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Stanford, CA 94305

"Howard Hughes Medical Institute

Abstract

Identification of neural circuit changes contributing to behavioral plasticity has routinely been
conducted on candidates that were preselected based on past results. Here we present an unbiased
method for identifying experience-triggered circuit-level changes in neuronal ensembles. Using
rabies virus monosynaptic tracing we mapped cocaine-induced global input changes onto ventral
tegmental area (VTA) neurons. Cocaine increased rabies labeled inputs from the globus pallidus
externus (GPe), a basal ganglia nucleus previously not known to participate in behavioral plasticity
triggered by drugs of abuse. We demonstrated that cocaine increased GPe neuron activity, which
accounted for the increase in GPe labeling. Inhibition of GPe activity revealed its vital role in two
different forms of cocaine-triggered behavioral plasticity, at least in part via GPe-mediated
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disinhibition of VTA dopamine neuron activity. These results suggest that rabies-based unbiased
screening of changes in input populations can identify previously unappreciated circuit elements
that critically support behavioral adaptations.

Plasticity in neuronal circuits enables animals to adapt to an ever-changing environment.
However, the loci and nature of experience-dependent changes in circuit function that drive
adaptive and pathological behaviors remain largely unknown. While modern techniques such
as optogenetics! and chemogenetics? permit sequential screening of targeted elements in
circuits with complex input and output patterns, unbiased approaches are necessary to
identify new components that play critical roles in the behavioral changes of interest. One
such approach uses the expression of immediate early genes to identify the neuronal
ensembles activated by a defined experience3 but as currently utilized, this approach does
not reveal the connectivity of these ensembles. Brain imaging techniques such as fMRI or
PET also provide insights into unexpected experience-dependent macroscopic connectivity
changes but lack cellular resolution. Thus, there is a need for additional methods that
facilitate unbiased identification of circuit substrates of experience-dependent behavioral
changes. Here, we present evidence that the rabies virus-based monosynaptic tracing
technique facilitates screening of circuit elements that contribute to behavioral changes by
allowing whole-brain mapping of monosynaptic inputs®® to defined starter neuronal
populations and their input/output relationships’=9.

To test the utility of a rabies virus-based approach for screening of behaviorally relevant
experience-dependent circuit adaptations, we initially focused on the VTA, a circuit node
critical for a variety of experience-dependent behaviors19-12, The diverse array of inputs to
and input-output relationships of VTA dopamine (DA) and GABA cells have been
extensively elucidated using rabies virus methods®’. As a robust trigger of experience-
dependent plasticity we administered drugs of abuse focusing on cocaine, which elicits long-
lasting behavioral adaptations including locomotor sensitization (LMS) and conditioned
place preference (CPP). Our unbiased input screen revealed an unexpected critical role for
the GPe, which has been implicated in motor control13, habit formation4, and Parkinson’s
disease!® but ignored when studying addiction-related behaviors triggered by drugs of abuse.
Our findings provide proof of principle for the utility of this approach while implicating the
GPe as playing a vital function for the establishment of drug-evoked behavioral plasticity.

Screen for cocaine-induced input changes

Cocaine administration induces modification of synapses on VTA-DA and VTA-GABA
neurons® but the identities of cells providing those inputs are largely unknown. To test
whether rabies virus monosynaptic tracing might reveal the identity of inputs altered by
cocaine, we first employed the rabies monosynaptic input tracing techniquel’, where
animals were given a single injection of cocaine (15 mg/kg) or saline one day prior to
injection of the rabies virus, RVdG (Fig. 1a). Unbiased analysis of the labeled input cells
from 22 different brain regions comprising >90% of long-range inputs to VTA-DA neurons
revealed that while the global maps were quantitatively similar, labeling proportionally
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increased or decreased in a small subset of regions in cocaine-treated animals, with inputs
from the GPe displaying the largest magnitude proportional change (Fig. 1b).

To determine if similar labeling changes occurred in response to different classes of abused
substances, as occurs with synaptic adaptations onto VTA-DA neuronst®, we administered
single doses of amphetamine, morphine, nicotine, or the psychoactive but non-addictive
substance fluoxetine. The drugs of abuse increased labeling of GPe cells while fluoxetine
did not (Fig. 1c, Extended Data Fig. 1a). As previous work using rabies virus revealed that
VTA-DA and VTA-GABA neurons receive similar inputs’, we next used the GAD2-Cre
mouse driver line to test if cocaine induced similar changes in labeling of cells making
monosynaptic contacts onto midbrain GABA neurons in the VTA and the nearby substantia
nigra pars reticulata (SNr) (Fig. 1d). Cocaine again elicited a proportional increase in
labeling of GPe cells compared to saline injections (Fig. 1e).

Cocaine enhances GPe-PV neuron activity

The four brain regions exhibiting the largest drug-induced change in labeling were the GPe,
anterior cortex (Ant. Ctx.), medial habenula (MHDb), and nucleus accumbens medial shell
(NAcMedS) (Fig. 1c, Extended Data Fig. 1a). While the latter three are sites previously
implicated in the behavioral adaptations caused by drugs of abusel, the potential role of the
GPe has not been investigated. What does the increase in rabies virus labeling of GPe inputs
onto VTA-DA and GABA cells indicate about the effects of cocaine? To address this
question we used parvalbumin (PV)-Cre or PV-Flp mouse driver lines to specifically target
GPe-PV cells as the majority of rabies-labeled GPe cells making synapses onto VTA-DA
neurons co-stained with PV (305/367; Extended Data Fig. 1b). Visualization of axons of
GPe-PV neurons expressing a membrane tagged GFP demonstrated that these cells send
major projections to a range of brain regions including the forebrain and thalamus (Extended
Data Fig. 2a, b). Consistent with prior work!8, the major GPe projection to the midbrain was
to the SNr, which contains mostly GABA neurons®, while DA neuron-containing nuclei
such as the substantia nigra pars compacta (SNc) or VTA received fewer inputs (Extended
Data Fig. 2c, d).

To determine if the cocaine-induced increase in rabies virus labeling of GPe cells reflected
an increase in the number of synaptic contacts, we injected AAVLFL EX'OXP-mGFP-2A-
synaptophysin-mRuby, which labels putative presynaptic sites (Fig. 2a), into the GPe of PV£
Cremice and imaged ~1 month later after a cocaine or saline injection (Fig. 2b). The density
and volume of these puncta in the SNr were indistinguishable in saline versus cocaine-
treated animals (Fig. 2c, d), suggesting no change in synapse number occurred. Next, we
assessed potential changes in synapse strength since single doses of drugs of abuse can
enhance synaptic strength of both excitatory and inhibitory inputs into the ventral
midbrainl6. We injected AAVLFLEXFRT-ChR2into the GPe of PV4Flp animals and
conducted whole-cell recordings from SNr neurons in acute slices ~1 month later. Calcium
in the extracellular recording solution was replaced by strontium to enable measurements of
quantal events2? (Fig. 2e, f). No change in the amplitude or frequency of quantal events was
observed in slices prepared from cocaine versus saline treated animals (Fig. 2g, h),
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suggesting cocaine did not elicit a change in the strength of the inhibitory synapses made by
GPe-PV neurons on SNr neurons.

Finally, we assessed if GPe-PV neuron spontaneous activity /7 vivowas altered by cocaine
by expressing the fluorescent Ca2* indicator GCaMP6f in GPe-PV neurons and collecting
population Ca?*-dependent signals using fiber photometry (Fig. 2i). While cocaine
administration had no significant acute effect, population activity increased two-fold the
following day (Fig. 2j, k). To assess if this increase might reflect changes in intrinsic
excitability, we injected AAVLFL Ex'OXP-GFPinto the GPe of PV-Cre mice and made
targeted whole-cell current clamp recordings from acute GPe slices prepared one day after
animals received saline or cocaine injections (Fig. 21). GPe-PV neurons from cocaine-treated
animals were more excitable in that more action potentials were generated by depolarizing
current injection steps (Fig. 2m, n) with no change in cells’ input resistances (Fig. 2n). These
results demonstrate that a single exposure to cocaine triggers increases in the spontaneous
activity and excitability of GPe-PV neurons.

Input activity modulates rabies labeling

Avre the cocaine-induced changes in rabies virus labeling of GPe-PV input neurons due to
the observed changes in their activity? To address this possibility, we expressed transgenes
in GPe-PV neurons that permit manipulation of their activity levels while simultaneously
performing rabies virus transsynaptic labeling. Chronic activity manipulations bi-
directionally influenced the extent of GPe neuronal labeling: chronic inhibition of GPe-PV
neuron activity with the inhibitory DREADD hM4Di? or K;,2.1% decreased rabies virus
labeling of GPe neurons compared to control and YFP-expressing animals while the
excitatory manipulation using hM3Dg?, on average, increased labeling (Fig. 3d). As a
control for these manipulations, we examined labeling in the NAcMedsS and found no effect
due to expressing any of these transgenes in GPe-PV neurons (Fig. 3e).

To determine if the effects of chronic activity changes on rabies virus transsynaptic labeling
generalized to other brain regions, we performed the same genetic manipulations on
NAcMedS-D1 receptor-expressing medium spiny neurons (MSNs), the labeling of which
was decreased by drugs of abuse (Fig. 1c; Extended Data Fig. 1a, ). Parallel to the effects of
manipulating GPe-PV neurons, chronic NAcMedsS inhibition using hM4Di or K;;2.1 reduced
labeled inputs in the NAcMedS, while activation with hM3Dq enhanced NAcMedsS labeling
(Fig. 3h). Unexpectedly, while NAcMedsS inhibition did not alter labeling of GPe neurons,
NAcMedsS activation increased labeled GPe inputs (Fig. 3g), suggesting that NAcMedS-D1
MSN activation indirectly increases GPe activity. Together, these experiments provide
evidence that rabies-mediated transsynaptic labeling from starter neurons is influenced by
the level of activity in input cell populations. Furthermore, they support the hypothesis that
cocaine as well as other drugs of abuse chronically increases the level of GPe-PV neuron
activity and this accounts for the observed increase in their labeling by the rabies virus.

Nature. Author manuscript; available in PMC 2018 August 01.
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Behavioral changes require GPe activity

To determine if the cocaine-elicited changes in GPe-PV neuron activity revealed by rabies
virus tracing are functionally relevant and necessary for cocaine-induced behavioral
adaptations, we examined if inhibition of GPe-PV neurons influenced two forms of cocaine-
induced behavioral plasticity, LMS and CPP. Inhibition of activity in GPe-PV neurons using
expression of any one of three different transgenes, hM4Di, K;,2.1, or the tetanus toxin light
chain (TeTxLc), which inhibits presynaptic vesicle release??, prevented cocaine-induced
LMS (Fig. 4a-c), while having no effect on basal locomotion and only a modest effect on
cocaine-induced locomotion upon initial administration (Extended Data Fig. 3).
Furthermore, there was a positive correlation between the number of rabies-labeled GPe
inputs and the magnitude of LMS in a two-day injection protocol for cocaine as well as
other addictive drugs (Extended Data Fig. 4). Similar results were obtained for cocaine-
elicited CPP: using a four-day protocol (Fig. 4d), inhibition of GPe-PV activity via
expression of hM4Di, K;;2.1, or TeTxLc prevented CPP (Fig. 4e, f). Inhibition of GPe-PV
neurons with hM4Di also prevented morphine-induced LMS and CPP (Extended Data Fig.
5), implying that the role of these neurons may generalize to other abused substances.

A limitation of these experiments is that GPe-PV neurons project to several different brain
regions (Extended Data Fig. 2) and thus the transgene-mediated inhibition of these neurons
was not target-specific. To limit expression of an inhibitory transgene specifically to those
GPe-PV neurons projecting to the midbrain, we injected a retrogradely-transported CAV-
FLEX"*P_Flpinto the midbrain of PV4Cre mice and a Flp-dependent AAVLFLEXRT-K;,2.1
into the GPe, enabling K;,2.1 expression only in Cre-expressing GPe-PV neurons projecting
to the midbrain (Extended Data Fig. 6a). This manipulation prevented both cocaine-elicited
LMS and CPP (Extended Data Fig. 6b, c). However, subsequent axon tracing experiments
revealed that the GPe-PV neurons projecting to the midbrain collateralize extensively
(Extended Data Fig. 7), limiting the interpretation of this experiment. To specifically inhibit
the GPe-PV neuron projections within the midbrain, we expressed hM4Di in GPe-PV
neurons and infused slow-release CNO microspheres?3 into the midbrain (Fig. 4g). This
local inhibition was sufficient to block both cocaine-induced LMS (Fig. 4h) and CPP (Fig.
4i). After waiting a week to allow for depletion of CNO, these same animals were re-tested
using the same protocols, and expressed significant LMS and CPP (Fig. 4h, i). These results
demonstrate that activity in the projection of GPe-PV neurons to the midbrain is necessary
for two different forms of cocaine-induced behavioral plasticity.

GPe-PV neurons disinhibit VTA-DA neurons

Does the cocaine-induced increase in activity in inhibitory GPe-PV neurons influence DA
cell activity, which is required for induction of LMS and CPP (Extended Data Fig. 8)? Given
that the major projection from GPe-PV neurons to the midbrain is into the SNr (Extended
Data Fig. 2), a simple hypothesis is that GPe-PV neurons strongly inhibit SNr neurons that
tonically inhibit DA neurons. Thus, activation of GPe-PV neurons would increase DA
neuron activity via disinhibition despite some direct synaptic inhibition of DA cells. We
tested this hypothesis in several ways. First, to examine the functional strength of GPe-PV
neuron connections to midbrain DA and GABA neurons, we injected a Flp-dependent AAV

Nature. Author manuscript; available in PMC 2018 August 01.
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expressing channelrhodopsin (AAVLFLEXRT-ChR2) into the GPe of either DAT-Cre;PV-Flp
or GAD2-Cre;PV-Flp double transgenic animals, AAV-FLEXXP-GFPinto the VTA to label
DA or GABA neurons (Fig. 5a), and retrobeads into either the NAcMedS or nucleus
accumbens lateral shell (NAcLatS) to demarcate one of two VTA-DA subpopulations whose
inputs are modified by cocaine?4. We then assayed monosynaptic inhibitory postsynaptic
currents (IPSCs) via whole-cell recordings in acute slices. Optical stimulation of GPe-PV
neuron axons evoked large IPSCs in the majority (63%, n=24) of SNr-GABA neurons (Fig.
5b-c). In the same sets of slices using the same optical stimulation, the connectivity onto
VTA neurons was much smaller (5-14%) as was the size of the IPSCs in cells in which they
could be detected (Fig. 5b, ¢, Extended Data Fig. 9). These results demonstrate that
functionally, GPe-PV neurons exhibit much stronger inhibitory connections onto SNr-
GABA neurons than VTA-DA or VTA-GABA neurons and thus the GPe-PV synapses in the
V/TA appear to be of limited functional importance.

Second, we tested if manipulating activity in SNr-GABA neurons could impact the
development of LMS and CPP. Activating SNr-GABA neurons via hM3Dq prevented the
development of LMS and CPP (Extended Data Fig. 10a-c) while concurrently inhibiting
SNr-GABA neurons via hM4Di during chronic GPe-PV neuron inhibition rescued cocaine-
mediated behavioral plasticity (Extended Data Fig. 10d-f). These results suggest that GPe-
PV neuron inhibition prevents LMS and CPP by enhancing activity of SNr-GABA neurons.

Third, we examined if SNr-GABA neurons provide direct inhibition to DA neurons using a
modified rabies virus input tracing strategy?® to label local inputs onto DA neurons and
combining this with in-situ hybridization for GAD1/2 mRNA (Fig. 5d, €). Quantitatively,
SNr-GABA neurons were the second-largest source of inhibitory inputs to DA neurons (Fig.

5f).

Fourth, we tested if changes in GPe-PV neuron activity influenced integrated VTA-DA
neuron activity using Fos labeling. In YFP-expressing animals, acute cocaine administration
caused a clear increase in Fos+ DA neurons compared to saline injected animals measured
90 minutes after injection (Fig. 5j). Inhibition of GPe-PV neurons with hM4Di had no effect
in saline treated animals but completely prevented the increase in cocaine treated animals, as
did expression of K;;2.1 (Fig. 5j). Conversely, activation of GPe-PV neurons via ChR2
increased Fos expression in DA cells to a degree similar to that elicited by cocaine (Fig. 5j).

Finally, to directly test the effect of activating GPe-PV neurons on VTA-DA neuron activity
in vivo, we injected a Flp-dependent red-shifted opsin bReachES?® in the GPe and a Cre-
dependent GCaMP6f in the VTA of DAT-Cre;PV-Fip double transgenic mice and recorded
population activity from VTA-DA neurons with fiber photometry while optically activating
GPe-PV neurons (Fig. 5k). Stimulation of GPe-PV neurons caused a small but significant
increase of GCaMP6f fluorescence in VTA-DA neurons (Fig. 5I-m). Taken together, these
results indicate that GPe-PV neurons control VTA-DA neuron activity through a disynaptic
disinhibition via SNr-GABA neurons (Fig. 5n).

Nature. Author manuscript; available in PMC 2018 August 01.
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a VTA-DA-NAcLat

» Connected (5)
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C SNr-GABA

» Connected (15)
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b VTA-DA-NAcMed

Connected (1)
» Not connected (14)

d VTA-GABA

= Connected (1)
* Not connected (18)

Extended Data Figure 9. Map of anatomical location of ventral midbrain cells from which whole

cell recordings were made

Individual dots indicate location of cells in which ChR2-evoked IPSCs due to ChR2
expression in GPe-PV neurons could be detected (connected) or not (not connected) in
NAcLat-projecting (a) or NAcMed-projecting (b) VTA-DA neurons, and SNr-GABA (c) or
VTA-GABA (d) cells. The schematics of the mouse brain in this figure were adapted from

ref. 33.
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The schematics of the mouse brain in this figure were adapted from ref. 33.
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Figure 1. Cocaine-induced changesto VTA neuron inputs
a, Strategy for labeling inputs to VTA-DA neurons. b, Fraction of total GFP+ inputs from

each site relative to total quantified inputs. Highlighted regions represent p < 0.05 (p = 0.04,
0.04, 0.02, 0.02 for EAM, EP, GPe, and ZI, respectively). c, Combined data for
administration of drug of abuse (n = 4, 5, 5, 4 for cocaine, amphetamine, morphine, and
nicotine, respectively) or control (saline, n = 4; fluoxetine, n = 3: p = 0.005, 0.007, 0.05,
0.05 for GPe, MHb, NAcMeds, and Ant. Ctx., respectively). d, e, Strategy (d) and
quantification (e) of labeling inputs to ventral midbrain GABA neurons (GPe, p = 0.01). In
this and subsequent figures, unless otherwise noted, all statistical analyses used paired t-
tests, and error bars represent SEM. See Methods for abbreviations of anatomical terms. The
schematics of the mouse brain in this figure were adapted from ref. 33.
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Figure 2. Cocainetriggersincrease in GPe-PV neuron activity and excitability
a, AAVLFL EXIOXP-mGFP-2A-synaptophysin-mRuby was injected in GPe of PVCre mice to

quantify mRuby+ puncta in SNr. b, mGFP+ neurites and mRuby+ puncta from GPe-PV
neurons in SNr (scale = 10 um). ¢, d, No change in density (c; p = 0.99) or volume (d; p =
0.76) of mRuby puncta was observed. e, AAVLFLEx"RT-ChR2was injected into GPe of PV~
Flp mice, and recordings conducted from SNr-GABA neurons in slices from cocaine or
saline-treated animals. f, Trace from SNr neuron highlighting the time window for analysis.
0, h, No change in quantal IPSC amplitude (g; p = 0.94) or frequency (h; p = 0.94) was
observed. i, AAV-FLEXIOP-GCaMP6fwas injected into GPe of PV-Cre animals to measure
PV neuron activity using fiber photometry. j, Traces showing AF/F following the first saline,
cocaine, and second saline injections. Red = activity threshold of six times the median
absolute deviation. k, Percent time activity surpassed threshold (one-way ANOVA, p =
0.018; post-hoc tests day 1 vs. 2, p = 0.17; day 1 vs. 3, p = 0.0049). |, AAVLFLEXOXP-GFP
was injected into GPe of PV-Cremice, and recordings made from GFP+ cells. m, Traces
from depolarizing current injections. n, Frequency of action potentials over range of current
steps (p < 0.0001 for saline vs. cocaine, two-way ANOVA). For this and all subsequent
figures, ns p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Dot plots
include horizontal line representing mean. The schematics of the mouse brain in this figure
were adapted from ref. 33.
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Figure 3. Bidirectional modulation of rabieslabeling by activity manipulations
a, A mixture of AAVLFLEX'OXP-TCand AAV-FLEX/%P-G was injected into VTA while an

AAV expressing a Flp-dependent YFP, hM4Di, K;;2.1, or hM3Dq was injected into GPe. b,
Image of rabies labeling in GPe (scale = 1 mm). ¢, Experimental strategy for d-e. d,
Quantification of labeled inputs in GPe when GPe was manipulated. y-axis = labeled GPe
inputs/(NAcLat + NAcCore inputs). Combined controls (uninjected and YFP) were assigned
a value of 1. GPe inhibition reduced (hM4Di, p = 0.004; K;;2.1, p < 0.0001) while activation
increased (hM3Dq, p = 0.016) labeled inputs. e, Quantification of labeled inputs in
NAcMedsS following GPe activity manipulations (hM4Di, p = 0.98; K;,2.1, p = 0.90;
hM3Dq, p = 0.88). f, Experimental strategy for g-h. g, NAcMedS-D1 inhibition had no
effect on labeling of GPe inputs (hM4Di, p = 0.13; K;2.1, p = 0.65) while activation
increased labeling (hM3Dq, p < 0.001). h, NAcMedS-D1 inhibition decreased (hM4Di, p =
0.02; K;j2.1, p = 0.03) while activation increased (hM3Dgq, p = 0.007) labeling of NAcMedS
inputs. The schematics of the mouse brain in this figure were adapted from ref. 33.
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Figure 4. GPe-PV neuron activity isrequired for cocaine-induced LM S and CPP
a, Cre-dependent AAVs were injected into GPe of PV-Creanimals. b, Plot of locomotor

activity for a single animal. ¢, GPe-PV inhibition blocked cocaine-induced LMS (hM4Di, p
=0.0002; Kjr2.1, p = 0.007; TeTxLc, p =0.008). d, Procedure to test CPP during GPe-PV
inhibition. e, Trace from YFP animal during post-test. f, GPe-PV inhibition prevented CPP
(hM4Di, p = 0.019; K;2.1, p = 0.030; TeTxLc, p =0.029). g, Slow-release CNO
microspheres were injected into ventral midbrain in animals expressing hM4Di or YFP in
GPe-PV neurons. h, i, Both LMS (h; p = 0.0005) and CPP (i; p = 0.0094) were blocked in
hM4Di-expressing animals. When tested again after CNO washout, these same animals
developed LMS (h; p = 0.047) and CPP (i; p = 0.0078). The schematics of the mouse brain
in this figure were adapted from ref. 33.
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Figure 5. GPe-PV neuronsdisinhibit VTA-DA neurons
a, AAVLFLEX"RT-ChR2was injected into GPe, AAVLFL ExX!O%P-GFPinjected in VTA, and

retrobeads injected into NAcLatS or NAcMedS of DAT-Cre;PV-Filp or GAD2-Cre,PV-Flp
mice. Whole-cell recordings were made from identified midbrain neurons in acute slices. b,
Example light-evoked IPSCs. ¢, Quantification of percent connectivity and IPSC amplitude
for each cell type. d, AAVLFLEX'OXP-TC66T and AAVLFLEXOP-G were injected into VTA
of DAT-Cre mice, followed two weeks later by RVdG. e, Sample labeling of midbrain
section (scale = 1 mm). f, Quantification of labeled local inhibitory inputs. g, Cre-dependent
AAVs expressing YFP, hM4Di, K;2.1, or ChR2 were injected into GPe of PV-Cre mice
followed by quantification of Fos labeling. h, i, Sections of ventral midbrain showing Fos
labeling (green) and tyrosine hydroxylase (TH) labeling (magenta) in animals receiving
cocaine injections and expressing YFP (h) or hM4Di (i) in GPe. Arrows indicate Fos+
neurons co-expressing TH (scale = 200 pm). j, Quantification of activated DA neurons (Fos+
TH+) relative to all activated ventral midbrain neurons (Fos+) (cocaine-YFP, p = 0.029;
ChR2, p <0.0001). k, FIp-dependent bReachES was injected in GPe and a Cre-dependent
GCaMP6f was injected in VTA of DAT-Cre,PV-Flp mice. |, Fiber photometry traces during
consecutive 10 min epochs. m, VTA-DA neurons were more active during light-on than
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light-off (one-way ANOVA, p = 0.014; post-hoc tests 0-10 vs. 10-20 min, p = 0.008; 10-20
vs. 20-30 min, p = 0.039). n, Proposed circuit diagram before and after cocaine. Size of cell
body and arrows represent activity strength. The schematics of the mouse brain in this figure
were adapted from ref. 33.
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