{fronfiers in
NEURAL CIRCUITS

ORIGINAL RESEARCH ARTICLE
published: 23 April 2014
doi: 10.3389/fncir.2014.00038

—

Dopamine-enabled anti-Hebbian timing-dependent
plasticity in prefrontal circuitry

Hongyu Ruan’?#, Taixiang Saur'?"* and Wei-Dong Yao™? *

" Harvard Medical School — New England Primate Research Center, Southborough, MA, USA
2 Department of Psychiatry, Beth Israel Deaconess Medical Center, Boston, MA, USA

Edited by:
M. Victoria Puig, Massachusetts
Institute of Technology, USA

Reviewed by:

Guillermo Gonzalez-Burgos,
University of Pittsburgh, USA

Marco A. Huertas, University of Texas
Health Science Center at Houston,
USA

*Correspondence:

Wei-Dong Yao, Harvard Medical
School - New England Primate
Research Center, 1 Pine Hill Drive,
Southborough, MA 01772-9102, USA
e-mail: wei-dong_yao@
hms.harvard.edu

?Present address:
Taixiang Saur, McLean Hospital,
Belmont, MA, USA

*Hongyu Ruan and Taixiang Saur have
contributed equally to this work.

INTRODUCTION

Spike timing-dependent plasticity (STDP) of glutamatergic synapses is a Hebbian asso-
ciative plasticity that may underlie certain forms of learning. A cardinal feature of
STDP is its dependence on the temporal order of presynaptic and postsynaptic spikes
during induction: pre—post (positive) pairings induce t-LTP (timing-dependent long-term
potentiation) whereas post—pre (negative) pairings induce t-LTD (timing-dependent long-
term depression). Dopamine (DA), a reward signal for behavioral learning, is believed
to exert powerful modulations on synapse strength and plasticity, but its influence on
STDP has remained incompletely understood. We previously showed that DA extends
the temporal window of t-LTP in the prefrontal cortex (PFC) from +10 to +30 ms, gating
Hebbian t-LTR Here, we examined DA modulation of synaptic plasticity induced at negative
timings in layer V pyramidal neurons on mouse medial PFC slices. Using a negative timing
STDP protocol (60 post—pre pairings at 0.1 Hz, At = —30 ms), we found that DA applied
during post—pre pairings did not produce LTD, but instead enabled robust LTP This anti-
Hebbian t-LTP depended on GIuN2B-containing NMDA receptors. Blocking D1- (D1Rs),
but not D2- (D2Rs) class DA receptors or disrupting cAMP/PKA signaling in pyramidal
neurons also abolished this atypical t-LTP indicating that it was mediated by postsynaptic
D1R-cAMP/PKA signaling in excitatory synapses. Unlike DA-enabled Hebbian t-LTP that
requires suppression of GABAergic inhibition and cooperative actions of both D1Rs and
D2Rs in separate PFC excitatory and inhibitory circuits, DA-enabled anti-Hebbian t-LTP
occurred under intact inhibitory transmission and only required D1R activation in excitatory
circuit. Our results establish DA as a potent modulator of coincidence detection during
associative synaptic plasticity and suggest a mechanism by which DA facilitates input-target
association during reward learning and top-down information processing in PFC circuits.
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(Riccio and Ginty, 2002; Cull-Candy and Leszkiewicz, 2004; Lau

Spike timing-dependent plasticity (STDP) is a Hebbian synap-
tic learning rule that may underlie neural circuit remodeling
and behavioral adaptations (Bi and Poo, 2001; Dan and Poo,
2006; Caporale and Dan, 2008; Feldman, 2012; Ganguly and
Poo, 2013). In its canonical form, STDP depends on the tem-
poral order and narrow window of presynaptic and postsynaptic
spikes: pairings of pre—post spikes induce long-term potentiation
(t-LTP) whereas post—pre spike pairings induce long-term depres-
sion (t-LTD; Magee and Johnston, 1997; Markram etal., 1997;
Bi and Poo, 1998). At many synapses, induction of Hebbian
STDP depends on postsynaptic N-methyl-D-aspartate recep-
tors (NMDARs), a classical coincidence detector of presynaptic
and postsynaptic discharges and a source of intracellular Ca®*
influx needed for synaptic modifications (Caporale and Dan,
2008; Feldman, 2012). Different NMDAR subunits may differ-
entially contribute to STDP; for example, GluN2A and GluN2B
subunits haven been shown to mediate t-LTP and t-LTD, respec-
tively, in cultured hippocampal synapses (Gerkin etal., 2007),
consistent with the different channel biophysics, synaptic local-
izations, and signaling mechanisms associated with these subunits

and Zukin, 2007). Opposite to classical Hebbian STDP, atypical
forms of STDP have also been observed at some synapses, where
pre—post spikings drive t-LTD and post—pre spikings drive t-LTP
(Han etal., 2000; Fino et al., 2005; Safo and Regehr, 2005; Letzkus
etal., 2006; Lu etal., 2007; Fino etal., 2008). These STDP vari-
ants, referred as anti-Hebbian, are relatively rare but also often
depend on NMDARSs, particularly anti-Hebbian t-LTP (Letzkus
etal., 2006).

The quantitative rules of STDP are profoundly influenced by
neuromodulations (Lin etal., 2003; Couey etal., 2007; Seol etal.,
2007; Pawlak etal., 2010; Cassenaer and Laurent, 2012). A partic-
ularly important neuromodulator is dopamine (DA), believed to
encode reward signal during behavioral reinforcement and learn-
ing (Schultz, 2002; Wise, 2004). Recent studies suggest that DA,
via the activation of D1 (D1Rs)- and D2 (D2Rs)-class receptors,
is required for STDP induction in striatal medium spiny neu-
rons (Pawlak and Kerr, 2008; Shen et al., 2008). DA has also been
shown to broaden the temporal window of t-LTP at hippocampal
(Zhang et al., 2009) and prefrontal cortex (PFC; Xu and Yao, 2010)
synapses and, remarkably, convert t-LTD into t-LTP in cultured
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hippocampal neurons. In both synapses, DA-driven extension of t-
LTP timing window is mediated by postsynaptic DIR-cAMP/PKA
signaling and is likely the result of a decreased t-LTP induction
threshold (Zhang etal., 2009), suggesting an important role for
DA in the control of associability of pre—post coincident stimuli
that trigger STDP.

In many brain regions, LTP (including t-LTP) at gluta-
mate synapses often cannot be induced when endogenous local
GABAergic transmission is left unblocked, supporting a role for
native GABAergic network in constraining the excitability and
plasticity of excitatory circuits (Wigstrom and Gustafsson, 1983;
Bissiere et al., 2003; Meredith et al., 2003; Liu et al., 2005). Interest-
ingly, DA can remove the powerful inhibitory constraint in both
lateral amygdala and medial PFC (mPFC), gating t-LTP induction
at glutamate synapses on principle cells (Bissiere etal., 2003; Xu
and Yao, 2010). The dopaminergic gating is mediated through a
mechanism by which DA decreases GABA release by acting on
D2Rs localized at presynaptic GABAergic terminals of a subset of
PFC interneurons (Mrzljak etal., 1996; Chiu etal., 2010; Xu and
Yao, 2010).

In this study, we investigated DA modulation of STDP in
the mouse mPFC, an association cortex that mediates cognition,
reward, and memory (Fuster, 2008). Much of these functions are
regulated by DA and mediated by synaptic strength in PFC excita-
tory circuits (Seamans and Yang, 2004). We previously reported
that DA, via cooperative activation of D2Rs in inhibitory cir-
cuits and DIRs in excitatory circuits, enables t-LTP in layer V
PFC pyramidal neurons over a positive timing window of 0 to
+30 ms. We now extend our earlier work by examining DA mod-
ulation of STDP at negative timing. Our results indicate that
DA drives t-LTP at —30 ms, enabling a form of anti-Hebbian
t-LTP that depends on postsynaptic D1-cAMP/PKA signaling and
GluN2B-containing NMDARs in pyramidal neurons. In contrast
to the high susceptibility of Hebbian t-LTP to GABAergic inhibi-
tion, DA-enabled anti-Hebbian t-LTP can be induced under intact
inhibitory transmission.

MATERIALS AND METHODS

All procedures were conducted in accordance with the National
Institutes of Health guidelines for the care and use of laboratory
animals and with an approved IACUC protocol from the Har-
vard Medical Area Standing Committee on Animals. Coronal slices
(300 wm) were cut from the mPFC (containing the anterior cingu-
late or prelimbic cortices) of C57BL/6] mice (postnatal day 30-50)
with a Leica VT1200 vibratome (Xu et al., 2009; Xu and Yao, 2010).
Slices were incubated at room temperature in oxygenated artifi-
cial cerebrospinal fluid (ACSF) containing (in mM) 126 NaCl, 2.5
KCl, 2.5 CaCly, 1.2 MgCly, 25 NaHCO3, 1.2 NaH, POy, and 25 D-
glucose for at least 1 h before electrophysiological recording. Slices
were then transferred to a recording chamber and secured with a
harp during recording.

Somatic whole-cell patch-clamp recordings were performed on
individual layer V PFC pyramidal neurons using an Axoclamp 2B
amplifier (Molecular Devices). All recordings were made at 32°C,
maintained with a TC344 Dual Automatic Temperature Con-
troller (Harvard Apparatus). Cells were visualized with an Olym-
pus BX51WI upright microscope under infrared illumination

and recognized by their pyramidal shapes. Presynaptic stimuli
(0.033 Hz, 200 ps), where necessary, were delivered at super-
ficial layers II/III with a concentric tungsten electrode (FHC).
In current-clamp recordings, pipettes were filled with (in mM)
130 K-gluconate, 8 NaCl, 10 HEPES, 0.4 EGTA, 2 Mg-ATP,
and 0.25 GTP-Tris, pH 7.25 (with KOH) and recordings were
made at the resting membrane potential of the cell. Input resis-
tance was monitored throughout the experiment from the voltage
response to a —200 pA hyperpolarizing current. In voltage-
clamp experiments, electrodes were filled with (in mM) 142
Cs-gluconate, 8 NaCl, 10 HEPES, 0.4 EGTA, 2.5 QX-314 [N-(2,6-
dimethylphenylcarbamoylmethyl)triethylammonium bromide],
2 Mg-ATP, and 0.25 GTP-Tris, pH 7.25 (with CsOH). Neurons
were voltage clamped at —60 or —30 mV unless specified oth-
erwise. Picrotoxin, (2R)-amino-5-phosphonopentanoate (APV),
MK-801, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), NVP-
AAMO77, and ifenprodil, where indicated, were either included
in ACSF throughout experiments or added after baseline record-
ings were established. DA at 100 wM (in the presence of 20 M
ascorbic acid) was made fresh on the day of experiments. Drugs
(e.g., DA or its agonists/antagonists) applied during STDP induc-
tion were washed in approximately 4 min before the start of
pre—post or post—pre spike pairings and washed out approxi-
mately 12 min thereafter with a gravity-driven perfusion system
(Harvard Apparatus). For intracellular dialysis of PKI (6-22;
PKA inhibitor 6-22 amide; Calbiochem), we waited for at least
10 min after the patch rupture to allow its diffusion to synapses.
Signals were filtered at 1 kHz, digitized at 10-50 kHz, and ana-
lyzed with pClamp 9.2 (Molecular Devices) or Mini Analysis 6
(Synaptosoft).

All data are expressed as mean £ SEM. Statistical analysis was
performed using unpaired Student’s ¢-tests or one-way ANOVA
followed by Dunnett’s post hoc tests, as specified in individual
figures.

RESULTS

DA ENABLES t-LTP IN NATIVE PFC CIRCUITS OVER A 60-ms TEMPORAL
WINDOW

We performed whole-cell recordings from visually identified layer
V pyramidal cells on mPFC slices (Figure 1A). Postsynaptic poten-
tials (PSPs), evoked by extracellular stimuli at layer II/III, were
recorded at the resting membrane potential (—67.8 & 1.0 mV).
This was nearly identical to the reversal potential of inhibitory
postsynaptic currents (IPSCs) in this preparation (~—67 mV; Xu
and Yao, 2010). At this resting level, PSPs were excitatory, mediated
primarily by a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptors (AMPARs), and with little contamination by
inhibitory postsynaptic potentials (IPSPs) evoked as a result of
excitation of local or feedforward inhibitory pathways (Xu and
Yao, 2010).

Following a 10-15 min baseline recording, t-LTP was induced
by 60 pairs (0.1 Hz) of presynaptically elicited PSPs and postsy-
naptic action potentials (APs) with variable pre—post (positive) or
post—pre (negative) spike timing intervals (Ats; Figure 1B). The
specificity, efficiency, and underlying mechanism of this STDP
protocol to induce t-LTP at positive Ats have been established
(Xu and Yao, 2010). Confirming our previous results, under
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FIGURE 1 | Dopamine enables t-LTP over a 60-ms timing window under (C) or —30 ms (E) under control conditions (no DA). (D,F) Enabling of t-LTP by
intact GABAergic conditions. (A) A DIC image of a mouse mPFC coronal DA at At = +30 ms (D) or —30 ms (F). Arrows indicate start of pre-post or
slice showing recording (R) and stimulation (S) sites. Cortical layers are also post—pre pairings for t-LTP induction. DA (100 pM) was washed in
marked. (B) t-LTP induction protocols: paired presynaptic PSPs and approximately 4 min before the start of pairings and washed out
postsynaptic APs with positive (top) and negative (bottom) At, delivered at approximately 12 min thereafter. Representative traces and scale bars are
0.1 Hz for 10 min (60 pairs). Representative PSP-AP and AP-PSP responses shown as insets. Values in parentheses indicate numbers of cells examined
during paired stimuli are shown. (C,E) Lack of t-LTP induction at At = +30 ms  except as noted otherwise.

conditions of unblocked GABAergic transmission (the GABA
receptor blocker picrotoxin was omitted from the extracellular
bath), pre—post pairings at At = 430 ms did not induce signifi-
cant change in the amplitude of PSPs [105.7 £ 10.4%; P > 0.05
vs. baseline (101.5 + 2.1%); Figure 1C]. However, when DA
(100 wM) was added to the bath during pre—post pairings, the
same protocol produced a lasting and significant increase in PSP
amplitude (139.8 £ 6.4%; P < 0.01 vs. baseline; Figure 1D).
Extending this finding to the negative At direction, we found
that a classical t-LTD protocol (60 post—pre pairings, 0.1 Hz,
At = —30 ms) did not induce LTD [93.5 £ 5.9%; P > 0.05 vs.
baseline (99.8 + 0.3%); Figure 1E], but instead induced a signif-
icant LTP [132.0 & 1.3%; P < 0.05 vs. baseline (99.5 &£ 0.9%);
Figure 1F] when DA was applied to the extracellular bath during
post—pre pairings. At a more extended negative timing interval
(At = —50 ms), the presence of DA had no significant effect
on the outcome of synaptic plasticity (Saur and Yao, data not
shown). The DA-enabled t-LTP induced by post—pre pairings

at —30 ms was not caused by a delayed potentiation of PSPs
by DA itself because bath-applied DA in the absence of PSP-
AP pairings produced a reversible depression of PSPs (Xu and
Yao, 2010). In addition, DA had little effect on the intrinsic
excitability of these neurons (Xu and Yao, 2010). This atypical
form of t-LTP is opposite to the canonical Hebbian t-LTP driven
by pre—post spike pairs, thus can be considered anti-Hebbian.
Together, our data indicates that DA opens up a 60-ms tem-
poral window (from —30 to +30 ms) that is otherwise closed
for Hebbian and anti-Hebbian synaptic plasticity in native PFC
circuits.

DA-ENABLED ANTI-HEBBIAN LTP IS MEDIATED BY D1Rs, BUT NOT
D2Rs, AND CAN BE INDUCED UNDER INTACT GABAergic
TRANSMISSION BY D1R ACTIVATION ALONE

We next investigated the DA receptor class(es) that mediate
the negative-timing t-LTP (Figure 2). Under intact inhibitory
transmission (Figure 2A), selective blockade of DIRs by
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FIGURE 2 | Dopamine-enabled t-LTP at negative-timing depends on blocked by SCH23390 but not by haloperidol. (D,E) Effects of the D1R
D1Rs, but not D2Rs and can be induced under intact GABAergic agonist SKF81297 (SKF 2 uM; D) and the D2R agonist quinpirole (Quin,
transmission by D1R, but not D2R, activation. (A) All experiments in 10 uM; E) on t-LTP at At = —30 ms. SKF81297 alone, but not
this figure were done with picrotoxin omitted in the bath to preserve quinpirole alone, mimicked the effect of DA in enabling t-LTP under
GABAergic inhibitory transmission. (B,C) Effects of the D1R antagonist intact inhibition. (F) Summary of t-LTP induction under different
SCH23390 (SCH, 10 wM; B) and the D2R antagonist haloperidol (Halo, conditions. ***P < 0.001 vs. No DA control; ##p < 0.001 vs. DA.
2 uM; C) on DA-enabled t-LTP at At = —30 ms. DA enabled t-LTP was Student's t-tests.

SCH23390 (10 wM; added to the perfusion bath 1 min before
DA application) completely abolished the DA-enabled t-LTP
at —30 ms (96.8 + 4.6%; P > 0.05 vs. baseline; Figures 2B,F),
suggesting a mandatory role for DIRs in this t-LTP. In con-
trast, blocking D2Rs by including haloperidol (2 wM) during DA
application failed to block this t-LTP (134.3 £ 6.1%; P > 0.05
DA; Figures 2C,F), suggesting D2Rs did not contribute
to this DA-enabled t-LTP. This result was unexpected because
we and others had previously shown that DA-enabled t-LTP
induced at positive timings requires activation of D2Rs when
GABAergic transmission is left unblocked, through a mecha-
nism by which DA acts on presynaptic D2Rs at local GABAergic
terminals to suppress inhibitory transmission (Bissiere etal.,
2003; Xu and Yao, 2010). Thus, our result suggests that DA-
enabled t-LTP induction at —30 ms did not require suppression
of the endogenous GABAergic inhibition. Indeed, application
of the DIR agonist SKF81297 (2 uM) alone (129.2 £+ 7.0%;

VS.

Figures 2D,F) in the absence of picrotoxin was sufficient to
mimic the effect of DA in enabling t-LTP at At —30 ms,
whereas the D2R agonist quinpirole (10 wM) alone was insuf-
ficient (102.0 £ 4.4%; Figures 2E,F). Thus, like DA-enabled
positive-timing t-LTP, DA-enabled negative-timing t-LTP is medi-
ated by DI1Rs; but unlike positive-timing LTP, the negative-
timing t-LTP does not seem to be constrained by GABAergic
transmission.

To further evaluate the role of GABAergic inhibition in
negative-timing t-LTP, we compared the magnitude of DA-
enabled —30 ms t-LTP in the absence and presence of picrotoxin at
different time points following post—pre pairings (Figure 3). In the
presence of picrotoxin, 60 pairs of postsynaptic AP and presynaptic
EPSPs (excitatory PSPs) induced neither t-LTP nor t-LTD with-
out bath-applied DA (95.2 £ 7.8%; Figure 3A), suggesting that
this low-frequency, single-spike protocol was inefficient for LTD
induction at —30 ms under control conditions. In contrast, when
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FIGURE 3 | Comparison of DA-enabled negative-timing t-LTP in At = —30 ms in the presence of picrotoxin. (C) Comparison of
the absence and presence of picrotoxin. (A) Absence of t-LTP DA-enabled t-LTP magnitude with and without picrotoxin at different
induction at At = —30 ms in control condition (no DA) in the times following post-pre pairings. *P < 0.05; **P < 0.01. Student's
presence of picrotoxin (50 pwM). (B) DA-enabled t-LTP at t-tests.

DA was supplied during pairings, this protocol induced robust
t-LTP (146.0 £ 8.1%; Figure 3B). However, a direct comparison
of this DA-enabled t-LTP with that in the absence of picrotoxin
revealed a delayed occurrence of PSP potentiation when picro-
toxin was omitted (Figure 3C). These experiments suggest some
potential constraining effects of GABAergic inhibition on the
development phase of t-LTP. Whether this was due to a tran-
sient potentiation of IPSPs following post—pre pairings that would
shunt EPSPs or an inhibition of t-LTP induction/expression mech-
anism by GABAergic transmission remains to be determined.
Nevertheless, our data suggest that Hebbian and anti-Hebbian
t-LTP in the PFC depend on different DA receptor subtypes and
display differential susceptibility to endogenous GABAergic circuit
inhibition.

DA-ENABLED ANTI-HEBBIAN LTP IS MEDIATED BY POSTSYNAPTIC
D1R-cAMP/PKA SIGNALING IN PYRAMIDAL CELLS

We next investigated the signaling mechanism underlying D1R-
dependent anti-Hebbian t-LTP (Figure 4). Our previous study
demonstrated that DA acts on D1Rs and downstream cAMP/PKA
signaling in pyramidal neurons to drive t-LTP at At = +30 ms,
an extended and normally ineffective timing interval (Xu and
Yao, 2010). We hypothesized that similar signaling mecha-
nism, i.e., postsynaptic DIR-cAMP/PKA pathway in excitatory
synapses on pyramidal neurons mediates the anti-Hebbian t-
LTP and thus studied SKF81297-enabled t-LTP at At = —30 ms
in the presence of picrotoxin (50 wM): under these condi-
tions, GABAsR-mediated inhibitory influence was blocked and

effects of DA receptors were limited to excitatory synapses.
Bath application of SKF81297 (2 wM) during post—pre pair-
ings enabled significant t-LTP (162.9 £ 21.26%; Figure 4A),
thus fully mimicking the enabling effect of DA (Figure 4D). As
expected, quinpirole (10 wM) failed to enable t-LTP at —30 ms
(100.9 £ 3.5%; Figures 4B,D), further supporting that D1Rs,
but not D2Rs, in pyramidal cells of excitatory microcircuits
mediate this negative-timing t-LTP. Importantly, loading post-
synaptic neurons with PKI (6-22) (20 uM), a membrane-
impermeable form of inhibitory peptide of PKA, completely
abolished the SKF81297-enabled —30 ms t-LTP (94.18 + 14.98%;
Figures 4C,D), suggesting that this t-LTP depends on postsy-
naptic cAMP/PKA signaling. Taken together, our results indicate
that, similar to DA-enabled Hebbian t-LTP at +30 ms, DA-
enabled anti-Hebbian t-LTP at —30 ms depends on postsynap-
tic D1Rs and downstream cAMP/PKA signaling in pyramidal
cells.

DA-ENABLED ANTI-HEBBIAN t-LTP DEPENDS ON GluN2B-CONTAINING
NMDARs

Conventional LTP and classical Hebbian t-LTP, including DA-
enabled positive-timing t-LTP illustrated in our previous study
(Xu and Yao, 2010), depend on postsynaptic NMDARs (Capo-
rale and Dan, 2008). Including the NMDAR antagonist APV
(50 wM) in the bath completely abolished DA-enabled t-LTP at
—30 ms (96.9 £ 6.7%; Figure 5A), indicating that this anti-
Hebbian t-LTP is also NMDAR-dependent. GluN2A and GluN2B
subunits have been suggested to play differential roles in LTP
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FIGURE 4 | Dopamine-enabled negative-timing t-LTP is mediated by
postsynaptic D1-cAMP/PKA signaling in pyramidal cells. Experiments in
this figure were done in extracellular bath containing picrotoxin (50 wM).
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at At = —30 ms. (B) Quinpirole (10 wM) alone failed to enable t-LTP at
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PKI (6-22; 20 uM). (D) Summary of t-LTP at At = —30 ms under different
conditions. **P < 0.01; ***P < 0.001 vs. No DA control; #P - 0.05 vs. SKE
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and LTD (Liu etal., 2004; Massey etal., 2004) but see (Berberich
etal., 2005; Weitlauf et al., 2005; Morishita et al., 2007). Thus, we
further investigated which of these subunits might mediate DA-
enabled negative-timing t-LTP, using ifenprodil, a GluN2B-specific
inhibitor and NVP-AAMO077, a GluN2A-preferred competitive
antagonist (Auberson etal., 2002). Previous studies have shown
that at 0.4 pM or lower, NVP-AAMO77 selectively inhibits
GluN2A-NMDAR-mediated currents in response to synaptically
released glutamate in rodent hippocampal and PFC synapses
(Weitlauf etal., 2005; Zhao etal., 2005; Gerkin etal., 2007). We
found that at 0.4 M, NVP-AAMO077 did not prevent SKF81297-
enabled t-LTP at —30 ms (166.4 + 14.96%; Figures 5B,D),
suggesting that GluN2A is not required to support this negative-
timing t-LTP. In contrast, ifenprodil (3 wM; 107.2 £ 13.71%;
Figures 5C,D) completely blocked SKF81297-enabled t-LTP at
—30 ms, suggesting that the negative-timing t-LTP depended
on GluN2B. Together, our analysis indicates that DA-enabled
anti-Hebbian t-LTP is mediated by GluN2B-containing NMDARs.

MODULATION OF SYNAPTIC GluN2A- AND GluN2B-NMDAR CURRENTS
BY SKF81297

GluN2A-NMDARs and GluN2B-NMDARs exhibit different chan-
nel conductance, kinetics, and subcellular localizations and are
differentially required for t-LTP and t-LTD, respectively (Gerkin
etal.,2007). A recent study also indicates that these NMDAR sub-
types in the hippocampus are differentially modulated by D1Rs:
GluN2B-NMDAR-mediated synaptic currents are potentiated
whereas GluN2A-NMDAR currents are depressed (Varela etal.,

2009). Because DA/DIR enables t-LTP at both 430 and —30 ms,
normally ineffective timings, and GluN2B-NMDARSs are required
for DA/D1R-enabled t-LTP at —30 ms, it is possible that D1R
activation enables t-LTP at these timings by enhancing GluN2B-
NMDAR currents. To evaluate this possibility, we examined
the modulation of synaptic GluN2A- and GluN2B-mediated
NMDAR currents by DIR activation in PFC pyramidal neurons
(Figure 6).

We recorded NMDAR-mediated excitatory postsynaptic cur-
rents (EPSCs) at —30 mV, a depolarized potential that permitted
the removal of Mgt blockade of NMDAR channels. Picro-
toxin (50 wM) and CNQX (20 wM) were included in the
extracellular bath to block GABA, receptor and AMPA receptor-
mediated responses, respectively. EPSCs recoded under these
conditions were mediated predominately by NMDARs as MK-
801 (20 M), an open channel NMDAR blocker, use-dependently
inhibited synaptically evoked EPSCs (Figure 6A). In addition, the
NMDAR-EPSCs were composed mainly of GluN2A and GluN2B
currents, as sequential applications of NVP-AAMO077 (0.4 wM)
and ifenprodil (3 wM) nearly completely abolished the total
NMDAR-EPSC (Figure 6B). Further supporting that GluN2A-
and GluN2B-NMDAR currents were properly isolated, the NVP-
AAMO77-insensitive component (presumably GluN2B-NMDAR
current) showed slower rise and decay compared to ifenprodil-
insensitive component (presumably GluN2A-NMDAR current;
Figure 6C).

Following a 5-10 min baseline recording, D1Rs were acti-
vated by adding SKF81297 (2 uM) to the bath for 10 min,
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FIGURE 5 | Dopamine-enabled negative-timing t-LTP depends on bath-applied GIuN2B antagonist ifenprodil (3 wM, C) but not by the
GIluN2B-NMDARs. (A) DA-enabled t-LTP at At = —30 ms under GIuN2A antagonist NVP-AAMO077 (0.4 wM, B). (D) Summary of
intact GABAergic condition was blocked by bath-applied NMDAR ifenprodil and NVP-AAMO077 effects on SKF81297-enabled
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on SKF81297 (2 pM)-enabled t-LTP at —30 ms in the presence of for direct comparison. *P < 0.05, one-way ANOVA with Dunnett's
picrotoxin (60 wM). The negative-timing t-LTP was blocked by post-test vs. SKF control.

a protocol similar to that for t-LTP induction. SKF81297 pro-
duced a sustained and significant suppression of GluN2A-EPSCs
(64.16 £ 6.93 %; P < 0.05 vs. baseline), but a very modest, statis-
tically insignificant reduction of GluN2B-EPSCs (89.94 + 3.48%;
P > 0.05; Figures 6D,E). This data suggests that DIR activa-
tion facilitates t-LTP at various timing intervals not by enhancing
GluN2A or GluN2B-mediated NMDAR currents, and that addi-
tional signaling mechanism downstream of NMDAR-mediated
Ca’* influx must be involved.

A CIRCUITRY-BASED MODEL OF DA MODULATION OF PFC SYNAPTIC
PLASTICITY

In summary, combined with our previous work (Xu and Yao,
2010), the above experiments support a working model by which
DA drives both Hebbian and anti-Hebbian t-LTP in native PFC
circuits (Figure 7). Under resting physiological conditions where
GABAergic transmission is intact and basal (tonic) DA level is low,
no t-LTP can be elicited in layer V output neurons. When DA level
rises (as is expected during attentional or motivational arousal),
t-LTP is enabled across a temporal window that ranges from —30
to +30 ms. DA suppresses inhibitory transmission by acting at
D2Rs on GABAergic terminals to gate positive-timing Hebbian t-
LTP. This D2R-mediated disinhibition alone is sufficient to drive
t-LTP at At = 410 ms. However, induction of t-LTP at 430 ms,
a substantially extended, normally ineffective positive timing also
requires activation of postsynaptic DIR-cAMP/PKA pathway in
pyramidal neurons, suggesting a need for cooperative actions of

D1Rs and D2Rs in separate inhibitory and excitatory microcir-
cuits. In contrast, DA-enabled t-LTP at —30 ms requires only the
activation of postsynaptic D1R-cAMP/PKA signaling in excitatory
microcircuits, regardless of the presence of endogenous GABAer-
gic inhibition. Thus, DA “opens” a 60 ms timing window that is
otherwise “closed” for associative synaptic plasticity in prefrontal
circuits.

DISCUSSION

POSTSYNAPTIC D1 RECEPTORS AS COINCIDENCE MODULATORS

The present study highlights a profound modulation of STDP
quantitative rule by DA in the mouse PFC. The results sup-
port the notion that postsynaptic D1Rs, coupled to downstream
cAMP/PKA signaling, are potent modulators of coincidence detec-
tion during associative synaptic plasticity. The normal temporal
window for t-LTP induction in PFC excitatory synapses is approx-
imately 10 ms (0 to +10 ms), which is extended by DA to +30 ms
(Xu and Yao, 2010) and —30 ms (this study), resulting in a six-fold
broadening! As in other synapses, NMDARs mediate DA-enabled
t-LTP at both positive and negative timings across the window in
these PFC synapses. However, activation of DI1Rs by SKF81297
suppresses, rather than potentiates, both GIuN2A- and GluN2B-
mediated NMDAR currents. This result suggests that DA extends
t-LTP window not by modulating NMDAR channels per se, but by
acting on downstream signaling mechanisms that control t-LTP
induction, similar to that seen in hippocampal neurons (Zhang
etal., 2009).
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The DI1R-mediated inhibition of GluN2A-NMDARs and
GluN2B-NMDARSs contrasts the result from CA1l pyramidal cells
in the mouse hippocampus, where these currents are oppositely
regulated by D1Rs (Varela etal., 2009). Brain region differences
in NMDAR compositions (Zhao etal., 2005; Wang etal., 2008)
and DA signaling details, as well as variations in experimental

conditions might contribute to the discrepancy. The suppres-
sion of both GIuN2A-NMDAR and GluN2B-NMDAR currents
by SKF81297 seems surprising because previous studies have
shown that low-concentration SKF81297 potentiates synaptic
NMDAR-EPSCs (Seamans et al., 2001). However, DA modulation
of NMDARSs in the PFC is known to be complex, and many factors,
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FIGURE 7 | A model for DA enabling of t-LTP in native PFC circuits.
t-LTP is absent when tissue DA level is minimal. When its concentration
rises, DA can gate Hebbian t-LTP across a timing window of 0 — +30 ms.
However, the mechanisms of t-LTP induction at different timings vary: at
At = +10 ms, DA gates t-LTP induction through suppression of presynaptic
GABA release by activating D2Rs at GABAergic terminals. At At = +30 ms,
DA gates t-LTP induction through both suppression of presynaptic GABA
release via D2Rs and postsynaptic activation of cAMP/PKA signaling
downstream to D1Rs, highlighting the need of concurrent activation of
both D1Rs and D2Rs in separate excitatory and inhibitory circuits. In
contrast, negative-timing t-LTP can be gated by DA as well, but this form of
anti-Hebbian t-LTP can be induced by activating postsynaptic D1Rs alone
without the need to suppress GABAergic transmission involving
presynaptic D2Rs in inhibitory circuits. Consequently, circuit cooperativity
is not necessary for DA-enabled anti-Hebbian t-LTRP PN, pyramidal neurons;
IN, interneurons; L2/3, layer 2/3; L5, layer 5.

including drug types and concentrations, influence the result (Sea-
mans and Yang, 2004). For example, SKF81297 is known to exert
an inverted-U dose-dependent modulation of NMDAR activity,
where low doses potentiate but high doses inhibit it (Seamans
and Yang, 2004). It would be important in the future to further
determine the factors that contribute to D1 modulation of PFC
NMDARs under different conditions.

What downstream mechanisms might be targeted by DA to
drive t-LTP at negative timings? The dependence of —30 ms
t-LTP on GluN2B-NMDARs, but not GluN2A-NMDARs, indi-
cates that DA acts on GluN2B-mediated cellular signaling.
Perhaps due to their unique subcellular localization, i.e., extrasy-
naptic (Bliss and Schoepfer, 2004; which is yet to be con-
firmed in the PFC by ultrastructural studies), GluN2B-NMDARs
have been considered especially suitable for detection of post—
pre spiking pairs, transducing negatively correlated synaptic

activity patterns to LTD (Gerkin etal., 2007). Compared to
GluN2A-NMDARs, GluN2B-NMDARs undergo a slower Mg?*
unblockade by back-propagating APs (bAPs; Clarke and John-
son, 2006), have a lower open channel probability (Chen etal.,
1999), and permit less Ca?t influx, favoring the induction of
LTD possibly by activating protein phosphatases 1 (PP1) and 2B
(PP2B/calcineurin; Mulkey etal., 1994; Morishita etal., 2001).
DA can inhibit PP1 and activate CaMKII, an essential signaling
molecule required for most forms of LTP (Malenka and Bear,
2004), in the synapse through the D1R-cAMP/PKA-Inhibitor
I/DARPP-32 pathway (Greengard etal., 1999), thus converting a
“would-be-LTD” elicited by negative timing stimuli to LTP. Not
necessarily mutually exclusive, DIR-cAMP/PKA signaling could
also modulate voltage-sensitive dendritic ion conductances (Sea-
mans and Yang, 2004) to influence the non-linear interaction
of bAPs and subsequent EPSPs (Johnston etal., 1999), gener-
ating a Ca®" influx patterns that favor t-LTD. Regardless of
the mechanisms, our data indicate that DA has a potent role
in postsynaptic co-incidence detection during STDP, markedly
broadening the temporal window for timing-dependent LTP
induction.

HEBBIAN vs. ANTI-HEBBIAN t-LTP IN PFC CIRCUITS

In Hebb’s (1949) original postulate, a lasting increase in
synaptic strength occurs if repeated presynaptic firing pre-
cedes and contributes to firing of postsynaptic cells. The
canonical form of STDP, especially the “LTP arm” is consid-
ered Hebbian because plasticity is induced by repeated pair-
ings of pre—post discharges. In this regard, the DA-enabled
t-LTP at —30 ms in our study is “anti-Hebbian.” Similar
forms of anti-Hebbian t-LTP have also been observed at sev-
eral other synapses, including distal synapses between layer
II/III and V pyramidal neurons in the somatosensory cor-
tex (Letzkus etal,, 2006), excitatory synapses onto striatal
medium spiny neurons and cholinergic interneurons (Fino etal.,
2005, 2008), and synapses between cultured hippocampal neu-
rons (Zhang etal., 2009). Importantly, the anti-Hebbian t-LTP
described here and elsewhere (Letzkus etal., 2006) depends
on activation of postsynaptic NMDARs, suggesting that it is
still associative by nature. This STDP variant sharply con-
trasts a non-associative, NMDAR-independent form of anti-
Hebbian LTP in hippocampal interneurons that depends on
hyperpolarization and Ca?*-permeable AMPARs (Lamsa etal.,
2007).

Our protocol for anti-Hebbian t-LTP involves pairing 60 post—
pre spikes at 0.1 Hz with At = —30 ms, a straightforward
correlate of our t-LTP protocols (60 pre—post pairs at 0.1 Hz, +10
to +30 ms). Interestingly, while the positive-timing protocols
are effective in inducing robust LTP in the absence of DA, the
negative-timing protocol is ineffective in inducing LTD. Given
that similar negative-timing protocols are effective in LTD induc-
tion in other DA target areas (Pawlak etal., 2010), the inability
of our protocol to induce LTD in the PFC is surprising. Our
data suggests that PFC plasticity mechanisms are rather unique.
Future studies are needed to establish effective t-LTD protocols
in the PFC under control conditions and it will be interesting
to see whether such t-LTD can be converted to anti-Hebbian
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by DA, as is the case for hippocampal synapses (Zhang etal.,
2009).

Our study provides evidence that Hebbian and anti-Hebbian
t-LTP are differentially regulated by GABAergic inhibitory cir-
cuits. LTP, both conventional high-frequency stimulation (HFS)-
induced and positive timing-dependent, is susceptible to GABAer-
gic inhibition (Wigstrom and Gustafsson, 1983; Bissiere etal.,
2003; Meredith etal., 2003; Liu etal., 2005; Tully etal., 2007),
suggesting that Hebbian LTP is constrained by inhibitory net-
work under native conditions. Consistent with this view, we
recently showed that the induction of positive-timing t-LTP in
PFC layer V neurons requires suppression of GABAergic trans-
mission (Xu and Yao, 2010). In contrast, our current findings
indicate that negative-timing t-LTP can be induced, albeit with
a more delayed time course, without suppressing endogenous
inhibitory transmission, suggesting that GABAergic circuits have
a less constraining effect on anti-Hebbian t-LTP. The differen-
tial effects of GABA on Hebbian and anti-Hebbian t-LTP may be
attributed to differences in the timing of GABA release in pre—post
and post—pre pairings. In our experiments, GABA release is likely
associated with activation of the cortical feedforward inhibitory
pathway by presynaptic layer II/III stimulation. Although GABA
is unlikely to influence dendritic membrane properties at resting
state because of the near identical resting membrane potential
and ClI~ reversal potential in PFC pyramidal neurons, it may
differentially impact dendritic depolarization during pre—post
or post—pre pairings. Specifically, GABA-mediated IPSPs shunt
EPSPs on the rising phase of bAPs during pre—post pairings
whereas IPSPs curtail EPSPs on the falling tail of bAPs dur-
ing post—pre pairings. As a consequence, GABA exerts different
effects on EPSP, bAP, and their non-linear summation under
the two timing conditions, resulting in differential activation of
NMDARs and Ca?™ influx dynamics that could dictate whether
LTP or LTD will be induced. Indeed, GABA has been shown
to influence dendritic depolarization and modify the balance
of NMDARs and voltage-sensitive Ca?>* channels at corticos-
triatal synapses, where it controls the polarity of STDP (Paille
etal,, 2013). We note, however, that all our experiments were
conducted in the absence of GABAg receptor antagonists, thus
potential effects of these receptors, especially presynaptic autore-
ceptors (Davies etal., 1991) in anti-Hebbian t-LTD cannot be
excluded.

PHYSIOLOGICAL RELEVANCE OF ANTI-HEBBIAN t-LTP

The DA hypothesis of reward learning posits that DA serves
as an instructing signal that enables and/or facilitates synaptic
modifications to reinforce ongoing associative adaptive behav-
iors and mnemonic processes (Schultz, 2002; Wise, 2004). The
profound effects of DA on STDP in the PFC support the emerg-
ing tri-component STDP learning rule that neuromodulators
can potently influence the gating, polarity, shape, timing win-
dow, and other quantitative parameters of STDP (Pawlak etal,,
2010). Importantly, our results suggest that the effect of DA
is always facilitating, regardless of the temporal order of pre
vs. postsynaptic spiking. This provides a mechanism of spa-
tial and temporal binding of active but not necessarily causally
correlated inputs to activated DA afferents to strengthen these

inputs. Anti-Hebbian t-LTP may serve to strengthen late-spiking
inputs which would have been weakened otherwise under Hebbian
STDP, attaching necessary motivational salience for these inputs.
Prefrontal layer V neurons receive inputs from other cortical
regions as well as thalamocortical and hippocampal pathways and
process top-down information from these regions. Implementa-
tion of both Hebbian and anti-Hebbian t-LTP by these neurons
may prove advantageous in the effective association and inte-
gration of cortical, thalamus, and hippocampal information to
guide behavioral adaptation. However, in computational mod-
els that assign importance to STDP for learning and memory,
typically generation of both LTP and LTD is considered relevant.
Thus, mechanisms that can weaken the potentiated synapses on
these neurons should exist. Additional studies will be required to
define how timing of DA release, local concentration and dynam-
ics of DA transients, and DA receptor distributions at target
dendritic spines shape STDP window and polarity, in particu-
lar t-LTD. Incorporating these mechanistic details can improve
the current neural network models (Baras and Meir, 2007; Flo-
rian, 2007; Izhikevich, 2007; Fremaux etal., 2010) of learning
and reward, which in turn, will deepen our understanding of
the roles of DA in normal reward and motivation as well as
in pathological conditions, such as addiction, depression, and
schizophrenia.
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