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Response dynamics of midbrain dopamine
neurons and serotonin neurons to heroin,
nicotine, cocaine, and MDMA
Chao Wei1,2,3, Xiao Han4, Danwei Weng3, Qiru Feng3, Xiangbing Qi 3, Jin Li4 and Minmin Luo3,5

Abstract
Heroin, nicotine, cocaine, and MDMA are abused by billions of people. They are believed to target midbrain dopamine
neurons and/or serotonin neurons, but their effects on the dynamic neuronal activity remain unclear in behaving
states. By combining cell-type-specific fiber photometry of Ca2+ signals and intravenous drug infusion, here we show
that these four drugs of abuse profoundly modulate the activity of mouse midbrain dopamine neurons and serotonin
neurons with distinct potency and kinetics. Heroin strongly activates dopamine neurons, and only excites serotonin
neurons at higher doses. Nicotine activates dopamine neurons in merely a few seconds, but produces minimal effects
on serotonin neurons. Cocaine and MDMA cause long-lasting suppression of both dopamine neurons and serotonin
neurons, although MDMA inhibits serotonin neurons more profoundly. Moreover, these inhibitory effects are mediated
through the activity of dopamine and serotonin autoreceptors. These results suggest that the activity of dopamine
neurons and that of serotonin neurons are more closely associated with the drug's reinforcing property and the drug's
euphorigenic property, respectively. This study also shows that our methodology may facilitate further in-vivo
interrogation of neural dynamics using animal models of drug addiction.

Introduction
Drug abuse causes serious health and social problems.

The United Nations World Drug Report estimates that a
quarter of a billion world population uses at least one
illegal drug in a year1. Opiates and cocaine represent two
of the most addictive and devastating drugs of abuse2.
MDMA is a popular recreational drug that often causes
hallucination, cognitive defects, and post-drug depres-
sion3. Nicotine, though legal and widely consumed in
most societies, is linked to a multitude of malignant dis-
eases including lung cancer4.
Intensive research has revealed many insights into the

neurobiological mechanisms underlying the effects of

drugs of abuse. Peripherally administered drugs cross the
blood–brain barrier and bind to their specific molecular
targets, including μ-opioid receptor by heroin, nicotinic
cholinergic receptors by nicotine, and dopamine and/or
serotonin transporters by cocaine and MDMA5,6. It is
well-established that drugs of abuse hijack the midbrain
dopamine reward pathway, induce excessive release of
dopamine and cause long-term adaptations of neural
circuits, which finally leads to addiction5,7. Emerging
evidence indicates that reward processing also intimately
involves serotonin neurons in the dorsal raphe nucleus
(DRN)8–10, the major source of serotonin in the forebrain.
Although the role of the serotonin pathway in drug
addiction is often ignored, the dysfunction of serotonin
signaling pathways is implicated in increased vulnerability
to cocaine abuse11–13 and potentiated seeking for opiate14.
Given the difficulty in vivo recording in a cell-type-

specific manner, we still lack systematic data about how
various drugs of abuse directly affect the activity of
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dopamine neurons and serotonin neurons in freely behav-
ing animals. Although microdialysis studies have detected
the release of dopamine and serotonin within minutes
during drug administration15,16, this technique does not
precisely monitor neuronal activity at sub-second temporal
resolution. Fast-scan cyclic voltammetry (FSCV) has been
developed to evaluate the sub-second volume transmission
of dopamine17–20. However, FSCV in freely behaving ani-
mals faces forbiddingly demanding technical challenges.
Similarly, recordings from slice preparations fail to reveal
in vivo kinetics of neuronal activity challenged with differ-
ent doses of drugs of abuse21,22. Again, electrophysiological
recordings in vivo are difficult and often lack cell-type
specificity and require anesthetic treatment23,24.
Here we studied how acute exposure of cocaine, MDMA,

heroin, or nicotine modulates the neuronal activity of VTA
dopamine neurons and DRN serotonin neurons by com-
bining fiber photometry with intravenous drug infusion.
Fiber photometry, together with the genetically-encoded
Ca2+ indicator GCaMP6, has permitted the tracking of the
activity dynamics of cell-type-specific neurons with sub-
second temporal resolution25–27; these ease-of-use techni-
ques are well adapted for freely moving transgenic mice
during drug infusion. Our study revealed several interesting
features of how four commonly abused drugs dynamically
and differentially modulate the activity of dopamine neu-
rons and serotonin neurons in freely behaving states.

Results
Heroin activates both dopamine neurons and serotonin
neurons
We combined an intravenous infusion system with fiber

photometry to monitor real-time changes in neuronal
activity from freely behaving mice challenged with drugs
of abuse (Fig. 1a). Specifically, we targeted GCaMP6m to
VTA dopamine neurons and DRN serotonin neurons by
stereotaxically injecting Cre-dependent AAVs into the
VTA of DAT-Cre mice (DAT-VTA-GCaMP6 mice for
simplicity) or into the DRN of Sert-Cre (SERT-DRN-
GCaMP6) mice (Supplementary Fig. S1a). During the
surgical procedure, optical fiber tips were implanted at the
injection sites (Supplementary Fig. S1b). Consistent with
our previous studies9,10,28, GCaMP6m was selectively
expressed within VTA dopamine neurons and within
DRN serotonin neurons (Supplementary Fig. S1c).
After 1-week recovery for mice, we performed catheter-

ization of right jugular vein, and 2 days later performed
intravenous drug infusion. To mimic the drug intake pat-
terns in self-administration studies, we made 20 infusions of
the drug with the interval of 120 s between two consecutive
infusions. We chose the doses commonly used to induce
drug reinforcement (see methods for dosage concentrations
and infusion parameters). We then performed fiber pho-
tometry to monitor changes in GCaMP fluorescence in

response to drug infusions (Fig. 1b–d and Supplementary
Fig. S1d) with two control experiments: saline infusion into
GCaMP-expressing mice and drug infusion into GFP-
expressing mice. No clear changes in green fluorescence
occurred during GFP control experiments, thus ruling out
that movement artefacts are responsible for change in
GCaMP fluorescence (Supplementary Fig. S1e and S1f). For
clarity, we refer to drug-induced changes in GCaMP
fluorescence levels as “Ca2+ signals”.
We first examined the effects of heroin on neuronal

activity. The three doses (0.025, 0.05, and 0.1mg kg−1 per
infusion) were chosen according to rodent self-
administration studies, referring to the low, median and
high doses29. Unlike natural rewards (including sucrose
solution) that potently induce the phasic activation of both
types of neurons9,10, acute heroin exposure significantly
increased the Ca2+ signals of both VTA dopamine neurons
and DRN serotonin neurons in a dose-dependent manner
for up to an hour (Fig. 1b–d; Supplementary Fig. S2). For
dopamine neurons, heroin caused ~20 to ~40% increase in
Ca2+ signals (Fig. 1d). For serotonin neurons, heroin at the
median and high doses (0.05mg kg−1 and 0.1mg kg−1)
significantly increased Ca2+ signals by ~11% and ~26%
with no significant effect at the low dose (0.025mg kg−1)
(Fig. 1d). Analyzing locomotor activity revealed that heroin
challenge caused hyperactive locomotor activity in the time
course that matched well with the increase in Ca2+ signals
of both dopamine neurons and serotonin neurons (Sup-
plementary Fig. S3).
We analyzed the kinetics of heroin-induced neuron

activation. We calculated the initiation time by deter-
mining the time point after the first infusion when
changes in Ca2+ signals became statistically significant.
For dopamine neurons, the initiation time was ~60 s at
the low dose, and was shortened to <20 s at the high dose
(Fig. 1e), indicating that a single infusion significantly
activated these neurons. The latency to the peak of Ca2+

signals ranged from 8 to 10 min, suggesting that the peak
responses arrived following ~4 infusions (Fig. 1f). After
the final infusion, Ca2+ signals decayed very slowly, and
needed 40–80 min to return to the baseline (Fig. 1f). For
serotonin neurons, at high dose, it required ~5.5 min to
initiate a significant response and ~9min to reach the
peak of Ca2+ signals (Fig. 1e, f). Following the last infu-
sion, Ca2+ signals slowly returned to the baseline for
~30min (Fig. 1f).

Nicotine activates dopamine neurons and produces
biphasic responses
We next investigated how VTA dopamine neurons and

DRN serotonin neurons respond to nicotine. We tested
three doses: 0.06, 0.1, and 0.2 mg kg−1 per infusion cor-
responding to the low, median, and high doses in rodent
self-administration study30. At all three doses, the first
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infusion of nicotine alone was sufficient to cause a rapid
increase in Ca2+ signals of dopamine neurons which
continued to be elevated during the remaining infusions
(Fig. 2a). At the high dose, nicotine infusions produce
~55% increases of Ca2+ signals (Fig. 2c). At a finer time

scale, nicotine infusions in vivo biphasically modulated
the Ca2+ signals in VTA dopamine neurons (Supple-
mentary Fig. S4a). Although the initial infusion induced
purely a rapid activation (Supplementary Fig. S4b), each
subsequent infusion (infusions 2 through 20) caused an

Fig. 1 (See legend on next page.)
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inhibition-then-rebound pattern: the Ca2+ signals was
briefly suppressed and then quickly returned to the ele-
vated level (Supplementary Fig. S4c). Unlike heroin,
nicotine at the high dose caused a decrease in mouse
locomotor activity that was correlated with nicotine-
induced rapid increase in Ca2+ signal of dopamine neu-
rons (Supplementary Fig. S5a and S5b).
For VTA dopamine neurons, kinetics analysis revealed

that intravenous infusion almost instantly increased Ca2+

signals (initiation time: 2.2–4.4 s following the initial
infusion at various doses) (Fig. 2d). The responses peaked
within 16–19 s (Fig. 2e), making nicotine the fastest agent
among the four drugs tested in this study. Once the final
20th infusion was completed, the Ca2+ signals reduced
slowly, with a decay time of 51–72 min (Fig. 2e).
Nicotine exposure also increased the frequency of

transient Ca2+ fluctuations from VTA dopamine neurons
with no significant effects on the amplitude of transient
events (Supplementary Fig. S6a, S6c and S6e). These
transient fluctuations, which we henceforth refer to as
“Ca2+ transients”, likely reflect neuronal activity at
population level while mice explored surrounding
environment.
In contrast to dopamine neurons, the overall effect of

nicotine on serotonin neurons were very modest at all
three dose (Fig. 2b, c). Furthermore, serotonin neurons
showed decreases in the amplitude and frequency of Ca2+

transients during nicotine exposure (Supplementary
Fig. S6b, S6d and S6f). Our results suggest that nicotine
produces a blunting inhibition of serotonin neurons in
freely behaving animals. Because nicotine lacked a clear
effect on the Ca2+ signal of serotonin neurons, no cor-
relation was observed between the change of locomotor
activity with Ca2+ signals of serotonin neurons (Supple-
mentary Fig. S5c and S5d).

Cocaine suppresses the activity of dopamine neurons and
serotonin neurons
We then examined the effect of cocaine at the doses of

0.25, 0.5, and 1.0 mg kg−1 per infusion corresponding to

the low, median, and high doses in rodent self-
administration study31. Cocaine at all three tested doses
led to a profound dose-dependent decrease in Ca2+ sig-
nals (~40% decrease at the highest doses) for both VTA
dopamine neurons (Fig. 3a–c) and DRN serotonin neu-
rons (Fig. 3b, c) for over 70min. Aligning the Ca2+ signals
to the onset of individual drug infusions revealed that
cocaine, like heroin but unlike nicotine on dopamine
neurons, did not cause rapid modulation of Ca2+ signal of
either cell-type to be precisely associated with infusion
onset or offset (Supplementary Fig. S7). Cocaine also
greatly reduced the amplitude and frequency of transient
fluctuations of Ca2+ signals from VTA dopamine neu-
rons, and completely eliminated these transient fluctua-
tions from DRN serotonin neurons (Fig. 3a, b and
Supplementary Fig. S8). Cocaine resulted in dramatic
locomotor hyperactivity that was time-locked to reduc-
tion in Ca2+ signals from both dopamine neurons and
serotonin neurons (Supplementary Fig. S9), again
demonstrating that the change in neuronal activity was
coupled to behavioral changes.
The decline in Ca2+ signals happened instantly after the

first infusion began. The initiation time for cocaine-
induced decrease in Ca2+ signals was negatively corre-
lated with cocaine dosage, ranging from ~36 s to ~57 s for
dopamine neurons (Fig. 3d) and from merely 8 s to ~72 s
for serotonin neurons (Fig. 3d). Moreover, the time nee-
ded to reach the maximum decrease in Ca2+ signals
between 150–395 s for both dopamine neurons (Fig. 3e)
and serotonin neurons (Fig. 3e). Following the completion
of 20 infusions, the decay of declined Ca2+ signals had a
variable and rather long duration dependent on cocaine
dosage. At the high dose of 1.0 mg kg−1, the decay time
lasted nearly 1.5 h. for dopamine neurons (Fig. 3e) and
over 2 h for serotonin neurons (Fig. 3e).

MDMA profoundly inhibits serotonin neurons
We also tested the effects of MDMA on the activity of

VTA dopamine neurons and DRN serotonin neurons in
freely behaving mice. Three doses of MDMA (0.125, 0.25,

(see figure on previous page)
Fig. 1 Acute heroin exposure causes long-lasting activation of both VTA dopamine neurons and DRN serotonin neurons in a dose-
dependent manner. a Schematic of the experimental setup for fiber photometry of neuronal GCaMP fluorescence change (Ca2+ signals) from freely
behaving mice that received intravenous drug infusions. b, c Ca2+ signals of dopamine neurons (b) and serotonin neurons (c) from two mice
individually challenged with 20 intravenous infusions of heroin (small triangles) at the indicated doses. Small triangles indicate 20 repetitive infusions.
The vertical dash line indicates the start of the first infusion. Gray, the original trace showing Ca2+ signals; black, the overall trend of Ca2+ signals.
Moreover, red and blue indicate significant increase and decrease from the baseline before drug infusion, respectively (p < 0.05; permutation tests). d
Overall Ca2+ signal intensities during the infusion phase [n= 6 dopamine mice; F(3, 20)= 24.47, p < 0.0001, one-way ANOVA with Tukey’s post-hoc
test; n= 7 serotonin mice; F(3, 24)= 8.381, p= 0.0005, one-way ANOVA with Tukey’s post-hoc test]. e Initiation time required for heroin to activate
dopamine neurons and serotonin neurons [n= 6 dopamine mice; F(2, 15)= 1.686, p= 0.2186, one-way ANOVA with Tukey’s post-hoc test]. f Rise
time and decay time of the heroin-evoked Ca2+ signals [n= 6 dopamine mice, n= 7 serotonin mice; for rise time, F(2, 15)= 0.2508, p= 0.7814, one-
way ANOVA with Tukey’s post-hoc test; for decay time, F(2, 15)= 1.180, p= 0.3342, one-way ANOVA with Tukey’s post-hoc test]. Error bars indicate
SEM (d–f). *p < 0.05; **p < 0.01; ***p < 0.001; ns not significant, DM dichroic mirror, PMT photomultiplier tube, Amp amplifier, DAQ data acquisition
interface
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and 0.5 mg kg−1 per infusion) were chosen according to
rodent self-administration study32. Intravenous infusion
of MDMA caused a slow and sustained decrease in Ca2+

signals of both dopamine neurons and serotonin neurons
(Fig. 4a–c). At the highest dose, MDMA produces ~18%
signal decrease in Ca2+ signal for dopamine neurons
(Fig. 4a, c) and striking ~36% decrease for serotonin
neurons (Fig. 4b, c). However, MDMA could not produce
any clear effects on the short-term response of either VTA
dopamine neurons or DRN serotonin neurons to repeti-
tive infusions (Supplementary Fig. S10). Moreover,
MDMA completely eliminated Ca2+ transients of

serotonin neurons with modest effects on Ca2+ transients
of dopamine neurons (Supplementary Fig. S11). Our
results collectively show that MDMA inhibits dopamine
neurons and serotonin neurons with a much stronger
effect on serotonin neurons.
Unlike rapid suppression of neuron activity induced

by cocaine, MDMA requires much longer time to
initiate a significant decline in Ca2+ signals. Depending
on the doses of MDMA, the initiation time was
3.5–6 min for dopamine neurons and 1–13 min for
serotonin neurons (Fig. 4d). The time needed for the
maximal decrease in Ca2+ signals was about ~15 min for

Fig. 2 Nicotine rapidly and strongly activates VTA dopamine neurons but has only modest effect on DRN serotonin neurons. a, b
Representative traces of Ca2+ signals from dopamine neurons and serotonin neurons treated with 20 infusions of nicotine at the indicated doses. c
Overall Ca2+ signal intensities during nicotine infusions [n= 6 dopamine mice, F(3, 20)= 27.37, p < 0.0001, one-way ANOVA with Tukey’s post-hoc
test; n= 7 serotonin mice, F(3, 24)= 1.235, p= 0.3188, one-way ANOVA with Tukey’s post-hoc test]. d The initiation time of Ca2+ signals following
the first infusion of nicotine for VTA dopamine neurons [n= 6 dopamine mice; F(2, 15)= 1.013, p= 0.3866, one-way ANOVA with Tukey’s post-hoc
test]. e Rise time and decay time of nicotine-evoked Ca2+ signals for VTA dopamine neurons [n= 6 dopamine mice; for rise time F(2, 15)= 1.050, p=
0.3742, one-way ANOVA with Tukey’s post-hoc test; for decay time, F(2, 12)= 0.6585, p= 0.5354, one-way ANOVA with Tukey’s post-hoc test]. Error
bars indicate SEM (c–e). *p < 0.05; **p < 0.01; ***p < 0.001; ns not significant
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dopamine neurons and ranged from ~15–19 min for
serotonin neurons (Fig. 4e). Remarkably, it took several
hours for Ca2+ signal of dopamine neurons to recover to
the baseline (Fig. 4e). Unlike cocaine, MDMA did not
significantly change mouse locomotor activity of DAT-
Cre mice, although it had a mild but statistically sig-
nificant effect on increasing the locomotor activity of
SERT-Cre mice (Supplementary Fig. S12).

Inhibitory autoreceptors mediate the responses of
dopamine neurons and serotonin neurons to cocaine and
MDMA
Cocaine and MDMA are thought to increase the extra-

cellular levels of dopamine and serotonin by binding to
dopamine transporter (DAT) and serotonin transporter
(SERT) to block the reuptake and thus increasing the
extracellular concentrations of corresponding

Fig. 3 Cocaine produced strong and prolonged suppression of Ca2+ signals for both dopamine neurons and serotonin neurons. a, b
Representative Ca2+ signals of dopamine neurons and serotonin neurons following cocaine infusion at the indicated doses. c Overall Ca2+ signals
during cocaine infusion [n= 7 DAT-VTA-GCaMP6 mice (abbreviated as dopamine mice), F(3, 24)= 50.54, p < 0.0001, one-way ANOVA with Tukey’s
post-hoc test; n= 7 Sert-DRN-GCaMP6 mice (abbreviated as serotonin mice), F(3, 24)= 56.53, p < 0.0001, one-way ANOVA with Tukey’s post-hoc test].
d Initiation time for cocaine to inhibit dopamine neurons and serotonin neurons [n= 7 dopamine mice, F(2, 18)= 0.5568, p= 0.5826, one-way
ANOVA with Tukey’s post-hoc test; n= 7 serotonin mice, F(2, 18)= 2.446, p= 0.1149, one-way ANOVA with Tukey’s post-hoc test]. e Rise time and
decay time of cocaine-induced decrease in Ca2+ signals of dopamine neurons and serotonin neurons [n= 7 dopamine mice; for rise time, F(2, 18)=
22.70, p < 0.0001, one-way ANOVA with Tukey’s post-hoc test; for decay time, F(2, 14)= 2.707, p= 0.1014, one-way ANOVA with Tukey’s post-hoc test;
n= 7 serotonin mice; for rise time, F(2, 18)= 2.862, p= 0.0833, one-way ANOVA with Tukey’s post-hoc test; for decay time, F(2, 18)= 10.68, p=
0.0009, one-way ANOVA with Tukey’s post-hoc test]. Error bars indicate the standard error of the mean (SEM) (c–e). *p < 0.05; **p < 0.01; ***p < 0.001;
ns not significant
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neurotransmitters6,33. For dopamine neurons, extracellular
dopamine then targets the inhibitory dopamine D2 receptor
(DRD2) to inhibit spontaneous action potential firing,
which otherwise tend to be high in freely behaving drug-
naïve animals (6–10Hz)34–38. However, serotonin neurons
are much less active (~1Hz)9. We were thus surprised by
the observation that the rather silent serotonin neurons
could still exhibit profound decrease in Ca2+ signals fol-
lowing cocaine and MDMA administrations. The
mechanism underlying this inhibition has not been well
explored. We speculated that cocaine and MDMA inhibited
the activity of DRN serotonin neurons by enhancing

extracellular levels of serotonin, which in turn target the
inhibitory serotonin receptor 1 A (HTR1A) on serotonin
neurons39.
We first confirmed that the DRD2 antagonist haloperidol

could block the inhibitory effects of cocaine and MDMA on
the activity of dopamine neurons. Pretreating mice with an
intraperitoneal injection of haloperidol completely pre-
vented the inhibitory effects of cocaine and MDMA on the
activity of dopamine neurons, whereas no such preventative
effect was observed when animals were pretreated with
saline (control) or WAY100635 (an inhibitor of HTR1A)
(Fig. 5a–d and Supplementary Fig. S13). Together, we

Fig. 4 MDMA strongly reduces the activity of serotonin neurons but exerts a much weaker effect on dopamine neurons. a, b Representative
Ca2+ signals of dopamine neurons and serotonin neurons following MDMA infusion at the indicated doses. c Overall Ca2+ signals during MDMA
infusion [n= 6 dopamine mice, F(3, 20)= 11.58, p= 0.0001, one-way ANOVA with Tukey’s post-hoc test; n= 7 serotonin mice, F(3, 24)= 42.82, p <
0.0001, one-way ANOVA with Tukey’s post-hoc test]. d Initiation time for MDMA to inhibit dopamine neurons and serotonin neurons [n= 6
dopamine mice, F(2, 15)= 0.4386, p= 0.6529, one-way ANOVA with Tukey’s post-hoc test; n= 7 serotonin mice, F(2, 18)= 1.060, p= 0.3672, one-way
ANOVA with Tukey’s post-hoc test]. e Rise time and decay time of MDMA-induced decrease in Ca2+ signals of dopamine neurons and serotonin
neurons [n= 6 dopamine mice, F(2, 15)= 0.4386, p= 0.6529, one-way ANOVA with Tukey’s post-hoc test; serotonin, n= 7, F(2, 18)= 1.060, p=
0.3672, one-way ANOVA with Tukey’s post-hoc test]. Error bars indicate SEM (c–e). *p < 0.05; **p < 0.01; ***p < 0.001; ns not significant
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demonstrated that cocaine- and MDMA-induced inhibition
of dopamine neurons was mediated through DRD2.
We next tested whether HTR1A was responsible for the

inhibition of serotonin neurons caused by cocaine and
MDMA. Consistent with our hypothesis, cocaine- and
MDMA-induced inhibition of serotonin neurons were
substantially blocked by pretreatment with WAY100635,
but not by the pretreatment with saline or haloperidol
(Fig. 5e–h and Supplementary Fig. S14). Collectively,
these results substantiated the role of HTR1A in med-
iating the inhibitory response of serotonin neurons to
cocaine and MDMA.

Discussion
Heroin, nicotine, cocaine, and MDMA are commonly

abused drugs that are believed to target neurons involved

in reward processing. Considering that rapid change in
the activity of dopamine and serotonin neurons could
have profound effect on animal behaviors and the state of
anesthesia fundamentally influences the activity of these
neurons40–42, it is important to study how drugs of abuse
affect the activity of these two neuron populations in
freely behaving animals. Using fiber photometry of Ca2+

signals, we demonstrated that these drugs potently and
differentially modulate the activity of VTA dopamine
neurons and DRN serotonin neurons in freely behaving
mice. Our results have several functional implications on
how drugs may produce different behavioral effects by
distinctly affecting the activity of dopamine neurons and
serotonin neurons. Moreover, the method of combining
fiber photometry and intravenous drug delivery may well
complement current approaches, including microdialysis,

Fig. 5 Cocaine and MDMA inhibit dopamine neurons via D2 receptor activity and inhibit serotonin neurons mainly via HTR1A receptor
activity. a, b Traces showing the effects of pretreating mice with haloperidol (5 mg·kg-1; Halo) or WAY100635 (5 mg kg-1; WAY) on Ca2+ signals of
dopamine neurons in response to cocaine (Coc) and MDMA. Saline (Sal) was infused as control. c The overall effect of haloperidol or WAY100635
pretreatment on the responses of dopamine neurons [n= 7 dopamine mice for each test group; for cocaine administration with pretreatment, F(3, 24)
= 40.76, p < 0.0001, one-way ANOVA with Tukey’s post-hoc test; for MDMA administration with pretreatment, F(3, 24)= 39.24, p < 0.0001, one-way
ANOVA with Tukey’s post-hoc test]. d ROC analysis measuring the effect of haloperidol and WAY100635 on the inhibitory responses to cocaine or MDMA
[the same group size as in (c) for cocaine administration with pretreatment, F(3, 24)= 65.44, p < 0.0001, one-way ANOVA with Tukey’s post-hoc test; for
MDMA administration with pretreatment, F(3, 24)= 47.54, p < 0.0001, one-way ANOVA with Tukey’s post-hoc test]. e, f Representative traces of from
serotonin neurons showing the effect of pretreating mice with haloperidol or WAY100635 on the responses to cocaine or MDMA. g The overall effect of
haloperidol or WAY100635 pretreatment on the responses of serotonin neurons [n= 9 serotonin mice for Sal-Sal and Sal+ Cocaine, n= 6 for Halo+
Coc, n= 8 for WAY+ Coc, F(3, 26)= 24.02, p < 0.0001, one-way ANOVA with Tukey’s post-hoc test; n= 5 for Sal+ Sal, Sal-MDMA, Halo+MDMA, and
WAY+MDMA, F(3, 16)= 55.60, p < 0.0001, one-way ANOVA with Tukey’s post-hoc test]. h ROC analysis to discriminate among the effects of haloperidol
and WAY100635 on cocaine-induced and MDMA-induced inhibition [the same group size as in (c) for cocaine administration with pretreatment, F(3, 28)
= 39.52, p < 0.0001, one-way ANOVA with Tukey’s post-hoc test; for MDMA administration with pretreatment, F(3, 16)= 57.62, p < 0.0001, one-way
ANOVA with Tukey’s post-hoc test]. Error bars indicate SEM (c, d, g, h). *p < 0.05; **p < 0.01; ***p < 0.001; ns not significant

Wei et al. Cell Discovery  (2018) 4:60 Page 9 of 16



FSCV and electrophysiology, for unraveling rapid impacts
of the wide-ranging drugs.
We found that heroin strongly activates VTA dopamine

neurons in behaving mice. We also provide the important
information regarding the dose-kinetic relationship.
Intensive research has hypothesized that opiate activates
µ-opioid receptors on local and VTA-projecting GABA
neurons and then disinhibits dopamine neurons22,24.
However, the finding of sustained activation of dopamine
neurons in vivo has not been observed by classic elec-
trophysiology22,24. It is an interesting question whether
this long-term activation of dopamine neurons is corre-
lated with self-administration performance. Very few
studies have studied the in vivo responses of DRN ser-
otonin neurons to opiate exposure. We show that heroin
at higher doses also significantly activates serotonin
neurons. This heroin-induced activation may be achieved
by disinhibiting serotonin neurons through reducing local
GABAergic activity43,44. Given that some DRN serotonin
neurons may corelease glutamate8,45, some heroin-
associate behaviors might be mediated by serotonin and
the potentially coreleased glutamate.
Nicotine potently activates VTA dopamine neurons but

lacks a strong effect on DRN serotonin neurons. The
excitatory response of dopamine neurons to nicotine is
consistent with earlier electrophysiological recordings
from brain slice preparations21,46,47 and FSCV from
behaving animals18,48. Here we provide the first evidence
that nicotine requires only 2.2–4.4 s to initiate the
responses and 16–19 s to reach the peak activation level.
This speed is impressive considering that nicotine needs
to cross blood–brain barrier and diffuse to the VTA
before activating dopamine neurons. Rapid activation of
dopamine neurons may facilitate reinforcement of
tobacco smoking. We showed that in freely behaving
animals the initial infusion of nicotine activates dopamine
neurons while later repetitive infusions produce an inhi-
bition and then rebound response pattern. This
inhibition-rebound pattern is consistent with previous
recordings from anesthetized animals49,50. The exact
mechanisms underlying this biphasic pattern remain
unclear: it is possible that nicotine may transiently acti-
vate GABA neurons that in turn inhibit dopamine neu-
rons51. The inhibition of dopamine neurons produces
behavioral aversion52,53, suggesting that the transient
inhibitory effect of nicotine may be associated with its
aversive quality in some people. Unlike VTA dopamine
neurons, DRN serotonin neurons do not increase Ca2+

signals following intravenous infusions of nicotine at the
doses of up to 0.2 mg kg−1. Moreover, nicotine blocks
Ca2+ transients of serotonin neurons, suggesting a pos-
sibly inhibitory effect. This observation differs from an
early microdialysis study showing that acute administra-
tion of nicotine at high doses (up to 8mg kg−1) enhances

the extracellular level of serotonin54. The apparent dis-
crepancy between the present study and early reports
might be reconciled by dose difference, the potential sti-
mulant effect of nicotine on presynaptic terminals but not
somata of serotonin neurons, and/or technical difference
between fiber photometry and microdialysis.
This study provides the first demonstration that cocaine

causes strong and sustained inhibition of both dopamine
neurons and serotonin neurons in behaving state. This
result substantiates early observations using single-unit
recording in anesthetic animals that psychostimulants
decrease the firing rate of dopamine neurons35,38. We
further revealed that both dopamine neurons and ser-
otonin neurons undergo the long-lasting inhibition from
MDMA exposure, with serotonin neurons exhibiting a
much greater extent of inhibition. This is consistent with
the concept that cocaine and MDMA enhances extra-
cellular levels of dopamine and serotonin by binding to
DAT and SERT, thus blocking their reuptake. MDMA
binds more weakly to DAT than to SERT33, which
explains a milder effect of MDMA on dopamine neurons.
The increased levels of dopamine and serotonin then in
turn acts on inhibitory autoreceptors to inhibit dopamine
neurons and serotonin neurons through the opening of
GIRK-type potassium channels34,55.
Our findings raise an intriguing question: how can

cocaine and MDMA cause massive release of dopamine
and serotonin in light of the prolonged (~20min to ~6 h)
suppression of neuronal activity? We propose the follow-
ing four possible mechanisms: (1) Dopamine and ser-
otonin can be released via an action-potential-independent
pathway upon drug exposure. Indeed, cholinergic inputs
can bypass activity in dopamine neurons and drive dopa-
mine release56. Similarly, serotonin release can be evoked
by the activation of glutamate receptors and opening of L-
type Ca2+ channel independent of action potential57. (2)
Upon drug exposure, a majority of neurons experience
strong inhibition while a minority of neurons are actually
activated to maintain the high level of extracellular
dopamine and serotonin. The neuronal response of the
latter ones cannot be detected by the fiber photometry at
the population level. Indeed, a recent study reported that a
subpopulation of VTA dopamine neurons were activated
by acute cocaine exposure58. (3) The auto-inhibition is
secondary to the blockade of dopamine and serotonin
reuptake. (4) Without the reuptake by transporters,
extracellular dopamine and serotonin cannot be efficiently
metabolized and remain effective for a long period.
The strong inhibitory effects of cocaine and MDMA on

the activity of dopamine neurons and serotonin neurons
have several functional implications. First, previous stu-
dies focus on the effect of cocaine on dopamine levels59

and that of MDMA on serotonin levels60. Our data indi-
cate that we should also consider the role of serotonin in
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cocaine-induced behaviors and that of dopamine in
MDMA-induced behaviors. At least, some animal studies
suggest a role of serotonin transporters in cocaine-related
reward behaviors11–13. Second, VTA dopamine neurons
and DRN serotonin neurons respond phasically to
rewards and reward predicting cues9,10. It is interesting to
test whether cocaine or MDMA would prevent these
neurons from rapidly responding to external reward-
related signals. Thus far this issue has not been fully
resolved. Acute exposure of cocaine would enhance the
dopamine release within NAc shell during a cue-cocaine
Pavlovian training61. However, chronic use of cocaine
would dramatically dampen the outflow of dopamine
within NAc responding to drug-delivered cues, which
then promotes the escalation of cocaine intake62. Third,
glutamate is coreleased from subsets of dopamine neu-
rons63,64 and serotonin neurons8,45. Cocaine could thus
enhance extracellular dopamine and serotonin, and
simultaneously suppress glutamate corelease owing to the
auto-inhibition, which may underpin certain drug-
associated behaviors.
We note a possible association between drug-induced

reinforcing property and the drug effects on dopamine
neurons and that between drug-induced euphoria prop-
erty and the drug effects on serotonin neurons. Heroin,
nicotine, and cocaine produce powerful dependence in
humans2, we show that they either directly activate
dopamine neurons or inhibit dopamine neurons likely by
causing massive release of dopamine. By contrast, MDMA
produces much weaker drug dependence than cocaine2,
we also show that it has weaker effect than cocaine on
dopamine neurons. These data are consistent with the
“Dopamine Hypothesis” of drug addiction. Moreover,
heroin65, cocaine66, and MDMA67 users often report a
surge of euphoria; we show that they strongly excite ser-
otonin neurons or promote serotonin release. By contrast,
nicotine only produces mild euphoria for some people68;
we show that it has no significant effect on serotonin
neurons. These observations suggest that massive
release of serotonin but not dopamine may be more
relevant to the euphorigenic properties of many drugs of
abuse.
Current views of drug abuse propose a unitary theory of

addiction based on the midbrain dopamine system.
However, more balanced researches are in need with
careful characterization of similarities and differences in
neurophysiological changes induced by different classes of
drugs69. Here we revealed that different drugs dramati-
cally and differentially regulate the activity of both VTA
dopamine neurons and DRN serotonin neurons, sug-
gesting that drugs of abuse could have distinct behavioral
impacts in addition to their common effects on dopamine
release. Especially, the opposing effects of heroin and
cocaine over the activity of VTA dopamine neurons may

help understand the opposite effects on the morphology
of dopamine neurons70 and the differential engagement of
direct and indirect pathways69 across opiates and psy-
chostimulants. In future studies, monitoring the response
of VTA dopamine neurons and DRN serotonin neurons
within the context of drug self-administration may reveal
similarities and differences across different drugs to
interact with internal state and drug-taking environment
to induce addictive-like behaviors71.

Materials and Methods
Experimental procedures were approved by the

National Institute of Biological Sciences (NIBS), Beijing
in accordance of the regulations of the Administration
of Affairs Concerning Experimental Animals of China.

Animals
DAT-Cre mice (strain name B6.SJL-Slc6a3tm1.1(cre)

Bkmn/J, Jackson Laboratory, Bar Harbor, Maine, USA)
and Sert-Cre mice (strain name B6.Cg-Tg(Slc6a4-Cre)
ET33Gsat, Mutant Mouse Resource and Research Center,
USA) were backcrossed onto a C57BL/6 N background
(Vitalriver Laboratory Animals, Beijing, China) in NIBS
animal facilities. All mice were housed in cages of 1–5 on
a 12/12 light/dark cycle, and were at least at age of
8 weeks when any experiment began. Mice were main-
tained in an environmentally controlled vivarium and
given ad libitum access to food and water. Before the
beginning of experiment, mice had been kept on a
reverse light/dark cycle (light off at 8:00 am) for at least
1 week.

Drugs
For intravenous infusion, all drugs were dissolved in

0.9% sterile saline including (-)-nicotine hydrogen tar-
trate salt (nicotine; Sigma-Aldrich, China), heroin,
cocaine hydrochloride (cocaine) and 3,4-Methylene-
dioxymethamphetamine (MDMA) hydrochloride. The
pH of solutions for intravenous infusion was adjusted to
~7.4. The doses per infusion for each drugs were
adjusted according to animal weight: (1) 0.025, 0.05, and
0.1 mg kg−1 for heroin; (2) 0.06, 0.1, and 0.2 mg kg−1 for
nicotine; (3) 0.25, 0.5, and 1.0 mg kg−1 for cocaine; (4)
0.125, 0.25, and 0.5 mg kg−1 MDMA. Note that the
doses of heroin and nicotine referred to the free-base
form while the rest referred to the salt form. For intra-
peritoneal injection, WAY100635 (WAY; Sigma-
Aldrich, USA) was dissolved in 0.9% saline. Haloperidol
(Halo; Sigma-Aldrich, China) was first dissolved in
DMSO and then diluted with 0.9% saline. Each mouse
was intraperitoneally pretreated with either 5 mg kg−1

haloperidol to block DRD2 or 5 mg kg−1 WAY100635
to block HTR1A.
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AVV vectors
AAV serotype2/9 carrying DIO-GCaMP6m plasmid or

DIO-EmGFP plasmid was produced in house with the
final titers up to 1–5 × 1012 particles per ml. GCaMP6m
(Plasmid 40754, Addgene, Massachusetts, USA) or
enhanced membrane GFP (Plasmid 14757, Addgene) was
cloned into the pAAV-EF1 a-DIO-hChR2(H134R)-
mCherry construct (a gift from K. Deisseroth) by repla-
cing the segment encoding ChR2-mCherry.

Surgeries
Each mouse received the following two surgeries: (1)

Virus injection & optical fiber implantation; and (2)
Intravenous catheterization surgery.

Virus injection and optical fiber implantation
Virus injection and fiber implantation was performed as

described previously8–10,20. Mice were anaesthetized with
an intraperitoneal injection of 250 mg·kg−1 avertin (2,2,2-
tribromoethanol, Sigma-Aldrich, UK) and mounted onto
a stereotaxic instrument (RWD Life Science, Shenzhen,
China) on a heat pad with ophthalmic ointment applied to
each eyes. The scalp was shaved and then incised through
the midline. A craniotomy was made by gently drilling a
small hole on the skull. By a microsyringe pump (Nano-
liter 2000 Injector, WPI, Florida, USA), AAV vectors (500
nL) was slowly infused through a sharp glass pipette into
the target brain area at rate of 46 nL·min−1. The glass
pipette remained still at the injection site for another
5 min after the infusion was completed, and then were
slowly withdrawn. For DAT-Cremice, virus was infused in
the ventral tegmental area [3.2 mm anteroposterior (AP),
0.5 mm mediolateral (ML), 4.2 mm dorsoventral (DV)
relative to the bregma]. For Sert-Cre mice, virus was
infused in the dorsal raphe (5.0 mm AP, 0 mmML,
2.5 mm DV tilted at an angle of 15° toward the caudal).
Immediately following virus infusion, an optical fiber

[200 μm outer diameter (O.D.), 0.39 numerical aperture
(NA), Thorlabs, Massachusetts, USA] bounded to a
ceramic ferrule was implanted with its tip targeting at the
virus injection site. Ceramic ferrule were secured to the
skull using dental acrylic with the help of a skull-
penetrating M1 screw. Mice were gently removed from
the stereotaxic instrument and placed over a heat pad in
their home cages. With daily monitoring for wound
healing and body weight, mice were singly housed and
allowed to recover for at least 1 week.

Intravenous catheterization surgery
After 1 week of recovery, mice were tested for fluores-

cence intensity. Only those showing fluctuation in fluor-
escence intensity at least up to 10% (ΔF/F) during
environmental exploration were collected for catheter-
ization of jugular vein. During chronic fiber photometry,

Ca2+ signals in some cases gradually decreased across
days possibly because of phototoxicity. We excluded the
data from mice exhibiting exploration-associated Ca2+

signal fluctuations below 10% (ΔF/F). Catheters consisted
of three parts, including a 60-mm length of renathane
tubing [0.03 mm inner diameter (I.D.), 0.06 mmO.D.,
Braintree Scientific, Massachusetts, USA], a steel cannula
(0.03 mm I.D., 0.05 mmO.D., Anilab, Zhejiang, China)
and a 30-mm length of polyethylene tubing (0.04 mm I.D.,
1.1 mmO.D., Anilab). The steel cannula was bent at a
right angle with one end inserted into the renathane
tubing and the other one into the polyethylene tubing.
Cannulation surgery were performed as described pre-

viously with adaptive modifications30,72. Mice were
anaesthetized with of 250mg kg−1 avertin. A 10-mm
length of the renathane tubing was inserted into the right
external jugular vein of mouse and secured with surgical
silk suture around the silicone knot (SILASTIC® Medical
Adhesive Silicone Type A, Dow Corning, Michigan, USA)
located 10 mm away from the tubing tip. The rest of
renathane tubing was subcutaneously passed through the
animal’s neck to the skull. The bent steel cannula was
secured to the skull using dental acrylic enough away
from the previously implanted ferrule. The free end of
polyethylene tubing was blocked by blunt steel nail.
Catheters were daily flushed with heparin saline solution
(30 units per ml; J&K, Beijing, China). Catheter patency
was verified with the short-acting anesthetic etomidate
(2 mgml−1; J&K, Beijing, China) when necessary and at
the end of all experiments. We excluded data from mice
that failed in catheter patency test from further data
analysis. With daily monitoring for wound healing and
body weight, mice were singly housed and allowed with at
least 48 h to recover for further experiments.

Fiber photometry
A setup for fiber photometry of GCaMP signals was

constructed as described previously9,10,73 (Fig. 1a). Briefly,
an Optically-Pumped Semiconductor laser (OBIS 488LS,
Coherent, California, USA) producing laser beam of 488-
nm wavelength was used as the excitation source. The
laser beam was reflected by a dichroic mirror (MD498,
Thorlabs) and coupled into an optical commutator
(FRJ_1 × 1_FC-FC, Doric Lenses, Quebec, Canada)
through a 10× objective lens (0.3 NA; Olympus, Japan). A
2-m length of optical fiber (200 μm O.D., 0.39 NA,
Thorlabs) was used to transmit light between the optical
commutator and the implanted optical fiber. Note that we
used a single optical commutator to prevent rotation-
induced noises, and used 1m optical fiber and 1m flexible
tubing for drug delivery to facilitate mouse movement.
The laser intensity was measured at the tip of optical fiber
and adjusted to ~0.02 mW to alleviate photobleaching.
The laser beam delivered by the optical fiber to excite
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GCaMP6m expressed in the target brain area. GCaMP6m
fluorescence was collected by the optical fiber, passed
through the dichroic mirror, filtered through a bandpass
filter (MF525–39, Thorlabs), and projected onto a pho-
tomultiplier tube (R3896, Hamamatsu Photonics, Shizuka,
Japan) where light intensity was converted into current
signal. An amplifier (C7319, Hamamatsu Photonics) was
used to convert the current signal to voltage signal, which
was further directed to a low-pass filter (40-Hz cut-off;
Model 440, Brownlee Precision, California, USA) to allow
filtering of noise at higher frequency. Finally, the analogue
voltage signal was digitalized at 500 Hz and recorded by a
Power 1401 digitizer and Spike2 software (CED, Cam-
bridge, UK).

Intravenous drug delivery
A mouse was placed in a chamber (200 × 200 × 220,

Length ×Width × Height in mm), and allowed to passively
receive drugs and simultaneously recorded GCaMP6m
fluorescence (Fig. 1a). A peristaltic pump (Anilab) deliv-
ered drug solution through the tubing into the right
jugular vein. The pump was controlled through an IC
board (Arduino Uno R3) using a self-developed MATLAB
program (MathWorks, Massachusetts, USA). Every time
the pump was triggered, the program would generate a
timing signal to a Power 1401 digitizer in order to syn-
chronize with recording of GCaMP6m fluorescence
change.
We tested mice with multiple drugs in the following

order: saline, cocaine, heroin, MDMA, and nicotine. On
day 1, mice were challenged with saline as control. We
allow mice to rest 4 days after each drug to wean off
potential effects of prior drug history on the response to
the subsequent drug. For each drug, mice were randomly
assigned into two groups, with one group treated with the
increasing doses and the other with the decreasing doses
over consecutive days. On each day, a drug delivery ses-
sion consisted of four phases, including a 10min habi-
tuation phase, a 10 min pre-infusion phase, a 40 min
infusion phase, and a 35 min post-infusion phase. During
the habituation phase, mice was allowed 10min to habi-
tuate the environment and GCaMP6m signals became
largely stabilized. In the pre-infusion phase, GCaMP6m
fluorescence was recorded as the control. During the
infusion phase, 20 infusions of a drug (speed 7 μL s−1,
duration 2 s) were performed every 2 min. Finally in the
post-infusion phase, the infusion was completed and
GCaMP6m signals continued to be recorded.

Immunohistochemistry
Mice were anaesthetized with 250 mg kg−1 avertin and

transcardially perfused with 0.9% saline, followed by 4%
paraformaldehyde dissolved in 0.1M phosphate buffer
saline (PBS). Brains were harvested, fixed for 4 h in 4%

paraformaldehyde, and immersed in 30% sucrose for
2 days. The brains were cut into 30-μm coronal sections
on a cryostat (Leica CM1900, Germany). Floating sections
were washed for 5 min 3 times in PBS with 0.3% Triton X-
100 (PBST), and then blocked by 3% Bovine Serum
Albumin in PBST. Subsequently, sections were incubated
with primary antibody in PBST overnight at 4 °C. After
washing in PBST, sections were incubated with secondary
antibody in PBS for 1 h at room temperature. After
washing again, sections were cover-slipped 50% glycerol
mounting medium. Image data were acquired and digi-
talized using a confocal microscope (Zeiss LSM510 Meta,
Germany). Primary antibodies used were: rabbit-anti-GFP
(1:500, thermos fisher scientific), chicken-anti-GFP (1:500,
Abcam), rabbit-anti-TH (1:500, Merk Millipore), and
rabbit-anti-TPH2 (1:500, Merk Millipore). Secondary
antibodies used were: fluorescein-conjugated goat-anti-
rabbit (1:500, Jackson ImmunoReseach), fluorescein-
conjugated donkey-anti-chicken (1:500, Jackson Immu-
noResearch), and Cy3-conjugated goat-anti-rabbit (1:500,
Jackson ImmunoResearch).

Fiber photometry analysis and statistical tests
Analysis of fiber photometry data was conducted with

custom-written MATLAB programs. Statistical tests for
one-way was performed with Graph Pad Prism (version 6,
California, USA).

ΔF/F calculation
Raw data of fiber photometry were converted into

MATLAB Mat files using Spike2 for further processing.
The change in GCaMP6m fluorescence intensity (ΔF/F)
was calculated by the function ΔF/F= (F – F0) / F0, where
F0 was derived from the mean value of data points: (1)
within an entire pre-infusion phase for analysis of long-
term response to drug exposure; (2) within a 1.5 s window
flanking the −0.5 s time point before each infusion for
analysis of short-term response to drug exposure. ΔF/F
values were presented in average plots.

Extraction of the baseline from long-term calcium signals
The baseline was obtained by smoothing raw

GCaMP6m fluorescence with the MATLAB medfilt1
function (30 s span, one-dimensional median filter) to
minimize transient changes.

Correction for photobleaching
Due to the nature of photobleaching associated with

long-term recording, GCaMP6 fluorescence intensity
displayed a gradually decreasing trend. Photobleaching
correction for intra-infusion response was not necessary
because of the short time window (62 s) during which
photobleaching, if any, was negligible. To measure and
correct for photobleaching during the entire recording
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session (85 min), we used a two-step protocol (Supple-
mentary Fig. S1d). The nature of our protocol was based
on an assumption that saline treatment had no significant
effects over neuronal activities and GCaMP6m fluores-
cence. Therefore, as to saline administration, the
decreasing magnitude of fluorescence intensity could
represent photobleaching.
Step 1: A baseline was extracted from the original

GCaMP6m fluorescence exposed to saline as described
previously. We then applied the MATLAB polyfit func-
tion (6th degree, polynomial fitting) to the baseline to
obtain the smooth photobleaching curve.
Step 2: To obtain the photobleaching-corrected

GCaMP6m fluorescence, the photobleaching curve were
subtracted from original fluorescence signals that col-
lected from either saline or drug infusion.

Permutation test for the baseline of long-term
GCaMP6 signals
A simple permutation test was used to determine

whether significant changes occurred along a baseline of
GCaMP6 fluorescence upon drug exposure. To achieve
this purpose, a control distribution of data points from the
fluorescence baseline during the pre-infusion phase was
obtained. Then, α-level was set as 0.05 to compare each
data point of the fluorescence baseline during the infusion
phase and the post-infusion phase with the control dis-
tribution. Statistical significance at each time point was
generated when data points were larger than the 95th
percentile or smaller than 5th percentile of the control
distribution. Finally, red or blue color was superimposed
over the fluorescence baseline to highlight significant
increase or decrease, respectively.

Calculation of initiation time
Initiation time was the time when drugs were starting to

significantly increase or decrease the baseline of GCaMP6
fluorescence. Specifically, we took the first occurrence of
three consecutive time points, at each of which GCaMP
fluorescence levels were consistently significantly
increased or decreased, as the initiation time point.

Calculation of rise time and decay time
A rise phase consisted of two parts, a pre-infusion phase

and an infusion phase. A baseline of GCaMP6 fluores-
cence within the rise phase was modeled by 20th-degree
polynomial fitting (MATLAB polyfit function) to yield a
rise curve. An amplitude of the rise curve could be cal-
culated by subtracting a low-state level (the ΔF/F value at
the start point of the rise curve) from a high-state level
(the maximum value of increasing rise curve or the
minimum value of decreasing rise curve). Reference levels
were a percentage of the amplitude, including 20 and 80%
reference levels. Rise time was the time required for the

rise curve to cross from the 20% up to 80% reference
levels.
A decay phase was composed of the last 10 min of the

infusion phase and a post-infusion phase. Unlike rise
curve, a decay curve was obtained by using an exponential
model (MATLAB fit function) to fit the fluorescence
baseline within the decay phase. Either one-term or two-
term exponential models were chosen according to fitting
property. Decay time was defined as the time taken by the
decay curve to change from the 80% back to 20% refer-
ence levels.

Peak Analysis
Generally, raw GCaMP6m fluorescence was forced to

detrend in order to reduce the overall variation, and then
the fluorescent transients was extracted and analyzed.
Specifically, raw GCaMP6m fluorescence were detrended
with MATLABmsbackadj function. In order to determine
the frequency and amplitude of fluorescent transients, the
MATLAB findpeaks function with the ‘MinPeakPromi-
nence’ parameter set as 5, was applied to detect the local
peaks (ΔF/F) of the detrended GCaMP6m fluorescence.
Only a local maximum prominently stands out at least 5%
higher than the nearby fluorescence intensity were taken
as the peak of a fluorescent transient. The frequency of
fluorescent transients were defined as the number of
detected peaks within 10min. The amplitude of fluor-
escent transients were presented with cumulative graphs.

ROC Analysis
We performed the receiver operating characteristic

(ROC) analysis to verify the strength of activation or
inhibition. The distributions of GCaMP6m fluorescence
intensity within a pre-infusion phase or an infusion phase
was obtained in the first place. A ROC curve was drawn,
relating the proportion of hits (true positive ratio) to false
alarm (false positive ratio) across a range of confidence
levels. Finally, the strength of a ROC curve was generated
by calculating the area under the ROC curve (AUROC),
the value of which is equal to 0.5, indicating no response,
larger than 0.5 indicating activation and smaller than 0.5
indicating inhibition. AUROCs were presented with bar
graphs.
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