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A Feedforward Inhibitory Circuit Mediated by CBI-Expressing
Fast-Spiking Interneurons in the Nucleus Accumbens
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'Department of Neuroscience, University of Pittsburgh, Pittsburgh, PA, USA

INTRODUCTION

The nucleus accumbens (NAc) has been conceptualized as a
limbic-motor interface gating motivated behaviors, whereas
deviated functional output of the NAc contributes to a
variety of psychiatric states, including addiction and depres-
sion (Hyman et al, 2006; Mogenson et al, 1980; Nestler et al,
2002; Wise, 1987). The functional output of the NAc is
mediated by medium spiny neurons (MSNs), whose activa-
tion is driven by the integration of excitatory inputs (Brog
et al, 1993; Meredith et al, 1992; Wilson and Kawaguchi,
1996). An essential component regulating the activation and
output of MSNs are local feedforward inhibitory circuits. In
the dorsal striatum, the output of MSNs is grossly regulated
by fast-spiking interneurons (FSIs) (Koos and Tepper, 1999;
Tepper et al, 2008). Although greatly outnumbered by MSNs,
FSIs are distributed throughout the ventral and dorsal
striatum, with each FSI innervating hundreds of MSNs
(Luk and Sadikot, 2001; Tepper et al, 2008). These FSIs
provide tonic inhibition as well as timing-dependent
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The nucleus accumbens (NAc) gates motivated behaviors through the functional output of principle medium spiny neurons (MSNs),
whereas dysfunctional output of NAc MSNs contributes to a variety of psychiatric disorders. Fast-spiking interneurons (FSls) are sparsely
distributed throughout the NAc, forming local feedforward inhibitory circuits. It remains elusive how FSl-based feedforward circuits
regulate the output of NAc MSNs. Here, we investigated a distinct subpopulation of NAc FSIs that express the cannabinoid receptor
type-1 (CBI). Using a combination of paired electrophysiological recordings and pharmacological approaches, we characterized and
compared feedforward inhibition of NAc MSNs from CBI ™ FSls and lateral inhibition from recurrent MSN collaterals. We observed that
CBI™ FSls exerted robust inhibitory control over a large percentage of nearby MSNis in contrast to local MSN collaterals that provided
only sparse and weak inhibitory input to their neighboring MSNs. Furthermore, CBI" FSl-mediated feedforward inhibition was
preferentially suppressed by endocannabinoid (eCB) signaling, whereas MSN-mediated lateral inhibition was unaffected. Finally, we
demonstrated that CBI™* FSI synapses onto MSNis are capable of undergoing experience-dependent long-term depression in a voltage-
and eCB-dependent manner. These findings demonstrated that CBI ™" FSIs are a major source of local inhibitory control of MSNs and a
critical component of the feedforward inhibitory circuits regulating the output of the NAc.
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feedforward inhibition to MSNs upon excitation (Koos and
Tepper, 1999; Mallet et al, 2005). The function of FSIs has
primarily been characterized in the dorsal striatum.
Although sharing many features, the NAc also exhibits
distinct circuitry differences with the dorsal striatum
(Kupchik et al, 2015; Zhou et al, 2003). It remains elusive
how FSI-mediated feedforward circuits function in the NAc
to orchestrate the output of NAc MSNs.

We recently identified a subpopulation of neurons in the
NAc that uniquely express the cannabinoid receptor type-1
(CB1) (Winters et al, 2012). Unlike the dorsal striatum,
CBl1-expressing (CB1") neurons in the NAc are exclusively
FSIs, with indistinguishable biophysical properties from
parvalbumin (PV)-expressing FSIs (Winters et al, 2012).
Because endocannabinoids (eCBs) are released by activated
MSNs, CB1* FSI-mediated feedforward inhibition is regu-
lated by MSN activity. Our present study targeted this unique,
yet underexplored, population of NAc FSIs, and demon-
strated that CB1" FSIs exerted robust inhibitory control over
MSNs in contrast to local MSN collaterals that provided only
sparse and weak inhibition to neighboring MSNs. Further-
more, the CB1" FSI-mediated feedforward inhibition was also
preferentially suppressed by eCB signaling that is capable of
inducing long-term depression (LTD) at these synapses.
These results suggest CB1" FSIs as a unique source of local
inhibitory control of MSNs and a critical component of the
circuits governing the output of the NAc.
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Figure I Comparison of CBI-to-MSN and MSN-to-MSN inhibitory synaptic transmissions. (a) Representative images and schematic diagram (left) of paired
recordings between CB1™ FSI (tdT ") and MSN (tdT"), and representative ulPSC traces from functionally connected (middle) and unconnected (right) CB|-to-
MSN pairs. (b) Representative images and schematic diagram (left) of paired recordings between MSN (tdT ) and MSN (tdT ), and representative ulPSC
traces from functionally connected (middle) and unconnected (right) MSN-to-MSN pairs. (c) Summary showing CBI-to-MSN pairs exhibited a
greater probability of connectivity than MSN-to-MSN pairs. (d) Summary showing amplitude of ulPSCs was greater at CB1-to-MSN synapses than MSN-to-
MSN synapses. (e) Distribution of ulPSCs with a Gaussian fit showing a monomodal distribution. (f) Summary showing ulPSCs evoked at CBIl-to-MSN
synapses had a shorter synaptic delay than ulPSCs at MSN-to-MSN synapses. (g) Summary showing ulPSCs evoked at CBI-to-MSN synapses had shorter time
to peak than ulPSCs MSN-to-MSN synapses. (h) Summary showing ulPSCs evoked at CBI-to-MSN and MSN-to-MSN synapses have similar decay kinetics.
(i) Summary showing similar PPR of ulPSC responses at CBI-to-MSN and MSN-to-MSN synapses. (j) Summary showing ulPSC responses at MSN-to-MSN
synapses had a greater CV than ulPSC responses at CBI-to-MSN synapses. (k) Example of ulPSC traces (left) and their hyperbolic variance mean fitted plot
(right) at CBI-to-MSN synapses upon 6-pulse 20 Hz stimulation. () Example of ulPSC traces (left) and their hyperbolic variance mean fitted plot (right) at
MSN-to-MSN synapses upon 6-pulse 20 Hz stimulation. (m) Summary showing MSN-to-MSN synapses had a higher presynaptic release probability than
CBI-to-MSN synapses. (n) Summary showing CBIl-to-MSN pairs had a greater number of release sites than MSN-to-MSN pairs. (0) Summary showing
similar quantal size at CBI-to-MSN and MSN-to-MSN' synapses. n/m represents number of cells/number of animals. *P <0.05, **p<0.01. Error bars
represent SEM.
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MATERIALS AND METHODS
Animals

CB1-tdTomato knock-in mice (~25g; 50-90 days old)
(Winters et al, 2012) were used in all experiments. We
examined potential sex differences for the basic functional
properties of CB1" FSI-to-MSN and MSN-to-MSN synapses
and found no differences between sexes (CB1-to-MSN or
MSN-to-MSN, p>0.05 for all measures, t-test; Figure 1).
Therefore, for all subsequent experiments, data from both
sexes were combined for final data analysis.

Electrophysiology Recordings

All recordings were made in the medial NAc shell. Paired
recordings were used to assess the properties of unitary
inhibitory postsynaptic currents (uIPSCs) from CB1* FSI-to-
MSN synapses and synapses between MSNs. To record
connected pairs, postsynaptic MSNs were randomly sampled
within a ~ 100 pm radius from the presynaptic cell, within
the approximate axonal arbor of FSIs and MSNs (~200-
300 pm) (Kawaguchi, 1993; Koos et al, 2004). The pre-
synaptic patch pipette was filled with potassium-based
internal solution (in mM: 130 K methanesulfate, 10 KCI, 10
Hepes, 0.4 EGTA, 2 MgCl,, 3 Mg-ATP, 0.25 Na-GTP; pH
7.3, 290 mM mOsm), whereas postsynaptic pipettes were
filled with high-chloride, cesium-based internal solution (in
mM: 15 CsMeSO®, 140 CsCl, 4 TEA-CI, 0.4 EGTA (Cs), 20
Hepes, 3 Mg-ATP, 0.25 Na-GTP, 5 QX-314(Br), pH 7.3,
290 mM mOsm) to enhance IPSCs. This arrangement
allowed for connectivity to be tested in one direction.
Simultaneous dual voltage-clamp recordings were used to
compare excitatory postsynaptic currents (EPSCs) in CB1"
FSIs and MSNs. Cells were held at —70 mV unless otherwise
stated. For all EPSC recordings, electrodes were filled with
cesium-based internal solution (in mM: 135 CsMeSO,, 5
CsCl, 5 TEA-C], 0.4 EGTA (Cs), 20 Hepes, 3 Mg-ATP, 0.25
Na-GTP, 1 QX-314(Br), pH 7.3, 290 mM mOsm). Picrotoxin
(100 uM) was included in aCSF to inhibit GABA ,-mediated
currents. All chemicals used were purchased from Sigma-
Aldrich (St Louis, MO) or Tocris (UK).

Data Acquisition, Analysis, and Statistics

Results are shown as mean +SEM. Statistical significance
was assessed with Fisher’s exact test, paired or unpaired two-
tailed t-tests, one-way ANOVA, or two-way ANOVA with
repeated measures, as specified. Cell-based statistics were
performed for electrophysiology data. Significance was set at
a=0.05. Sample size for electrophysiology experiments are
presented as n/m, where "n" refers to the number of cells and
"m" to the number of animals examined.

Detailed experimental procedures are provided in the
Supplementary Materials.

RESULTS

CB1 + FSIs Provide More Robust Inhibition to MSNs
than Recurrent MSN Collaterals

In addition to FSI-mediated feedforward inhibition, MSNs
also receive lateral inhibition from recurrent MSN collaterals

Neuropsychopharmacology

(Tepper et al, 2008). Therefore, we compared inhibitory
inputs to MSNs from CB1" FSIs vs MSN collaterals to
determine the relative weight of inhibition of these two
inhibitory circuits. To isolate synaptic transmission between
these distinct circuits, we performed paired recordings
between either CB1* FSIs and MSNs (CB1-to-MSN) or
between neighboring MSNs (MSN-to-MSN) to evoke uIPSCs
in a mouse line in which CB1" neurons are genetically
labeled with tdTomato (CB1-tdT mice) (Figure la and b).

We observed ~60.0% (87/145) of CBl-to-MSN pairs
recorded were functionally connected in contrast to
~10.3% (24/233) found between MSN-to-MSN pairs
(Fisher’s exact test; p=0.00; Figure 1c). These different
connectivity rates suggest that CB1" FSIs exerts more
global influence over the activity of local MSNs than
neighboring MSNs. For connected pairs, the amplitude of
ulPSCs was ~2.8-fold greater at CBl-to-MSN synapses
(361.60+38.15pA) than MSN-to-MSN synapses (128.20
+26.01 pA) (unpaired two-tailed t-test: ts; =3.69, p=0.00;
Figure 1d), further demonstrating that CB1* FSIs provide
stronger inhibitory input to MSNs than MSNs. Our previous
results suggest that CB1" FSIs can be divided into two
subpopulations, PV" and PV~ FSIs (Winters et al, 2012). A
distribution analysis indicates a monomodal pseudonormal
distribution of CB1-to-MSN uIPSCs, implying a similar
synaptic connectivity of these two subpopulations of CB1"
FSIs to MSNs (Figure 1e). Our further analyses indicate that
CB1-to-MSN uIPSCs displayed a shorter synaptic delay
(CB1-to-MSN, 0.73 +0.03 ms; MSN-to-MSN, 1.13 +0.11 ms;
unpaired two-tailed t-test: t5; =4.86, p=0.00; Figure 1f) and
faster time to peak (CB1-to-MSN, 1.75+ 0.08 ms; MSN-to-
MSN, 2.61 +0.25 ms; unpaired two-tailed t-test: t5, =4.37,
p=0.00; Figure 1g) than MSN-to-MSN ulPSCs, whereas
there was no difference in the decay kinetics (CB1-to-MSN,
7=9.99+0.31 ms; MSN-to-MSN, t=10.27 +0.60 ms; un-
paired two-tailed t-test: ts; = 0.44, p = 0.66; Figure 1h). Faster
activation kinetics suggests that synapses from CB1" FSIs
may be located on more proximal somatodendritic sites of
MSNs than synapses from MSN collaterals, and therefore
more effective in transmitting synaptic signals.

Further analyses indicate that CB1-to-MSN and MSN-to-
MSN synapses exhibit different synaptic properties. We first
measured the PPR and CV, differences in which may reflect
differences in presynaptic release probability. No difference
was detected in the PPR between CBl-to-MSN pairs
(0.61 +0.02) and MSN-to-MSN pairs (0.53 +0.05) (unpaired
two-tailed t-test: t5; =1.64, p=0.11; Figure 1i). In contrast,
the CV of MSN-to-MSN pairs (0.34 +0.05) was significantly
greater than CB1-to-MSN pairs (0.24 +0.02) (unpaired two-
tailed t-test: ts; =2.22, p=0.03; Figure 1j). Similar PPRs
suggest CB1-to-MSN and MSN-to-MSN synapses have
similar presynaptic release probabilities, whereas a greater
CV suggests that MSN-to-MSN synapses have lower release
probability. However, CV is also influenced by the number of
release sites (Kullmann, 1994). To clarify this, we performed
the MPFA (see Materials and Methods) to determine the
quantal properties of CBl-to-MSN and MSN-to-MSN
synapses. MPFA involves evoking 6 consecutive ulPSCs at
20 Hz between functionally connected pairs, causing each
ulPSC to stabilize at a different release probability (Pr)
(Figure 1k and 1). The mean amplitudes and variance of each
Pr condition are then plotted and fitted with a parabolic



curve (Figure 1k and 1) that is then used to calculate the
Pr, number of release site (N), and quantal size (Q)
(see Materials and Methods). MPFA revealed that MSN-to-
MSN synapses had a greater Pr (CB1-to-MSN, 0.54 +0.04;
MSN-to-MSN, 0.83+0.07; unpaired two-tailed ¢-test:
ts; =3.67, p=0.00; Figure 1m). However, CB1-to-MSN pairs
had a substantially greater N (CB1-to-MSN, 17.93 +1.99;
MSN-to-MSN, 2.51+0.38; unpaired two-tailed ¢-test:
t3; =3.89, p=0.00, Figure 1n), suggesting intensive synaptic
innervation. No difference in Q was identified, suggesting
similar postsynaptic properties (CB1-to-MSN, 52.98 +5.35;
MSN-to-MSN, 80.58 +£20.30; unpaired two-tailed ¢-test:
t3;,=1.90, p=0.07; Figure lo).

Collectively, these results demonstrate that feedforward
inhibition from CB1" FSIs exerts stronger inhibition over
MSNs than lateral inhibition from MSN collaterals, partially
because of more release sites.

CB1 Signaling Selectively Suppresses Inhibitory Input
from CB1 + FSIs

MSNs in the NAc do not express CB1, whereas CB1" FSIs do
(Winters et al, 2012), predicting that eCBs released upon
activation of MSNs may selectively modulate inhibitory
transmission from CB1" FSIs. To determine this, we
compared the sensitivity of uIlPSCs between CBI-to-MSN
synapses vs MSN-to-MSN synapses to the synthetic CB1
agonist WIN 55212-2 (5pM) during paired recordings.
Application of WIN 55212-2 depressed the amplitude of
CBI1-to-MSN uIPSCs (relative to baseline, 0.33 +0.07),
whereas MSN-to-MSN ulPSC amplitude was minimally
affected (relative to baseline, 0.98 +0.13), indicating eCB
signaling selectively suppresses CB1-to-MSN inhibitory
transmission (RM two-way ANOVA, Cell-type x Time inter-
action: F; ;3=22.01, p=0.00; CB1-to-MSN baseline vs CB1-
MSN WIN, p =0.00; MSN-to-MSN baseline vs MSN-to-MSN
WIN, p=1.00; CB1-to-MSN WIN vs MSN-to-MSN WIN,
p =0.00, Bonferroni posttest; Figure 2a—e). The reduction in
ulPSC amplitudes at CB1-to-MSN synapses by WIN 55212-2
was associated with an increase in the PPR (relative to
baseline: CB1-to-MSN, 1.23 4 0.06; MSN-to-MSN,
0.89 +0.029; RM two-way ANOVA, Cell-type x Time inter-
action: F; 3=13.52, p=0.00; CB1-to-MSN baseline vs CB1-
to-MSN WIN, p=0.00; MSN-to-MSN baseline vs MSN-to-
MSN WIN, p=0.37; CBl-to-MSN WIN vs MSN-to-MSN
WIN, p=0.00, Bonferroni posttest; Figure 2f) and CV
(relative to baseline: CB1-to-MSN, 1.99+0.22; MSN-to-
MSN, 0.89+0.12; RM two-way ANOVA, cell-type x time
interaction: F; 13=11.07, p<0.01; CB1-to-MSN baseline vs
CB1-MSN WIN, p =0.00; MSN-to-MSN baseline vs MSN-to-
MSN WIN, p=1.00; CB1-to-MSN WIN vs MSN-to-MSN
WIN, p=0.00, Bonferroni posttest; Figure 2g), consistent
with the typical CBl-mediated inhibition of presynaptic
release observed throughout the brain (Castillo et al, 2012).

Tonic eCB signaling, which can be triggered by sponta-
neous release or neuronal activities, modulates basal synaptic
transmission in the hippocampus, cerebellum, and dorsal
striatum (Adermark and Lovinger, 2009; Kreitzer and
Regehr, 2001; Lee et al, 2015). We examined this possibility
at CB1-to-MSN synapses by testing the sensitivity of these
synapses to the CB1-selective inverse agonist AM251 (2 pM)
at a dose that effectively prevents CB1 activation (Chevaleyre
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and Castillo, 2003; Kreitzer and Malenka, 2005; Lee et al,
2015; Yin and Lovinger, 2006). Application of AM251
slightly increased the amplitude of uIPSCs at CB1-to-MSN
synapses (relative to baseline during AM251, 1.16 +0.06),
indicating tonic eCB-mediated suppression of CB1-to-MSN
transmission (paired two-tailed t-test: t9=2.62, p=0.03;
Supplementary Figure Sla-c). This increase in amplitude
was associated with a decrease in PPR (relative to baseline:
0.88 +0.05; paired two-tailed t-test: t9=2.50, p=0.34;
Supplementary Figure S1d), but no change in CV (relative
to baseline: 0.95+0.05; paired two-tailed t-test: to=1.01,
p=0.34; Supplementary Figure Sle).

Comparison of Excitatory Inputs with CB1 + FSIs and
MSNs

Excitatory inputs are likely the primary driving force for
CB1" FSI-mediated feedforward inhibition of NAc MSNs.
We simultaneously recorded CB1* FSI and MSN in the NAc,
and measured EPSCs evoked by the same electrical
stimulation of presynaptic fibers (Figure 3a). Stimulation
consistently evoked EPSCs with much larger amplitudes in
CB1* FSIs (203.20+16.97 pA) compared with EPSCs in
MSNs (60.33 +8.27 pA) for all pairs recorded (paired two-
tailed t-test: t15=7.38, p =0.00; Figure 3b and c). The time to
the peak amplitude of EPSCs was consistently faster in CB1*
FSIs (1.54+0.06 ms) than MSNs (2.78 +£0.15ms) (paired
two-tailed f-test: t;5=10.05, p=0.00; Figure 3b and d).
Furthermore, the decay kinetics of evoked EPSCs were also
faster in CB1* FSIs (CBl1, ©=2.31+0.13ms; MSN,
7=4.02+0.20ms; paired two-tailed t-test: t;5=6.99,
p=0.00; Figure 3b and e). To determine whether the
different magnitudes of evoked EPSCs were because of
presynaptic or postsynaptic differences, we assessed PPR and
CV. Both CB1" FSIs and MSNs had relatively large PPRs
(CB1" FSL, 1.99 £0.10; MSN, 1.58 +0.15), suggesting gluta-
matergic afferents within the NAc have a low probability of
presynaptic release relative to inhibitory inputs (Figure 1h).
PPR in MSNs was significantly lower than CB1" FSIs,
suggesting excitatory inputs to MSNs have a higher release
probability (paired two-tailed t-test: t;5=2.33, p=0.034;
Figure 3f). In contrast, MSNs displayed a greater CV
(0.36 + 0.03) compared with CB1" FSIs (0.27 +0.01) (paired
two-tailed t-test: t;5=2.981, p<0.01; Figure 3g). As men-
tioned above, CV is also indicative of the number of release
sites in addition to release probability, and the greater CV
observed here could be because of a fewer number of release
sites to MSNs. These presynaptic differences, however, do
not fully explain the differences in the EPSC amplitudes at
these two synapse types, suggesting additional postsynaptic
differences being involved. Collectively, our results suggest
that CB1" FSlIs receive more functional excitatory inputs
than MSNs in the NAc.

The results above (Figure 1) show that excitation of CB1"
FSIs resulted in subsequent inhibition of MSNs. To
determine whether excitatory inputs drive disynaptic inhibi-
tion of MSNs through CB1" FSIs, a hallmark of feedforward
inhibition, we simultaneously recorded an MSN and a CB1"
FSI. We recorded the MSN in the voltage-clamp mode and
held it at —45mV to allow for the detection of IPSCs, while
recording CB1" FSIs in the current clamp mode to monitor
action potential firing. Activation of excitatory inputs evoked
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Figure 2 CBI signaling preferentially suppresses inhibitory input from CBI™ FSls. (a, b) ulPSC traces (a) and time course of ulPSC amplitude (b) from an
example of functionally connected CBI-to-MSN pair before (1) and during (2) perfusion of WIN 55212-2 (5 uM). (c, d) ulPSC traces (c) and time course of
ulPSC amplitude (d) from an example of functionally connected MSN-to-MSN pair before (1) and during (2) perfusion of WIN 55212-2 (5 uM). (e) Summary
showing perfusion of WIN 55212-2 decreased the amplitude of ulPSCs at CB|-to-MSN synapses, whereas ulPSCs at MSN-to-MSN synapses were insensitive
to WIN 55212-2. (f) Summary showing that perfusion of WIN 552 12-2 increased the PPR of ulPSCs at CBI-to-MSN synapses, whereas ulPSCs at MSN-to-
MSN synapses were unaffected. (g) Summary showing that perfusion of WIN 55212-2 increased the CV of ulPSC responses at CBI-to-MSN synapses,
whereas ulPSCs at MSN-to-MSN synapses were unaffected. n/m represents number of cells/number of animals. *#p <0.01. Error bars represent SEM.

a fast inward current (EPSC) in the MSN, followed by a
short-delayed outward current (IPSC), indicative of dis-
ynaptic inhibition (Supplementary Figure S2a). When the
CB1" FSI was switched to voltage-clamp mode and held at
—70mV to prevent action potential generation, the same
excitatory input elicited inward current with increased
amplitudes (2.06% baseline; paired two-tailed t-test:
ts=7.90, p=0.00), whereas the outward current disappeared
(—0.83% baseline; paired two-tailed t-test: ts =7.56, p=0.00),
demonstrating CB1" FSIs as the source of the disynaptic
inhibition of MSNs (Supplementary Figure S2a-c).

Given the differences in basal excitatory input to CB1*
FSIs and MSNs, we explored possible differences in eCB-
mediated modulation of excitatory inputs to these two cell
types. We assessed the sensitivity of EPSCs to CB1" FSIs and
MSNs to WIN 55212-2 (5 pM) during simultaneous record-
ings of CB1" FSIs and MSNs. Application of WIN 55212-2
depressed the EPSC amplitudes in both CB1* FSIs and MSNs
to a similar degree (relative to baseline: CB1, 0.70 +0.05;
MSN, 0.75+0.05; RM two-way ANOVA, time main effect:
F1 30=55.98, p=0.00; CB1 baseline vs CB1 WIN, p=0.00;
MSN baseline vs MSN WIN, p=0.00; CB1 WIN vs MSN
WIN, p=0.60, Bonferroni posttest; Figure 3h-1). Reduction
in EPSC amplitudes was not accompanied by a change in
PPR (relative to baseline: CB1, 0.94 + 0.03; MSN, 0.98 + 0.07;
RM two-way ANOVA, time main effect: F; 30=1.03,
p=0.32; Figure 3m), whereas only MSNs displayed an
increase in CV during perfusion of WIN 55212-2 (relative to
baseline: CB1, 1.16 +0.04; MSN, 1.39+0.22; RM two-way
ANOVA, time main effect: F; 30=5.99, p=0.02; CB1
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baseline vs CB1 WIN, p=0.64; MSN baseline vs MSN
WIN, p=0.04; CB1 WIN vs MSN WIN, p=0.31, Bonferroni
posttest; Figure 3n). The lack of effects on PPR and CV
suggest that there is negligible effect on presynaptic release
by WIN 55212-2, inconsistent with the predominant
presynaptic effects of CB1 (Castillo et al, 2012). However,
because of the relatively low release probabilities under basal
conditions, a potential reduction in release probability may
be difficult to detect with PPR and CV measurements.
Nonetheless, our results show that CB1 activation similarly
suppresses excitatory inputs to CB1" FSIs and MSNs in the
NAc. Importantly, CB1 activation does not alter the relative
weight of excitatory inputs to CB1" FSIs vs MSNS, as there
was no change in the EPSCysn/EPSCcp; ratio during WIN
55221-2 application (aCSF, 0.33 +0.05; WIN, 0.36 +0.06;
paired two-tailed t-test: ;5 =1.13, p =0.28; Figure 30).

The above results suggest eCBs are capable of modulating
excitatory inputs to CB1" FSIs. However, it is unknown
whether CB1" FSIs are capable of producing and releasing
eCBs. One way to determine it is to test for depolarization-
induced suppression of inhibition (DSI) or excitation (DSE).
Previously, it was shown that DSI is not induced at CB1-to-
CB1 inhibitory synapses, despite the presence of CB1 at these
synapses (Winters et al, 2012). Here, we tested for DSE at
excitatory inputs to CB1" FSIs. A brief (10s) depolarization
to 0mV reliably induced DSE in CB1* FSIs that was
prevented by the CBl-selective antagonist AM251 (2 pM)
(relative to baseline: aCSF, 0.77 +0.05; AM251, 0.99 + 0.04;
RM two-way ANOVA, Time xaCSF/AM251 interaction:
F; 33=12.59, p=0.00; aCSF baseline vs aCSF DSE, p = 0.00;
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Figure 3 Comparison of excitatory inputs to CBI™* FSls and MSNs and their modulation by CBI. (a) Schematic diagram showing simultaneous dual
recordings of a CBI ™ FSI and an MSN upon the same electrical stimulation of presynaptic excitatory inputs. (b) Example of traces from evoked EPSCs in the
simultaneously recorded CBI™ FSI (black) and MSN (gray). Overlaid traces (left) highlighting differences in amplitude and scaled traces (right) highlighting
differences in activation and decay kinetics. (c) Summary showing the amplitudes of EPSCs were larger in CBI1™ FSIs than MSNs. (d, €) Summary showing
EPSCs evoked in CBI™ FSls exhibited a shorter time to peak (d) and decay kinetics (e) than EPSCs in MSNis. (f) Summary showing the PPR of EPSCs evoked in
CBI™ FSls was greater than EPSCs in MSNis. (g) Summary showing the CV of EPSCs evoked in MSNs was greater than CBI™ FSls. (h, i) EPSCs evoked in an
example of CBI ™ FS| (h) and the time course of the EPSC amplitudes before (1) and during (2) perfusion of WIN 55212-2 (5 uM). (j, k) EPSCs evoked in an
example of MSN (j) and the time course of EPSC amplitudes (k) before (1) and during (2) perfusion of WIN 55212-2 (5 uM). Examples shown in (h—k) are
from a CBI™ FSI and a MSN recorded simultaneously. (I) Summary showing that perfusion of WIN 55212-2 decreased amplitude of EPSCs evoked in CBI™
FSIs and MSNis to a similar degree. (m) Summary showing that perfusion of WIN 552 12-2 did not affect the PPR of EPSCs evoked in CBI ™ FSIs and MSNis. (n)
Summary showing that perfusion of WIN 55212-2 increased the CV of EPSCs evoked in MSNs but not in CBI ™ FSls. (o) Summary showing that perfusion of
WIN 55212-2 did not alter the EPSCrsn/EPSCepg ratio of simultaneously recorded pairs. (p) EPSCs evoked in an example of CBI * FSI before (1) and after
(2) a brief depolarization (O mV for 10s) in the absence (left) and presence (right) of AM251 (2 pM). (q) Summarized time course showing that DSE was
readily induced in CBI™ FSls and was prevented by AM251 (2 UM). (r) Summary showing that DSE decreased the amplitude of EPSCs in CBI* FSls that was
blocked by AM251. n/m represents number of cells/number of animals. *P<0.05, **p <0.0l. Error bars represent SEM.
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AM251 baseline vs AM251 DSE, p=1.0; aCSF DSE wvs
AM251 DSE, p=0.00, Bonferroni posttest; Figure 3p-r),
indicating that the CB1" FSIs are capable of releasing eCBs to
modulate excitatory inputs.

Finally, we assessed whether tonic eCB signaling mod-
ulates excitatory inputs to CB1" FSIs and MSNs as was
demonstrated for CB1-to-MSN synapses. During perfusion
of AM251 (2 uM), the amplitudes of evoked EPSCs in CB1*
FSIs were increased (relative to baseline: 1.21 + 0.06), and the
EPSC amplitudes in MSNs exhibited a trend toward increase
(relative to baseline: 1.14 +0.07; RM two-way ANOVA: time
main effect, F; 14=15.09, p=0.00; CB1 baseline vs CB1
AM251, p=0.01; MSN baseline vs MSN WIN, p=0.08;
CB1 WIN vs MSN WIN, p=0.64, Bonferroni posttest;
Supplementary Figure S3a-c). The increase in amplitudes
was not accompanied by significant changes in PPR
(relative to baseline: CB1, 0.93 +0.04; MSN, 0.99 +0.07;
RM two-way ANOVA: time main effect, F; ;4=0.78,
p=0.39; Supplementary Figure S3d) nor CV (relative to
baseline: CB1, 0.98 +0.09; MSN, 1.07 +0.15; RM two-way
ANOVA: time main effect, F; 14=0.06, p=0.82;
Supplementary Figure S3e). The lack of significant effects
may be because the small effects of AM251 were subthresh-
old for PPR and CV detection. Furthermore, the EPSCysn/
EPSCcp; ratio was not altered by AM251 (aCSF, 0.30 + 0.05;
AM251, 0.28+0.04; paired two-tailed t-test: tg=1.08,
p=0.31; Supplementary Figure S3f), indicating a similar
modulation intensity by tonic eCBs at excitatory inputs to
CB1" FSIs and MSN.

eCB-Dependent LTD of CB1-to-MSN Synapses

In addition to short-term plasticity, eCBs have been
implicated in NAc LTD (Robbe et al, 2002). We performed
paired recordings to examine unitary CB1"-to-MSN synaptic
transmission. After a stable baseline period, we applied LFS
(2Hz for 80s), 3 times with 2- min intervals through an
electrical stimulator placed in the recording area that
presumably activated synaptic inputs to both recorded FSIs
and MSNs (Figure 4a). This LTD induction protocol was
adapted from a similar LFS protocol (1 Hz for 80 s) that has
been shown to reliably induce eCB-mediated L'TD at FSI-to-
MSN synapses in the dorsal striatum (Mathur et al, 2013).
We chose to use the modified 2 Hz protocol as it produced
stronger LTD of ulPSCs in our paired recordings compared
with the 1 Hz protocol (Supplementary Figure S4). MSNs in
the NAc transition between a hyperpolarized downstate and
a depolarized upstate in vivo (Wilson and Kawaguchi, 1996)
that has been shown to gate the induction of eCB-dependent
LTD at inhibitory synapses in the dorsal striatum (Mathur
et al, 2013). Therefore, we held the postsynaptic MSN at
either ~—80mV or ~—55mV, mimicking the down- and
upstate, respectively, during LFS.

When MSNs were held at —55mV, LES to FSI-to-MSN
synapses induced pronounced LTD of uIPSCs, whereas the
same LFS only marginally depressed ulPSCs at —80mV
(relative to Dbaseline: —55mV, 0.65+0.07; —80mV,
0.88 +0.02; RM two-way ANOVA, Time vs Holding inter-
action: F; 13=7.56, p=0.02; —55mV baseline vs —55mV
LTD, p=0.00; —80 mV baseline vs —80mV LTD, p=0.16;
—55mV LTD vs —80 mV LTD, p=0.00, Bonferroni posttest;
Figure 4b-g). Decreased ulPSCs from either induction
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condition was not associated with a change in PPR (%
baseline: —55mV, 1.0 +0.06; — 80 mV, 0.99 +0.05; RM two-
way ANOVA, Time main effect: F; ;5=0.03, p=0.87;
Figure 4h), nor a change in the CV (%baseline: —55mV,
1.23 +0.09; —80 mV, 1.0 + 0.09; RM two-way ANOVA, Time
main effect: F; 13 =2.532, p=0.14; Figure 4i). These findings
suggest that CB1-to-MSN synapses in the NAc are capable of
undergoing activity-dependent LTD, but it is sensitive to the
functional states of MSNGs.

We next sought to determine the mechanisms mediating
this LTD. As LFS only induced pronounced LTD at —55mV,
we focused on this condition. Our PPR and CV measure-
ments suggest that this LTD is not expressed presynaptically,
arguing against a CB1-dependent mechanism. However, we
also failed to detect changes in PPR and CV of evoked EPSCs
following CB1 activation (Figure 3m and n), and therefore a
potential CB1l-mediated mechanism cannot be ruled out
based solely on PPR and CV measurements. Furthermore,
although not statistically significant, there was an ~20%
increase in CV following LFS at —55mV (Figure 4i),
suggesting subtle presynaptic changes. This is supported by
previous reports that PPR and CV measurements are not
always capable of detecting the presynaptic effects of eCB-
mediated LTD (Pan et al, 2008). Therefore, we first focused
on CBI-based mechanisms. Preventing CB1 activation with
AM251 (2 uM) reduced the magnitude of LTD induced at
CB1-to-MSN synapses (relative to baseline: 0.83 +0.02;
Figure 4j-1), but did not abolish it. The incomplete
prevention suggests the involvement of additional
mechanisms.

Presynaptic CB1 is not the only target for eCBs within the
brain; transient receptor potential vanilloid 1 (TRPV1)
channels are postsynaptic targets for certain eCBs, such as
anandamide (Castillo et al, 2012). TRPV1 activation has
recently been shown to contribute to the induction of eCB-
mediated LTD at excitatory and inhibitory synapses (Chavez
et al, 2010, 2014), and TRPV1-dependent LTD at NAc
excitatory synapses (Grueter et al, 2010). We next focused on
TRPVI1. Inhibition of TRPV1 with capsazepine (CPZ;
10 pM), a TRPV1-selective antagonist, reduced the magni-
tude of LTD (relative to baseline: 0.82 + 0.09), but was not
abolished, suggesting TRPV1 activation also contributes to
the induction of LTD at CB1-to-MSN synapses (Figure 4j-1).
As Dblocking either CBl or TRPVI1 activation partially
reduced the magnitude of LTD, we next tested whether
their concurrent activation is key for the full-magnitude
expression of LTD. Coapplication of AM251 (2pM) and
CPZ (10 pM) completely abolished the induction of LTD
(relative to baseline: CPZ+AM251, 1.02+0.09; one-way
ANOVA: F; 5=4.22, p=0.01; control vs CPZ+AM?25I,
p=0.01; all other comparisons, p>0.05, Bonferroni posttest;
Figure 4j-1). These results demonstrate that activity-
dependent eCB signaling, through activation of both CBI1
and TRPV1, induces LTD at CB1-to-MSN synapses.

DISCUSSION

Our current study characterizes several basic properties of
the CB1" FSI circuits that mediate feedforward inhibition of
NAc MSNs. These results may provide essential knowledge
in understanding how the output of the NAc is regulated by
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Figure 4 eCB-mediated LTD of CBI-to-MSN inhibitory transmission. (a) Schematic diagram showing paired recordings of a CBI™ FSI and its connected
MSN upon a LFS (2 Hz for 80 s, repeated 3 times) of synaptic inputs. (b, c) ulPSCs (b) and the time course of ulPSC amplitudes (c) from an example of
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held at =80 mV during LFS. (g) Summary showing that the ulPSC amplitudes at CB|-to-MSN synapses were decreased after LFS when MSNs were held at
—55mV but not —80 mV during LFS. (h) Summary showing that the PPR of ulPSCs was not significantly affected following LFS. (i) Summary showing that the
CV of ulPSCs was not significantly affected following LFS. (j) Example of ulPSC traces from CBI-to-MSN pairs before (1) and following (2) LFS when MSNs
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animals. **p<0.01. Error bars represent SEM.

complex circuit mechanisms under physiological and
pathophysiological conditions.

Feedforward and Lateral Inhibitory Control in the NAc

Local inhibition of NAc MSNs can be mediated by both
feedforward and lateral inhibitory circuits, arising from local
GABAergic interneurons and MSN axon collaterals, respec-
tively (Tepper et al, 2008). Feedforward and lateral inhibition
both influence neural activity patterns, however, in funda-
mentally different ways. For example, feedforward circuits
may act to gate the activation of specific neural ensembles,
whereas lateral inhibition may confer winner-take-all
properties to competing neural ensembles (Kepecs and
Fishell, 2014).

We observed that CB1" FSIs provide a large percentage of
neighboring MSNs with powerful inhibitory input, allowing
CB1" FSIs to exert strong and global influence over the
output of nearby MSNs to potentially control ensembles

rather than individual MSNs. In contrast to FSIs, MSN's have
very sparse connectivity rates and deliver relatively weak
inhibition to connected MSNs, thus providing limited
influence over a select subset of MSNs. These differential
effects are consistent with the circuit roles of FSIs and MSN
collaterals in the dorsal striatum (Gittis et al, 2010; Koos and
Tepper, 1999; Koos et al, 2004; Taverna et al, 2004). It should
also be noted that connectivity rates measured in brain slices
can be underestimated as some local connections may be
severed during the slice preparation, or the responses
between pairs were too small to be distinguished from
noises. Regardless, this does not change the conclusion that
CB1" FSIs serve as the predominating source of local
inhibition to MSNs.

ulPSCs at CB1-to-MSN synapses exhibited faster delay and
activation kinetics than those at MSN-to-MSN synapses,
suggesting that CB1" FSIs synapse on proximal or periso-
matic locations, whereas MSN collaterals synapse on more
distal regions, similar to the anatomical structure in the
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dorsal striatum (Bolam et al, 1983; Kubota and Kawaguchi,
2000; Wilson and Groves, 1980). This differential connectiv-
ity confers distinct functional roles, as perisomatic inhibition
is positioned to control the spiking output of principle cells
(Kepecs and Fishell, 2014), whereas distal inhibition is
positioned to gate excitatory inputs (Lovett-Barron et al,
2012; Milstein et al, 2015) and influence synaptic plasticity
(Hayama et al, 2013).

Quantal analysis revealed CB1-to-MSN unitary transmis-
sion has a larger number of synaptic release sites than MSN-
to-MSN transmission. Given that central synapses typically
possess only one release site (Bird et al, 2005), this greater
number of release sites predicts more synapses within CB1-
to-MSN unitary transmission. On the other hand, MSN-to-
MSN synapses have a greater release probability of
transmitter, although both transmissions exhibit similar
quantal sizes. The relatively large number of synapses of
the CBI-to-MSN transmission may spread out over more
surface area of the MSN to achieve a better overall inhibition,
whereas the higher release probability combined with fewer
number of synapses may lead to reliable MSN-to-MSN
inhibition but confined to specific anatomical sites.

The functionality of feedforward and lateral inhibitory
circuits is critically dependent on their activation by
excitatory inputs. In response to the same presynaptic
stimulation of glutamatergic afferents, CB1™ FSIs exhibited
much larger amplitude of EPSCs, with faster activation
kinetics, compared with adjacent MSNs. As mentioned
above, faster activation suggests more proximal synaptic
localization. If so, these proximal input to CB1" FSIs has two
perceivable implications: (1) with less dendritic filtering,
proximal input may produce larger somatic responses to
evoke action potentials; and (2) action potentials fire with a
shorter delay. Moreover, with higher membrane resistance,
FSIs often exhibit a shorter latency for depolarization-
induced action potential firing compared with MSNs
(Winters et al, 2012). These anatomical and biophysical
properties allow CB1* FSIs to quickly respond to excitatory
inputs and fire action potentials to inhibit not only recurrent
activation, but also the initial activation of MSNs upon a
train of excitatory inputs. In addition, our PPR and CV
results suggest that CB1" FSIs receive a greater number of
excitatory inputs compared with MSNs, whereas inputs to
MSNss have a higher probability of release. These notions are
consistent with striatal MSNs that receive few and distal
innervations from a larger number of individual afferent
fibers (Zheng and Wilson, 2002), whereas FSIs receive many
and proximal innervations from a smaller number of
individual afferents (Ramanathan et al, 2002).

Neuromodulatory circuits comprising cholinergic inter-
neurons (CINs) are also present in the NAc. In contrast to
the time-locked control of MSN output mediated by FSI-
based feedforward inhibition, CINs have a more modulatory
role in regulating MSN function. Cholinergic transmission
serves to increase the excitability MSN's through postsynaptic
muscarinic receptor signaling (Shen et al, 2005) that may
play a permissive role in the induction of long-term plasticity
(Calabresi et al, 1999; Shen et al, 2015). In addition,
cholinergic transmission regulates the presynaptic release
of glutamate and dopamine release (Cachope et al, 2012;
Calabresi et al, 1998; Ding et al, 2010; Threlfell et al, 2012).
Thus, CINs preferentially regulate the input-to-output
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processing of MSNs rather than directly influencing MSN
activation. In the striatum, CINs may also interact with FSI-
mediated feedforward circuits through monosynaptic con-
nections to FSIs (Koos and Tepper, 2002; Nelson et al, 2014).
This potential interaction, however, has yet to be explored in
the NAc.

Modulation of Feedforward Inhibition

Our results suggest that eCB signaling in the NAc
preferentially suppresses CB1" FSI-mediated feedforward
inhibition, leaving lateral inhibition intact. Specifically, CB1
activation presynaptically depressed inhibitory transmission
at CB1-to-MSN synapses. In contrast, inhibitory transmis-
sion at MSN-to-MSN synapses was insensitive to CBI1
activation, consistent with the selective expression of CB1
in FSIs within the NAc (Winters et al, 2012). This
preferential suppression of CB1* FSI transmission is in
contrast to the dorsal striatum, where CB1 activation has
been reported to suppress FSI-to-MSN and MSN-to-MSN
inhibitory transmission (Freiman et al, 2006). eCBs also
modulate excitatory transmission to MSNs in the NAc
(Robbe et al, 2001), and we found that excitatory inputs to
CB1" FSIs and MSNs were similarly suppressed by CBI
activation. Furthermore, we observed that CB1* FSIs were
capable of releasing eCBs to excitatory synapses, and this is
in contrast to select inhibitory synapses onto CB1" FSIs
(Winters et al, 2012). Moreover, our results show that eCB
signaling suppresses the glutamatergic inputs to FSIs and
MSNs with similar magnitudes, and this eCB-mediated
suppression of excitatory transmission is substantially less
than the suppression of CB1-to-MSN inhibitory transmis-
sion. Collectively, the net effect of CB1 activation in the NAc
may result in the preferential suppression of feedforward
inhibition arising from CB1* FSIs.

eCB signaling triggers long-term adaptations in synaptic
transmission, most commonly LTD (Castillo et al, 2012).
eCB-mediated LTD has previously been demonstrated at
FSI-to-MSN synapses in the dorsal striatum, where it has a
lower induction threshold compared with LTD at excitatory
synapses (Adermark and Lovinger, 2009; Mathur et al, 2013).
Our current results demonstrate that activity-dependent eCB
signaling triggers LTD of FSI-to-MSN transmission in the
NAc. This form of eCB-LTD is dependent on both
presynaptic activation of CB1 and postsynaptic activation
of TRPV1 for a full induction. A similar CB1- and TRPV1-
dependent mechanism has also been demonstrated to
mediate eCB-dependent LTD at excitatory synapses in the
NAc, triggering a reduction in presynaptic release and
endocytosis of postsynaptic receptors (Grueter et al, 2010).
However, these conclusions should be taken with caution, as
forebrain expression of TRPV1 has recently been called into
question with novel genetic labeling methods (Cavanaugh
et al, 2011), although this study may not detect unidentified
alternative splice variants. Furthermore, the TRPV1 antago-
nist, capsazepine, used in the current study has off-target
effects, including inhibition of voltage-gated calcium chan-
nels (Docherty et al, 1997) that are critically involved in
synaptic plasticity.

Collectively, as MSNs fluctuate between depolarized
upstates and hyperpolarized downstates in vivo (Wilson
and Kawaguchi, 1996), the voltage sensitivity identified here



may gate the induction of LTD at CB1-to-MSN synapses
when MSNs are in the upstate and likely be active, potentially
favoring subsequent activation through disinhibition of
CB1" FSIs.

Concluding Remarks

Our study provides an initial characterization of feedforward
and lateral inhibition in the NAc arising from CB1" FSIs and
MSN  collaterals, respectively. In addition, we identify
disinhibition of MSNs from feedforward inhibition as a
major target for eCB signaling in the NAc. Although our
findings provide a framework for conceptualizing how the
inhibitory microcircuits shapes the NAc output, future
studies are needed to fully understand how the circuits
behave when all components are left intact and their role in
regulating ongoing behavior. A deeper understanding of the
NAc microcircuits in motivated behaviors may open new
avenues for the development of novel therapeutic strategies
for psychiatric and psychological disorders.
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