sufficient to induce behavioral changes
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[10], we propose that direct mPFC activation of the VTA is the most likely connection
mediating the findings presented here. Future experiments that explore this circuit through
activation or inactivation of its components could distinguish between these different
pathways towards mPFC-mediated activation of NAc.

Cellular mechanisms may also account for the prolonged-phasic dopamine release seen in
20 Hz but not 60 Hz stimulation. Montague et al. offer a model that describes dynamic
changes in dopamine release in response to different patterns of stimulation [56]. They
found that their model consistently captured short-term facilitation, short-term depression,
and long-term depression of dopamine release as governed by both the duration of
stimulation and the interstimulus interval. They suggest that the long-lasting depression in
dopamine release is due to dopamine biosynthesis and vesicle packaging as the rate-limiting
factor. Similarly, short-term depression could be mediated by the inhibition of dopamine
release by D2 autoreceptors found in terminals. While evoking dopamine release through
mPFC activation could involve a single synapse or multiple synapses through both VTA
and/or NAc terminal activation, the phenomenon of depression modeled by Montague et al.
may help to explain why 60 Hz stimulation is less optimal than 20 Hz stimulation for long
stimulus durations. If 60 Hz stimulation of the VTA results in depression over long durations
as suggested by Montague et al., perhaps 60 Hz stimulation of the mPFC afferents drives
VTA neurons in a similar manner that curtails dopamine release through autoreceptor
activation or by exceeding the rate of vesicle packaging. In contrast, 20 Hz stimulation may
result in less frequent autoreceptor stimulation or may allow for vesicle repackaging kinetics
to effectively catch up with the rate of release. Experiments observing the effects of
stimulation frequency while manipulating autoreceptor activation and vesicular packaging
could help to better understand this phenomenon.

The observed data also appears to have a pattern of release that is not typically seen when
stimulating dopaminergic cells or axons directly. As can be seen in Figure 4A, there appears
to be an immediate rise in release (as would be expected with direct stimulation) and a
second late rise after stimulation offset with 60-Hz stimulation. Figure 4B shows a similar
pattern of rise-decrease-rise. Individual traces from each animal (Figure S3) show that this
unique pattern of release was not observed in all cases. These differences may be due to
individual differences among animals or slight perturbations (due to changes in depth—see
Methods) in the groups of cells being stimulated. If different groups of cells were stimulated
in some animals, perhaps the direct projections from the mPFC to the NAc played a more
active role in evoked release while in others, projections to the VTA mediated a majority of
the release observed.

Implications for deep brain stimulation

Deep brain stimulation is used to treat neurological disorders associated with dopaminergic
dysregulation and high stimulation frequencies are common (> 100 Hz) [57,58]. Our data
and results from studies described above indicate that ~ 20 Hz activity has important
physiological and behavioral functions, yet few studies have explored the effects of low-
frequency stimulation on dopamine release. Nevertheless, there is evidence that low-
frequency stimulation can have therapeutic benefits. For example, one study involving
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stimulation of the sub-thalamic nucleus in Parkinson’s patients found that 10 Hz stimulation
improved verbal fluency but reduced motor function, while 130 Hz stimulation reduced
verbal fluency but improved motor function [59]. In another study, both low- (20 Hz) and
high- (130 Hz) frequency stimulation of the ventral mPFC in rats was shown to increase
swimming behavior in a forced swim test which may indicate an anti-depressant effect [60].
Results obtained from these studies suggest that the choice of DBS frequency is particularly
important for regulating dopaminergic systems and for maximizing therapeutic benefit. It
should be noted, however, that the stimulation amplitude and method used here vary from
those used in many DBS protocols. For example, DBS typically varies voltage instead of
current to stimulation tissue, it is typically higher frequency than those tested here (> 100
Hz), and it is typically monopolar with a single focal electrode in the brain and a sync some
distance away [58,61]. For this reason, further research addressing the effect of DBS
frequency on dopamine signaling is needed.

Conclusions

This work investigated the effects of a range of frequencies (4 to 60 Hz) of mPFC
stimulation on dopamine release in the NAc. We show that mPFC stimulation evokes phasic
and prolonged-phasic dopamine release. We also found that 20 Hz stimulation triggered
maximal dopamine release in the NAc for stimulation durations > 5 s. Additionally, we
report an interaction between the frequency and the duration of mPFC stimulation. These
results are consistent with the observation that endogenous 20 Hz activity in the mPFC
facilitates goal-directed behaviors, which may be a consequence of increased dopamine
release in the NAc. Importantly, for clinical applications, these data suggest that the
therapeutic effect of deep brain stimulation for diseases involving dysregulation of
dopaminergic systems may depend on the specific choice of frequency. The potential role of
mPFC regulation of mesolimbic dopamine in ameliorating neurological symptoms compels
further investigation of low-frequency stimulation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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mPFC medial prefrontal cortex
DBS deep brain stimulation
LFP local-field potential
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FSCV fast-scan cyclic voltammetry
DA dopamine
Ccv cyclic voltammogram
CFME carbon-fiber microelectrode
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Highlights
. mPFC stimulation evokes phasic dopamine release in the NAc
. Dopamine release is maximal at 10 — 20 Hz for stimulation durations > 5 s
. At short durations (< 5 s), 60 Hz stimulation resulted in maximal dopamine
release
. A significant interaction between frequency and duration of stimulation was
shown
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Figure 1. Representative dopamine release recorded from the NAc using fast-scan cyclic
voltammetry during stimulation of the mPFC or MFB.

(A) Schematic of the experimental setup. Bipolar stimulating electrodes (Stim) were placed
in both the mPFC and the MFB to electrically evoke dopamine release in the NAc. A
carbon-fiber microelectrode (CFME) was placed in the NAc to measure evoked dopamine
release. (B) Measured change in extracellular dopamine concentration in the NAc resultant
from direct axonal MFB stimulation (+ 300 pA, 60 Hz, 60 pulses, 1ms/phase pulse width,
stimulation train indicated by red bar below color plot). The inset contains a voltammogram
taken from the time point corresponding to the white dashed line on the color plot. Time is
shown on the x-axis, applied potential on the y-axis, and current in false color. (C) Measured
change in dopamine concentration in the NAc evoked by mPFC stimulation (+ 600 pA, 60
Hz, 60 pulses, 1 ms/phase pulse width, stimulation train indicated by red bar below color
plot). Inset contains a voltammogram taken from the time point corresponding to the white
line on color plot. Color plot indicates dopamine release evoked by mPFC stimulation.
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Figure 2. Pharmacological characterization of measured signal.
Chemical identity of the measured signal as dopamine was confirmed through injection of a

dopamine reuptake inhibitor (GBR-12909, 10 mg/kg /.p.). Stimulations were administered to
the mPFC once every 7 minutes (+ 600 YA, 60 Hz, 60 pulses, 1 ms/phase pulse width) and
peak dopamine release, [DA] max, was measured in the NAc. (A) After recording a 28-
minute baseline (5 measurements), rats were injected with either saline (n = 7 rats) or
GBR-12909 (n = 5 rats) at time = 0 minutes (black dashed line). Data were normalized to
the average baseline signal for each animal (- 30 to - 2 minutes). Error bars indicate SEM.
(B) Summary of the effect of GBR-12909 or saline on measured signal. The average of five
measurements (post-injection measurements 6 — 10 which is the 40 — 70 minute post-
injection interval) following the injection of GBR-12909 was compared to the average of the
same five measurements following the injection of saline. GBR-12909 significantly
increased the measured signal when compared to saline (Student’s t-test, p < 0.002).
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Figure 3. Effect of mPFC stimulation frequency on NAc dopamine release.
Frequency of mPFC stimulation was varied and total charge passed was held constant (+ 600

HA, 60 pulses, 1 ms/phase pulse width, n = 10 rats). (A) Dopamine release was measured
while administering 10, 20, 30, 40, and 60 Hz stimulation (data were smoothed using a 500
ms moving average). Data were normalized to maximum peak release recorded for each
animal across all parameters. Normalized change in dopamine (A [DA]) versus time is
shown and shaded regions indicate + SEM. The black dashed line indicates the start of
stimulation and the horizontal colored bars under the traces show the stimulation duration.
(B) Average normalized peak release is shown as a function of frequency. Dopamine release
evoked by 20 Hz and 10 Hz was greater than dopamine release evoked by 60 Hz (p < 0.02
and p < 0.03 respectively, one-way ANOVA, Tukey multiple-comparisons test, error bars
represent SEM).
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Figure 4. Dependence of peak dopamine release on the frequency of stimulation.
The mPFC was stimulated at 4, 10, 20, and 60 Hz for 1, 2, 5, 10, 20, and 30 s and dopamine

release was recorded from the NAc (£ 600 pA, 1 ms/phase pulse width, n = 6 — 8 rats). Peak
dopamine release for each animal and for each parameter tested was normalized to peak
dopamine release from a 20 Hz, 10 s stimulation within animal. (A) Mean normalized traces
of dopamine release from 1 s stimulations. The stimulation period is indicated by the
horizontal red line and shaded regions represent + SEM. (B) Mean trace of dopamine release
from 20 s stimulations. The stimulation period is indicated by the horizontal red line below
the traces. (C) Average normalized peak release as a function of duration for each
stimulation frequency. A two-way ANOVA revealed effects of frequency (F 3 144 = 28.05, p
< 0.0001), duration (F 5144 = 16.69, p < 0.0001), and their interaction (F 15 144 = 3.07, p <
0.0003). All post-hoc comparisons are presented in Table S1. (D) Difference scores were
then calculated by subtracting normalized dopamine release at 60 Hz stimulation from
normalized dopamine release at 20 Hz stimulation for each duration. Stimulation at 20 Hz
results in greater dopamine release than 60 Hz stimulation for durations from 5 to 20 s.
Values significantly different from 0 are denoted with an asterisk wherein 0 indicates no
difference between dopamine release from 20 Hz versus 60 Hz stimulation (multiple
Student’s t-tests with Bonferroni-Holm correction, p < 0.05).
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Figure 5. Diagram of established connections that act as potential mediators of the observed
evoked dopamine release from mPFC stimulation.

The blue lines represent glutamatergic connections, the green lines represent dopaminergic
fibers from the VTA, the black lines represent gamma-aminobutyric acid-ergic (GABA)
connections, and the purple lines represent cholinergic connections. VTA: ventral tegmental
area, NAc: nucleus accumbens, mPFC: medial prefrontal cortex, and PPTn:
pedunculopontine tegmental nucleus.
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