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a. Microdialysis


b. Electrophysiological recording (and stimulation)

1. Direct measures of Neuronal Activity



1. Direct measures of Neuronal Activity

c. ElectroEncephaloGraphy (EEG)


d. functional Magnetic Resonance Imaging (fMRI)
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1. Direct measures of Neuronal Activity
e. Positron Emission Tomography (PET)


f. Immunohistocemistry/In-situ hybridization



2. Behavioural Evaluation

a. Behavioural observations


b. Unconditioned behaviour: non-specific

Catalepsy Locomotor activity chamber



2. Behavioural Evaluation

b. Unconditioned behaviour: specific

Analgesia: Hot plate

Learning and memory
Morris Water Maze

Anxiety: Elevated plus maze



2. Behavioural Evaluation
c. Conditioned behaviour

i. Classical (Pavlovian) conditioning (CS-US associations)

CS
US UR

CS
CR



2. Behavioural Evaluation

c. Conditioned behaviour

ii. Operant (instrumental) conditioning 

Response

Stimulus OutcomeContext

http://ca.youtube.com/watch?v=PQtDTdDr8vs


2. Behavioural Evaluation

c. Conditioned behaviour

ii. Operant (instrumental) conditioning

Operant conditioning procedures:


1. Positive reinforcement: the response increases the probability that 
appetitive stimulus will appear (response rate should increase)


2. Punishment: the response increases the probability that aversive 
stimulus will appear (response rate should decrease)


3. Negative reinforcement: the response increases the probability that 
aversive stimulus will be removed (response rate should increase)


4. Omission training: the response increases the probability that 
appetitive stimulus will be removed (response rate should decrease)



2. Behavioural Evaluation

c. Conditioned behaviour

ii. Operant (instrumental) conditioning

Schedules of reinforcement

1. Ratio - Fixed (FR-1, FR-10), Variable (VR-2, VR-10)

2. Interval - Fixed (FI-1, FI-5), variable (VI-3, VI-15)



2. Behavioural Evaluation
Measurements of drug reward

1. Drug self-administration


i. A steady rate of response

ii. Response should extinguish when the drug is 
removed (or much lower response rate on “inactive” 
option

iii. Response rate sensitive to drug dose

82 U. Shalev et al. / Behavioural Brain Research 145 (2003) 79–88

3.1. Training

Fig. 1A presents the number of active and inactive re-
sponses (left panel), and the number of infusions (right
panel) per 9 h during the 10 days of training.

3.1.1. Training days 1–6 (heroin unit dose 0.1 mg/kg)
During the first 6 days of training, lever pressing on the

active lever for heroin infusions increased over days, while
responding on the active lever for saline infusions (paired
with the cue light) decreased over time. Responding on the
inactive lever was low in both groups. The statistical anal-
ysis for total lever presses on the active lever (infusions +
timeout responses) and inactive lever responses revealed sig-

Fig. 1. (A) Self-administration training. (Left panel) Mean ± S.E.M. number of total responses on the active lever (infusions + timeout responses) and
responses on the inactive lever at each day of training. (Right panel) Mean number of infusions at each day of training. Rats were trained to self-administer
heroin (n = 18) or saline (n = 20) during three 3-h daily sessions that were separated by 3 h. The unit dose of heroin was 0.1 and 0.05mg/kg on days
1–6 and 7–10, respectively. ∗Different from saline, P < 0.05. (B) Extinction training. Mean± S.E.M. number of responses on the previously active lever
and responses on the inactive lever during the 10 days of extinction training. On days 1–5, rats were exposed to three 3-h daily extinction sessions that
were separated by 3 h, and on days 7–10 rats were exposed to one 3-h session per day. ∗Different from saline, P < 0.05. (C) Test for reinstatement.
Mean±S.E.M. number of responses on the previously active lever and on the inactive lever during the test for food deprivation-induced reinstatement in
rats with a history of heroin or saline self-administration (n = 9–10 per experimental condition). Rats that were previously trained to self-administer heroin
or saline were tested in the Sated or Deprived condition. In the Deprived condition, rats were exposed to 21 h of food deprivation prior to the test session
and food was not available during the 2-h session. (1) Different from the Sated condition (active lever) within the Heroin and Saline conditions, P < 0.05;
(2) different from the Deprived condition of the saline-trained rats, P < 0.05; (3) different from the inactive lever within each test condition, P < 0.05.

nificant effects of Reward Type (F(1, 36) = 24.5, P < 0.01),
Lever (F(1, 36) = 61.3, P < 0.01), Reward Type by Lever
(F(1, 36) = 23.4, P < 0.01), Reward Type by Training
Day (F(5, 180) = 18.8, P < 0.01), Lever by Training Day
(F(5, 180) = 3.4, P < 0.01), and Reward Type by Training
Day by Lever (F(5, 180) = 15.7, P < 0.01). The statistical
analysis for number of infusions revealed significant effects
of Reward Type (F(1, 36) = 64.0, P < 0.01) and Reward
Type by Training Day (F(5, 180) = 19.9, P < 0.01).

3.1.2. Training days 7–10 (heroin unit dose 0.05 mg/kg)
During the last 4 days of training, lever pressing on the

active lever for heroin infusions was relatively stable, and
as expected, the decrease in the heroin unit dose led to a

Shalev et al 2003



2. Behavioural Evaluation
Measurements of drug reward

1. Drug self-administration: Schedules of reinforcement

- usually training initiates with FR-1

- Can then be increased (FR-5 or higher)

- To assess motivation to seek drug: Progressive Ratio 
(PR) - response requirement increases for each 
successive infusion (1, 2, 4, 6, 9, 12, 15, 20, 25, 32, 40, 
50, 62, 77, 95, 118, 145, 178, 219...)




2. Behavioural Evaluation

Measurements of drug reward

2. Conditioned Place Preference (CPP)

- A classical conditioning procedure

- The subjects spend more time in the “drug environment”

D. Mueller, J. Stewart / Beha!ioural Brain Research 115 (2000) 39–4742

3. Results

3.1. Experiment 1: CPP

The pre-exposure test showed that animals spent an
equal amount of time (mean!S.E.M. seconds) in the
two outer chambers (wire: 326.0!12.7; steel: 316.4!
14.7) and less time in the smaller center choice chamber
(256.2!10.0). The repeated measures ANOVA for
Chamber (wire, middle, steel) revealed a significant effect
(F(2,46)=6.00, P"0.01). Post hoc comparisons confi-
rmed that animals spent more time in the end chambers
than in the center (P"0.05), but no differences were
found in time spent in the end chambers. Thus, the test
boxes were truly unbiased in terms of chamber prefer-
ences of untreated rats.

Fig. 1(A) shows the results of the CPP test. It can be
seen that rats given free access to the apparatus spent
more time in the chamber previously paired with cocaine.
The repeated measures ANOVA for Chamber (cocaine-
paired, middle, saline-paired) revealed a significant effect
(F(2,46)=32.53, P"0.0001). Post hoc pair-wise com-
parisons revealed that the effect was attributable to a
greater amount of time spent in the cocaine-paired
chamber than in either the saline-paired or the middle
chamber (Ps"0.05). Fig. 1(B) shows the time course of
the expression of the CPP as measured in 3-min bins. It
can be seen that the time spent in the cocaine-paired
chamber increased gradually over the course of the test.
The repeated measures ANOVA for Chamber by Time
revealed a significant effect of Chamber (F(2,46)=30.42,
P"0.0001) and a Chamber by Time interaction
(F(8,184)=5.10, P"0.0001). Animals spent more time
in the cocaine-paired chamber than in the saline-paired
chamber at each time point (Ps"0.05). As seen in Fig.

1(C), the number of transitions from one chamber to
another decreased over the course of the test (F(4,92)=
17.82, P"0.0001). The mean number of transitions
decreased significantly from a mean of 29.1!1.7 to a
mean of 14.9!1.5 from the start of the test to the end
(P"0.05).

3.2. Experiment 2: maintenance of the CPP

The results of the initial CPP test showed that, as in
the first study, animals spent a greater amount of time
in the cocaine-paired chamber than in the saline-paired
or middle chamber at all doses used for conditioning.
This was confirmed by a mixed ANOVA for Chamber
and Dose (5.0, 10.0, 20.0 mg/kg), which revealed only an
effect of Chamber (F(2,66)=50.40, P"0.0001). Ani-
mals spent significantly more time in the cocaine-paired
chamber than in the saline-paired or middle chamber
regardless of the conditioning dose (Ps"0.05).

Fig. 2 shows the results from the three groups tested
at either 2, 4, or 6 weeks after the initial CPP test (time
0). Fig. 2(A) shows the expression of the CPP for the
group tested at 0, 2, 4, and 6 weeks. It can be seen that
rats spent more time in the cocaine-paired chamber at all
time points. A repeated measures ANOVA for Chamber
by Week (0, 2, 4, 6) revealed only a significant effect of
Chamber (F(2,22)=16.89, P"0.0001). In all cases,
animals spent more time in the cocaine-paired chamber
than in either the saline-paired or middle chamber
(Ps"0.05).

Similar analyses were conducted for the second group
tested first at 4 and again at 6 weeks following the initial
test (time 0). Again, only the effect of Chamber was
significant (F(2,22)=23.76, P"0.0001; Fig. 2(B)).
In all cases, animals spent more time in the

Fig. 1. Expression of a cocaine-induced CPP. (A) CPP: mean (!S.E.M.) time spent in the cocaine-paired, middle, and saline-paired chambers in
the 15-min test for CPP. (B) Time course: mean (!S.E.M.) time spent in the cocaine-paired, middle, and saline-paired chambers in 3-min bins
over the 15-min test for CPP. (C) Chamber transitions: mean (!S.E.M.) number of discrete chamber transitions in 3-min bins over the 15-min
test for CPP. *Different from the saline-paired side, P"0.05.



3. Direct neuronal activation/inhibition
a. Deep-brain stimulation


b. TMS


C. Optogenetics

⎬Mentioned earlier...
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(picosiemens or less for ChR2, and even lower for NpHR as a pump, due  
to its 1:1 coupling between photon absorption and ion flux), it is 
critical to maximize the number of molecules that are properly 
integrated into the cytoplasmic membrane, in addition to opti-
mizing transcription of the opsin genes. For this reason, we have 
been constructing enhanced versions of halorhodopsin (eNpHR) 
by optimizing membrane trafficking sequences to increase the  
efficiency of membrane targeting21,22. eNpHR exhibits higher  
levels of membrane expression and more robust photocurrents,  
and similar modifications could be applied to optimize other 
microbial light-activated proteins for enhanced photocurrents.

Molecular engineering is also leading to expanded and refined 
function of these microbial proteins by altering spectral properties, 
conductance or kinetics. One point mutation (H134R in ChR2  
(ref. 23)) has been shown to result in 2–3× enhanced cellular  
photocurrents24 (but at the expense of slowed deactivation). 
Channelrhodopsin deactivation can be slowed so much that a novel  
utility is achieved; several C128 point mutants of ChR2 exhibit 
profound bistability, converting a brief pulse of light into a stable 
step in membrane potential25. Transduced cells are (at steady state) 
responsive to light at >100× lower light levels because of delayed 
exit of these proteins from the open state25. These C128 mutants 
are still activated by blue (470 nm) light, but photocurrents elicited 
by the opening of ChR2(C128A) and ChR2(C128S) can effectively 
be terminated by a pulse of green (542 nm) light. These engineered 
step function opsins (SFO) can optically sensitize cells to native 
patterns of input, by providing a sustained step depolarization of 
the target cell membrane potential that can increase excitability. 
In many settings this approach will be preferable to simply driv-
ing user-defined trains with possibly inappropriate spike times. 

Related experimental leverage in terms of more natural control of 
native spike timing may also result from use of the optoXRs (Fig. 1;  
Table 1), which achieve temporally precise modulation of intra-
cellular biochemical activity rather than direct control of spiking; of 
course, in some settings direct control of spike timing is the desired 
effect, in which case ChR2 or VChR1 are employed.

Genetic strategies for targeting expression to specific neural 
populations. Opsin genes can be selectively expressed in defined 
subsets of neurons in the brain using a variety of expression tar-
geting strategies26–28. Here we focus on those techniques that have 
been shown to be effective in achieving functional expression  
of optogenic proteins in vivo.

Viral expression systems: unlike many other genetic targeting 
strategies requiring the use of transgenic animal models, viral  
vectors29 based on lentivirus and adeno-associated virus (AAV) can 
be used to target opsin gene expression in a wide range of experi-
mental subjects ranging from rodents to primates. Specifically, high 
titer lentivirus and AAV-based vectors (>109 transducing units (TU) 
ml − 1 for lentivirus and >1012 genome copies (gc) ml − 1 for AAV vec-
tors) can be easily produced in Biosafety Level 2-certified tissue-
culture facilities in 1–2 weeks, or alternatively obtained through 
a number of virus production facilities (e.g., Viral Vector Core, 
University of North Carolina, Chapel Hill, North Carolina, USA, 
and Virapur, LLC., San Diego, California, USA). These transduction 
methods have been shown to achieve high levels of functional opsin 
gene expression in neurons for several months.

Although most common AAV (Fig. 1d, top) and lentivirus  
(Fig. 1d, middle) vectors carry strong ubiquitous or pan-neuronal  
promoters, some more specific promoter fragments retain cell 
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Figure 1 | Optogenetic tools. (a) Naturally 
occurring light-responsive effectors and their 
microbial sources: ChR2 from Chlamydomonas 
reinhardtii, VChR1 from Volvox carteri and 
NpHR from Natronomonas pharaonis; useful 
light wavelengths for each are indicated. ChR2 
and VChR1 are cation-conducting channels 
and NpHR is a chloride pump. (b) Engineered 
synthetic rhodopsins for optical control of well-
defined intracellular biochemical signaling. The 
intracellular loops of bovine rhodopsin have been 
replaced with the intracellular loops of G protein-
coupled receptors (GPCRs) to yield light-activated 
chimeric GPCRs. Green light illumination leads to 
activation of the downstream Gq and Gs signaling 
pathways. (c) Action spectra. The absorbance 
wavelength of the voltage-sensitive dye (VSD) 
RH 155 is sufficiently separated from the light-
sensitive range of all rhodopsins, therefore 
making it possible to integrate VSD imaging with 
optogenetic modulation. (d) Viral vectors for 
introducing microbial opsin genes into the brain. 
Top and middle: Lentiviral and AAV vectors can 
be used to deliver a cell-specific promoter along 
with the opsin gene and its fluorescent marker. 
Bottom: Cre-dependent adeno-associated virus 
(AAV) vector carries a doubly floxed inverted 
opsin (DIO) fusion gene. Upon transduction  
into Cre recombinase-expressing cells, the opsin 
fusion gene will be irreversibly inverted and 
enable cell-specific gene expression. Part a  
was modified with permission from Nature4 
(Nature © 2007; Macmillan Publishers Ltd.).
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(picosiemens or less for ChR2, and even lower for NpHR as a pump, due  
to its 1:1 coupling between photon absorption and ion flux), it is 
critical to maximize the number of molecules that are properly 
integrated into the cytoplasmic membrane, in addition to opti-
mizing transcription of the opsin genes. For this reason, we have 
been constructing enhanced versions of halorhodopsin (eNpHR) 
by optimizing membrane trafficking sequences to increase the  
efficiency of membrane targeting21,22. eNpHR exhibits higher  
levels of membrane expression and more robust photocurrents,  
and similar modifications could be applied to optimize other 
microbial light-activated proteins for enhanced photocurrents.

Molecular engineering is also leading to expanded and refined 
function of these microbial proteins by altering spectral properties, 
conductance or kinetics. One point mutation (H134R in ChR2  
(ref. 23)) has been shown to result in 2–3× enhanced cellular  
photocurrents24 (but at the expense of slowed deactivation). 
Channelrhodopsin deactivation can be slowed so much that a novel  
utility is achieved; several C128 point mutants of ChR2 exhibit 
profound bistability, converting a brief pulse of light into a stable 
step in membrane potential25. Transduced cells are (at steady state) 
responsive to light at >100× lower light levels because of delayed 
exit of these proteins from the open state25. These C128 mutants 
are still activated by blue (470 nm) light, but photocurrents elicited 
by the opening of ChR2(C128A) and ChR2(C128S) can effectively 
be terminated by a pulse of green (542 nm) light. These engineered 
step function opsins (SFO) can optically sensitize cells to native 
patterns of input, by providing a sustained step depolarization of 
the target cell membrane potential that can increase excitability. 
In many settings this approach will be preferable to simply driv-
ing user-defined trains with possibly inappropriate spike times. 

Related experimental leverage in terms of more natural control of 
native spike timing may also result from use of the optoXRs (Fig. 1;  
Table 1), which achieve temporally precise modulation of intra-
cellular biochemical activity rather than direct control of spiking; of 
course, in some settings direct control of spike timing is the desired 
effect, in which case ChR2 or VChR1 are employed.

Genetic strategies for targeting expression to specific neural 
populations. Opsin genes can be selectively expressed in defined 
subsets of neurons in the brain using a variety of expression tar-
geting strategies26–28. Here we focus on those techniques that have 
been shown to be effective in achieving functional expression  
of optogenic proteins in vivo.

Viral expression systems: unlike many other genetic targeting 
strategies requiring the use of transgenic animal models, viral  
vectors29 based on lentivirus and adeno-associated virus (AAV) can 
be used to target opsin gene expression in a wide range of experi-
mental subjects ranging from rodents to primates. Specifically, high 
titer lentivirus and AAV-based vectors (>109 transducing units (TU) 
ml − 1 for lentivirus and >1012 genome copies (gc) ml − 1 for AAV vec-
tors) can be easily produced in Biosafety Level 2-certified tissue-
culture facilities in 1–2 weeks, or alternatively obtained through 
a number of virus production facilities (e.g., Viral Vector Core, 
University of North Carolina, Chapel Hill, North Carolina, USA, 
and Virapur, LLC., San Diego, California, USA). These transduction 
methods have been shown to achieve high levels of functional opsin 
gene expression in neurons for several months.

Although most common AAV (Fig. 1d, top) and lentivirus  
(Fig. 1d, middle) vectors carry strong ubiquitous or pan-neuronal  
promoters, some more specific promoter fragments retain cell 
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Figure 1 | Optogenetic tools. (a) Naturally 
occurring light-responsive effectors and their 
microbial sources: ChR2 from Chlamydomonas 
reinhardtii, VChR1 from Volvox carteri and 
NpHR from Natronomonas pharaonis; useful 
light wavelengths for each are indicated. ChR2 
and VChR1 are cation-conducting channels 
and NpHR is a chloride pump. (b) Engineered 
synthetic rhodopsins for optical control of well-
defined intracellular biochemical signaling. The 
intracellular loops of bovine rhodopsin have been 
replaced with the intracellular loops of G protein-
coupled receptors (GPCRs) to yield light-activated 
chimeric GPCRs. Green light illumination leads to 
activation of the downstream Gq and Gs signaling 
pathways. (c) Action spectra. The absorbance 
wavelength of the voltage-sensitive dye (VSD) 
RH 155 is sufficiently separated from the light-
sensitive range of all rhodopsins, therefore 
making it possible to integrate VSD imaging with 
optogenetic modulation. (d) Viral vectors for 
introducing microbial opsin genes into the brain. 
Top and middle: Lentiviral and AAV vectors can 
be used to deliver a cell-specific promoter along 
with the opsin gene and its fluorescent marker. 
Bottom: Cre-dependent adeno-associated virus 
(AAV) vector carries a doubly floxed inverted 
opsin (DIO) fusion gene. Upon transduction  
into Cre recombinase-expressing cells, the opsin 
fusion gene will be irreversibly inverted and 
enable cell-specific gene expression. Part a  
was modified with permission from Nature4 
(Nature © 2007; Macmillan Publishers Ltd.).

express microbial opsin genes specifically in cho-
linergic interneurons, we employed a transgenic
mouse line expressing Cre-recombinase under
the choline acetyltransferase (ChAT) promoter
(26). We stereotaxically injected into the NAc
(Fig. 1A) a Cre-inducible adeno-associated virus
(AAV) vector carrying the opsin gene fused in-
frame with coding sequence for enhanced yellow
fluorescent protein (eYFP) (27, 28); the opsin
gene encoded either the blue-light gated cation
channel channelrhodopsin-2 (ChR2) (29) or the
yellow-light gated third-generation chloride pump
halorhodopsin (eNpHR3.0) (30). eYFP expres-
sionwas specific to neurons that expressed ChAT;
moreover, the majority of neurons that expressed
ChAT also expressed eYFP (Fig. 1, B and C).
Both opsins were expressed on the surface
membranes of ChAT neurons (Fig. 1D), and the
targeted neurons responded to current injection
in a manner corresponding to previously es-
tablished responses of cholinergic interneurons
in the dorsal striatum (Fig. 1E) (31). Both the rest-
ing membrane potential (Vm) and input resist-
ance (Rinput) were higher for ChAT neurons
(YFP+ neurons) than for MSNs [identified as
YFP– neurons; table S1; P < 10−4 for VM and P=
0.004 for Rinput, two-tailed t test]. Finally, both
opsinswere functional in ChATcells, as eNpHR3.0
drove large hyperpolarizations (Fig. 1F; mean T

SEM: –83.8 T 11.9 mV, n = 4) and ChR2
reliably drove spiking up to 20 to 30 Hz (Fig. 1,
G and H).

ChAT interneurons are thought to be tonical-
ly active in vivo (3 to 10 Hz) (32, 33), but it has
remained mysterious how (or even if) this slow
activity in the sparse ChAT cells could be
causally involved in affecting local circuit ac-
tivity or behavior. We used optogenetics to ad-
dress this question with a combination of slice
electrophysiology, in vivo electrophysiology,
and freely moving behavior. First, we monitored
postsynaptic currents in MSNs (ChR2-eYFP non-
expressing cells) in acute NAc slices during opto-
genetic photostimulation of ChATcells expressing
ChR2-eYFP (Fig. 2A), targeted as in Fig. 1. Stim-
ulating ChAT neurons in this setting increased
the frequency of g-aminobutyric acid type A
(GABAA) receptor–mediated inhibitory post-
synaptic currents (IPSCs) recorded in MSNs
(Fig. 2, B and C). Evoked inhibitory currents
were generally synchronized to the light pulse,
with a modal latency of 6 ms (Fig. 2D), coupled
with a smaller enhancement of asynchronous
IPSCs (fig. S1, A to C). Across all recorded cells,
the mean frequency of IPSCs observed in the
MSNs increased by 525.8 T 154.3% during light
stimulation of the ChAT neurons (n = 7; mean T
SEM, P = 0.01, paired t test), whereas the mean

IPSC amplitude was unaffected (P > 0.05, paired
t test; n = 7, Fig. 2E). This effect was attenuated
by the nicotinic antagonist mecamylamine (fig.
S3, n = 5, P < 0.05, paired t test).

We next asked if and how these changes in
inhibitory current frequency would translate into
changes in MSN spiking in vivo. We recorded
neural activity extracellularly with an optrode in
the NAc during optogenetic activation of the
ChAT interneurons in vivo (Fig. 2F). At sites
where single units were not isolated, we observed
neural population firing that tracked the light
stimulation at 10 Hz but not 100 Hz (fig. S1D),
probably representing population spiking across
the sparse but synchronously activated ChAT
cells in the neighborhood of the electrode. In
contrast to these population spikes, the isolated
units in the NAc displayed a markedly different
response to the optogenetic photostimulation. In
agreement with the observed increase in IPSC
frequency inMSNs in slices, we observed inhibi-
tion of background firing during stimulation of
the ChATcells in vivo (representative cell, Fig. 2G).
Across the population, most significantly mod-
ulated sites showed a suppression of background
firing, although a few responded with an increase
in firing (Fig. 2, H and I), consistent with known
recurrent inhibition among MSNs and corre-
sponding release from inhibition, during ChAT

Fig. 1. Specificity, mem-
brane targeting, and func-
tionality of ChR2 and
eNpHR3.0 in ChAT inter-
neurons of the NAc. (A)
Cre-dependentAAV[express-
ing either eNpHR3.0-eYFP
or ChR2(H134R)-eYFP]
was injected into the me-
dialportionoftheNAc.(B)
Confocal image of an
injected slice demon-
strates colocalization of
eYFP expression with the
ChAT antibody, costained
with 4´,6´-diamidino-2-
phenylindole (DAPI). (C)
91.3 T 1.3% of neurons
that expressed YFP also
stained for theChATanti-
body (n = 418); 93.5 T
2.8% of neurons that
stained for theChATanti-
bodyalso expressed YFP
(n = 413). Error bars
indicate SEM. (D) High-
magnificationview reveals
membrane localization
of eNphR3.0-eYFP (left)
and ChR2-eYFP (right),
costained with ChAT an-
tibody. (E) Membrane potential changes induced by current injection in a ChR2-
eYFP–expressing ChAT neuron. VM = –48mV. Current steps: –60, –20, +20 pA.
(F) Membrane potential changes induced by 1 s of 580-nm light in an
eNpHR3.0-eYFP–expressing ChAT neuron (peak hyperpolarization: –103 mV).
VM = –49 mV. (Inset) Population-averaged peak hyperpolarization (mean T

SEM: –83.8 T 11.9 mV; n = 4). (G) Consecutive action potentials in a ChR2-
eYFP–expressing ChAT neuron evoked by a 470-nm pulse train (5 ms pulse
width;10Hz). (H)Averagesuccessprobability forgeneratingactionpotentials in
ChR2-eYFP–expressing ChAT neurons at different stimulation frequencies (n =
4; mean T SEM; 470-nm pulse train, 5-ms pulse width).
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Fig. 4. ChAT interneurons can be activated
by cocaine in slice and required for cocaine
conditioning in vivo. (A) The frequency of
spontaneous action potentials in a ChAT
neuron increased 10 min after bath appli-
cation of cocaine (5 mM). ACSF, artificial
cerebrospinal fluid. (B) Firing rate over time
for this ChAT neuron. Horizontal gray bar, ap-
plication of cocaine; vertical dotted line, 10
min after cocaine application, the time point
illustrated in detail in (A) and (C). (C) Popu-
lation data illustrating the cocaine-induced
increase in firing in ChAT neurons, comparing
the baseline firing rate (averaged over the 2.5
min before cocaine application) with the rate
after cocaine infusion (averaged between 10
and 12.5 min after onset of cocaine appli-
cation; gray bars, cells receiving cocaine; white
bars, control cells receiving only ACSF; P <
0.005, paired two-tailed t test for cocaine-
treated group before versus after cocaine; P <
0.05 unpaired two-tailed t test comparing
cocaine versus control cells after cocaine or
vehicle). (D) Schematic illustration of a bi-
lateral cannula system with double fibers
inserted to illuminate the medial portion of
theNAc. (Left inset) Endpoint of cannula track
for all mice used in (H). (Right inset) eYFP
expression in NAc of a ChAT::Cre+ mouse
injected with Cre-dependent eNpHR3.0-eYFP.
(E) Conditioning paradigm for cocaine CPP
(H). Mice were conditioned with ip cocaine
(20 mg/kg), along with ChAT cell inhibition
with eNpHR3.0 (wavelength: 590 nm). (F)
Tracking data from representative ChAT::Cre+

and ChAT::Cre– mice on the testing day after
cocaine conditioning (day 3). On the previous
day (day 2), the mice had received cocaine
and light in one left chamber, whereas in the
other they received saline. The ChAT::Cre–

mouse (butnot theChAT::Cre+mouse)exhibited
a preference for the conditioned chamber. (G)
(Left) Fold change in time in conditioned
chamber during day 3 versus day 1 of cocaine
CPP (conditioning with cocaine and light).
Comparison of ChAT::Cre+ and ChAT::Cre– littermates; in both cases injected with
Cre-dependent eNpHR3.0 (n = 10 ChAT::Cre+, n = 12 ChAT::Cre–;P < 0.01 for
two-tailed t test; three cohorts). (Right) Fold change in time in conditioned
chamber during day 3 versus day 1 for conditioning with light alone (no cocaine;
n = 9 ChAT::Cre+, n = 7 ChAT::Cre; P > 0.05 for two-tailed t test; three cohorts).
Error bars indicate SEM. n.s., not significant. (H) Velocity of virus-injected (Cre-

dependent eNpHR3.0) and photostimulated ChAT::Cre+ and ChAT::Cre–mice in
the open field (n= 10 ChAT::Cre+, n= 10 ChAT::Cre–; P>0.05 for two-tailed t test;
three cohorts). (I) Same as (H) for track length in open field (n = 10 ChAT::Cre+,
n = 10 ChAT::Cre–; P > 0.05 for two-tailed t test; three cohorts). (J) Same as (H)
for time in center of open field (n = 10 ChAT::Cre+, n = 10 ChAT::Cre; P > 0.05
for two-tailed t test; three cohorts). (A to J) *P < 0.05; **P < 0.01; ***P < 0.005.
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Activation & inhibition of Ach neurons in the NAc 

(Witten et al 2010)

Karl Deisseroth

http://video.mit.edu/watch/optogenetics-controlling-the-brain-with-light-7659/


3. Direct neuronal activation/inhibition
d. DREADD (Designer Receptor Exclusively Activated by Designer Drug)


- Mutant ACh muscarinic receptors: activated only be clozapine N-oxide (CNO; 
pharmacologically inert lignad).


- 

Viral-mediated gene transfer

conducted, that were procedurally identical to the pre-test
session with the exception that the duration was 5 min.
Behavior was videotaped and scored in a blinded fashion.
A time-sampling method was used in which behavior was
assessed every 5 s and scored as climbing, swimming or
immobility. Each rat was tested once; immediately following
the test, rats were euthanized and brains were dissected and
subsequently analyzed for transgene expression. CNO signifi-
cantly increased swim time and decreased immobility time,
while behavioral responses in rats with missed LHb injections
(n¼3) were similar to controls (Fig. 2). Increased immobility

time in the forced swim test is widely accepted as an indicator
of behavioral depression (Porsolt et al., 1977), and increased
swimming as compared to climbing behavior is associated with
enhanced serotonergic activity (Detke et al., 1995). These data
suggest antidepressant-like effects of transient LHb silencing
and provide the first demonstration that LHb neuronal activity
can be successfully modulated using the DREADD technology.

3.2. Dual-virus FLEX strategy

As stated previously, the LHb projects to the dopaminergic
VTA, the serotonergic dorsal raphe nucleus, the GABAergic

Fig. 1 – Virus-mediated gene transfer (A) illustration of the herpes simplex virus-hM4Di green fluorescent protein transgene
amplicon (B) illustration of rat brain coordinates (Paxinos plate 32–3.6 mm) used for viral vector infusion. The red oval depicts
the target zone for the viral vector unilaterally. MHb: medial habenula, LHb: lateral habenula (C) representative histological
plate demonstrating viral vector injection from a coronal section of the LHb four days after viral vector infusion.
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Fig. 2 – Effects of HSV-hM4D mediated LHb inhibition on
behavioral responses in the modified forced swim test. Viral
vector was injected into the LHb and a modified forced
swim test was performed. Rats treated with CNO (1 mg/kg,
i.p., n¼5) demonstrated an increase in swim time and a
decrease in immobility time compared to vehicle treated
rats (n¼7). Rats treated with CNO, but with missed LHb
injections (lateral to the lateral boundary of the LHb; n¼3)
did not demonstrate reversal of behavioral effects in the
forced swim test. po0.001, significantly differs from vehicle-
treated group.
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eGFP expression 4 days after 
viral infection

Bryan Roth



The transparent brain

https://www.youtube.com/watch?v=c-NMfp13Uug

https://www.youtube.com/watch?v=c-NMfp13Uug
https://www.youtube.com/watch?v=c-NMfp13Uug


Fiber photometry

• GCaMP (Ca indicator) expressed in specific neutrons (through viral infection)

To determine the relationship between the GCaMP3 transients and
SPN firing patterns, we carried out Ca21 imaging and cell-attached
recordings in acutely cut striatal slices. We evoked action potentials by
current injection through the patch pipette or by synaptic stimulation,
and measured GCaMP3 fluorescence with a CMOS camera (Sup-
plementary Figs 10 and 11, and Supplementary Videos 2 and 3) and
the same TCSPC-based fibre probes that we used in vivo (Supplemen-
tary Fig. 12). These experiments indicate that GCaMP3 fluorescence
transients represent Ca21 responses to suprathreshold synaptic inputs
that elicit bursts of action potentials in SPNs.

To examine the relationship between activity in direct- and indirect-
pathway SPNs and specific self-paced voluntary actions, we measured
GCaMP3 fluorescence while mice performed a lever-pressing operant
task. We used a two-lever free-choice task in which mice were
rewarded after making ten lever presses, regardless of left- or right-
lever pressing. GCaMP3 fluorescence showed transient time-locked
increases during the initiation of the session (chamber illumination
and lever extension), with a similar temporal profile in both direct and
indirect pathways in all animals tested (Fig. 2a–d); this is consistent
with previous studies showing that SPNs respond to visual and audi-
tory stimuli22. This sensory stimulus-evoked response was not seen in
D2-GFP control mice (Fig. 2e).

We also observed transient increases in GCaMP3 fluorescence
during the performance of different actions (Fig. 2a, b). During a
typical operant session, the animals’ behaviour was organized into
bouts of lever pressing and magazine checking (operationally labelled
here as active states) separated by quiet intervals when the mice were
not executing operant actions (inactive states) (Fig. 3a, b). If the direct
and indirect pathways exert opposing effects on movement, as pro-
posed in the classical model, a higher frequency of transients in direct-
pathway SPNs during ‘active’ states and higher transient frequency in
indirect-pathway SPNs during inactive states should be observed.
However, both direct- and indirect-pathway SPNs were more active
during active states, and quiet during ‘inactive’ states, as shown by the
frequency of GCaMP3 transients during these states (Fig. 3a–d).
Although we observed some behaviour-related activation when transi-
ents were aligned to individual actions (for example, magazine entries

or lever presses; Supplementary Fig. 14), the strongest phasic activa-
tion occurred before the initiation of a set of actions or action
sequences (Fig. 3e, f), consistent with previous studies23.

To investigate in detail the relationship between these transients
and behaviour, we examined fluorescence transients in direct- and
indirect-pathway SPNs in relation to the initiation of particular
actions. As SPN activity during action generation can depend on the
direction and acceleration or speed of the movement, as well as the
motivational state of the animal4,24, we compared activity during four
frequent types of actions in the operant box that were roughly equi-
valent in acceleration and speed (Supplementary Fig. 13) but had
different directions and different motivational goals (initiating a bout
of operant presses after magazine entry, or approaching the magazine
after a pressing bout, Fig. 4a and Supplementary Video 1). Actions ‘left
lever to magazine’ (LL to M) and ‘right lever to magazine’ (RL to M)
were presumably equal in motivational state but opposite in move-
ment direction. Similarly, action ‘magazine to left lever’ (M to LL) and
‘magazine to right lever’ (M to RL) are another pair of actions with
similar motivational states but opposite movement directions.
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Figure 2 | Sensory stimuli evoke brief activation in direct- and indirect-
pathway SPNs. a, b, Examples of GCaMP3 fluorescence recorded in the first
minute of a lever-pressing session. Vertical ticks indicate time stamps of
behavioural events. Arrows indicate session start with complex visual (light on,
both levers extended) and auditory (sound of lever extension) stimuli.
c–e, Averaged transients in D1-Cre (c), A2A-Cre (d) and D2-GFP mice
(e), aligned to session start. ***P , 0.001, paired t-test between baseline
(averaged between 21 s and session start) and peak value (averaged between
250 ms and 350 ms after session start), n 5 11 trials from 4 D1-Cre mice,
11 trials from 4 A2A-Cre mice, and 4 trials from 2 D2-GFP mice. Grey lines
indicate 6 s.e.m.
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Figure 3 | GCaMP3 fluorescence transients in both direct- and indirect-
pathway SPNs during action initiation in a lever-pressing task.
a, b, Examples of GCaMP3 fluorescence changes in direct- (a) and indirect-
pathway (b) SPNs during a two-lever free-choice operant task. Vertical ticks are
time stamps for operant actions (lever presses 1 magazine entries).
c, d, Comparison of GCaMP3 transient frequency during ‘inactive’ states and
‘active’ states in direct- (c) and indirect-pathway (d) SPNs. Main effect of action
states, direct pathway F1,12 5 212, P , 0.001; indirect pathway F1,12 5 108,
P , 0.001; post-hoc tests **P , 0.01,***P , 0.001, n 5 5 trials for each mouse.
e, f, Peri-event time histograms (PETHs) of actions (bottom panel) and
corresponding GCaMP3 fluorescence (top panel) of direct-pathway SPNs
(e) and indirect-pathway SPNs (f) aligned to the first action in an action
sequence. Black squares indicate individual actions. Horizontal black bars are
5-s pauses between 60-s acquisitions.
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• Mice trained to press a lever for reward 

• GCaMP was expressed selectively in striatal cells expressing DA D1 direct 
pathway) or D2 receptors (indirect pathway)

https://www.youtube.com/watch?v=7EYbjW3wgwY

