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Dopamine neurons in the ventral tegmental area supportintracranial

self-stimulation (ICSS), yet the cognitive representations underlying

this phenomenon remain unclear. Here, 20-Hz stimulation of dopamine
neurons, which approximates a physiologically relevant prediction error,
was not sufficient to support ICSS beyond a continuously reinforced
schedule and did not endow cues with a general or specific value. However,
50-Hz stimulation of dopamine neurons was sufficient to drive robust

ICSS and was represented as a specific reward to motivate behavior. The
frequency dependence of this effect is due to the rate (not the number)

of action potentials produced by dopamine neurons, which differently
modulates dopamine release downstream.

During learning, dopamine neurons in the ventral tegmental area
(VTAp, neurons) exhibit a phasic prediction-error signal when some-
thing unexpected occurs and we need to learn about it. This signal
exhibited by VTA,, neurons is very brief and typically represents a
firing rate of between 10 and 20 Hz (refs. 1,2). Traditionally, this
signal has been studied in the context of reward learning, in which
itis viewed as a representation of the scalar value in the unexpected
reward, which allows cues preceding the reward to become valuable
and more likely to be approached in the future. However, recent stud-
ies have revealed that this signal can function to support more gen-
eral learning phenomena, including the development of cognitive
maps>*. Indeed, the dopamine prediction error appears to be able
to support learning without making cues valuable at all*. However, if
the dopamine prediction-error signal is not a value signal, why does
dopamine appear valuable insome settings? For example, why isit that
rats will work to receive phasic stimulation of VTA,, neurons (that is,
intracranial self-stimulation (ICSS))>¢, which suggests that this signal
has value?

Surprisingly, although many studies have demonstrated ICSS with
VTAp, neurons, very few studies have investigated how this stimulation
isrepresentedinthebrain. To test the nature of the representation sup-
porting ICSS of VTAp, neurons, we investigated how dopamine stimula-
tion would interact with the well-studied Pavlovian-to-instrumental
transfer (PIT) effect, which is seen in both rodents and humans and
facilitates differentiation between specific and general representa-
tions of rewards”®. The PIT procedure involves first teaching subjects
that two cues lead to different types of rewards (for example, grain
pellets or sucrose). Then, subjects separately learn that they can earn
these two rewards by performing two different actions (for example,
aleftorrightlever press). Finally, subjects are given atestinwhich the
cuesareplayed and two actions are available but do not produce their
associated reward. This test allows us to probe the nature of the reward
representation that contributed to learning in the earlier phases of
the task. Specifically, if the reward was capable of driving learning by
evoking asensory-specificrepresentation of itself, presenting the cue
should motivate the subject to performthe action associated with the
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same reward. However, if the learning was devoid of a specific repre-
sentation of reward identity and driven solely by amore general value
mechanism, cue presentation would motivate lever-press responding
inanonspecific way, increasing responding on both levers.

Armed with this knowledge, we redesigned this selective PIT test
inrats toinclude VTA,, neuron stimulation as one of the rewards and
compared thisto afood reward. This would allow us tointerrogate the
cognitiverepresentation that underlies ICSS of VTA,, neurons. Against
this backdrop, we stimulated VTA,, neurons with two stimulus frequen-
cies. One group received a 1-s 20-Hz stimulus train to VTAp, neurons,
which approximates a prediction error seen during learning about
palatable rewards**’ (although it is rather longer, as prediction-error
signals are usually approximately 300-600 ms). A second group
received al-s 50-Hz stimulation train to dopamine neurons, whichisa
supraphysiological rate typically used to show ICSS>*'". In fact, stud-
ies often use frequencies even above this supraphysiological range™".
This allowed us to test whether dopamine stimulation is represented
as a specific reward within the brain, how it compares to a natural
food reward, and whether this differs between a physiological and a
supraphysiological frequency.

Before training, we infused 2 pl of a Cre-dependent adeno-
associated virus (AAV) carrying the excitatory opsin channelrhodopsin-2
(ChR2; pAAV5-Efla-DIO-hChR2(E123T/T159C)-eYFP) bilaterally into the
VTA of male and female rats expressing Cre recombinase under the
control of the tyrosine hydroxylase (TH) promoter*’ (n=11; Fig. 1a-c;
for power analyses, see Methods and Supplementary Fig. 1). During
this surgery, we also implanted optic fibers bilaterally into the VTA.
This allowed us to stimulate VTA,, neurons through blue-light delivery
(473 nm,16 mW, 1s). Rats first learned that the two auditory cues lead
to either sucrose pellets or VTA,, stimulation (counterbalanced). We
recorded locomotor activity and the number of food-port entries
(Fig.1g,j). Locomotor activity increased across sessions for both cues
(maineffect, session: F, 5, = 8.595, P < 0.0001), with no differencein the
degree oflocomotor activity evoked by the cues (main effect, dopamine
versus food: F, o= 0.075, P=0.790) or any between-group differencein
locomotor activity (main effect, 20 versus 50 Hz: F, , = 0.482, P= 0.505;
Fig.1g,j). The lack of a difference in locomotor activity between the
20- and 50-Hz conditions might suggest that phasic (as opposed to
tonic'?) dopamine does not determine the motivational vigor assigned
to cues. Entries into the food port were seen only for the food-paired
cue and not the dopamine-paired cue. A repeated-measures analysis
of'variance (ANOVA) of the data on food-port entries showed a signifi-
cantmain effect of cue (dopamine versus food: F,, =13.221, P= 0.005),
with no interaction by group (F;, = 0.105, P=0.753). Similarly, there
was a main effect of session (F, ;s =10.425, P=0.000) and a session
by cue interaction (F, 3, = 9.196, P=0.000) with no interactions by
group (session x group: F, 3, = 0.522, P=0.720; session x cue x group:
Fy3=0.262, P=0.900). Finally, there was no between-group differ-
enceintheoverall respondingin the food port (F, 4 = 0.106, P= 0.752).
This shows thatlocomotor activity increased across learning for both
cues in both groups, and only the food-paired cue promoted entries
into the food port.

After this training, rats moved on to the instrumental contingen-
cies, in which they could press one lever to receive dopamine stim-
ulation and another lever to receive sucrose pellets. One lever was
presented at a time, and rats could earn a maximum of 40 rewards, in
line with other PIT studies". This also helped us prevent competition
betweenthe twoinstrumental actions. The effort required to earnthe
rewards increased across training, from one lever press (fixed ratio 1
(FR1)) toan average of five (random ratio 5 (RR5)) and then ten (RR10)
lever presses. This progressive schedule is typically used to establish
arobust baseline of performance that will withstand the PIT test that
takes place without reward deliveries”. These parameters render the
rats sensitive to the number of lever presses needed to retrieve the same
reward (that is, sensitive to increased effort) and that is dissociable

from temporal delays'*". During instrumental training, significant
differences between our 20- and 50-Hz groups emerged (Fig. 1h,k).
While ratsinthe 20-Hz group reached the criterion on FR1schedules,
similar to other reports'®®, their performance was not robust on leaner
schedules. This was despite their maintenance of responding on these
schedules for the food reward. However, rats in the 50-Hz group con-
tinued to show robust performance for both rewards as instrumental
training progressed. This was confirmed with statistical analyses, in
which arepeated-measures ANOVA demonstrated a significant main
effect of reward (dopamine versus food: F,,=21.528, P=0.001) and
areward x group interaction (F,, = 21.544, P=0.001) due to a signifi-
cant difference in responding for dopamine stimulation between the
20-and 50-Hz groups (F, 4 =30.738, P=0.000), which was not present
when comparing responding for food rewards (F; = 0.128, P=0.729).
This same pattern was also seen when considering the increase in
responding across sessions, which returned a main effect of session
(F,43=149.418,P=0.000) and a session x group interaction (F, = 9.413,
P=0.000) duetoadifferenceinresponding emerging between groups
asinstrumental training progressed (for example, session 8: F, , = 7.629,
P=0.022). There was also a between-group difference in the overall
levels of responding (F,,=15.647, P= 0.003). Thus, while 50-Hz dopa-
mine stimulation functioned to motivate vigorous responding that
was comparable to food rewards, consistent with other reports>%192°,
20-Hz dopamine stimulation did not support robust instrumental
responding beyond a continuously reinforced schedule and was not
comparable to a food reward. While other studies have shown that
rodents will nose poke for a 20-Hz stimulus train thousands of times
across asession”®? when the schedule is increased (as in the present
study), rats will cease responding quickly”. Indeed, our same rats that
would not increase their lever-press responding for the 20-Hz stimu-
lation train showed a very high number of nose pokes, comparable
to other studies”, on an FR1 schedule (Supplementary Fig. 5). Thus,
increasing the reinforcement schedule reveals the reduced ‘value’ of
the 20-Hz stimulation train.

Following training, rats received the PIT test, during which the
dopamine-andfood-paired cues were played, and rats had the oppor-
tunity to press either lever. During this test, neither the cues nor the
levers produced their associated reward, which allowed us to inves-
tigate the nature of the reward representation driving behavior’. In
our 20-Hz group, we found that the dopamine-paired cue did not
produce specific PIT (Fig. 1i); rats did not increase their responding on
either lever when the dopamine-paired cue was presented. However,
when the food-paired cue was presented, these same rats selectively
increased their responding on the lever that produced the food, dem-
onstrating selective PIT. In contrast, in our 50-Hz group, we found
that the dopamine-paired cue supported robust selective PIT, which
was comparable to that produced by the food-paired cue (Fig. 1I).
A repeated-measures ANOVA comparing responding in our 20-Hz
group onthe sameand different levers, relative to the baseline, revealed
acue by lever interaction (cue x lever: F, s=15.383, P=0.011) due to a
selectiveincrease onthe sameleverinresponse tothefood-paired cue
(same versusdifferent: F, s =13.957, P= 0.013), which was not present for
the dopamine cue (F, s=3.759, P= 0.110). Importantly, there was also a
significant difference when comparing responding on the same lever
for the dopamine-paired cue versus the food-paired cue (F;s=7.885,
P=0.038), which was not seen for the different lever (F s =3.243,
P=0.132). This same analysis conducted on the responding exhibited
by our 50-Hz group revealed amain effect of lever (same versus differ-
ent: F,,=20.193, P= 0.011) but no main effect of cue (dopamine versus
food: F, ,=0.585, P=0.487) or any interaction (f; , = 0.505, P= 0.516).
Thus, stimulation of dopamine neurons at 20 Hz did not function
as a specific reward that could support instrumental lever pressing
in the same way that a natural reward could. Further, 20 Hz did not
endow the cue with motivational significance that could support PIT.
Importantly, we also replicated this effect in a new cohort of rats,
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Fig.1|Stimulation of dopamine neurons at 20 Hzis not sufficient to promote
ICSS beyond a continually reinforced schedule and does not support PIT;
however, a supraphysiological frequency of 50 Hz supports robust ICSS and
isencoded as a specific sensory event. a-c, Histological verification of bilateral
Cre-dependent ChR2 expressionin VTAp, neurons (scale bar,1 mm); example of
bilateral virus expression and fiber placement in VTA (a); colocalization of TH and
viral expression (enhanced yellow fluorescent protein; eYFP), which approached
~90% (b); and a schematic of the minimal and maximum viral expression and fiber
placement acrossrats (c). d-f, Task design using one counterbalancing example,
which consisted of Pavlovian conditioning (d), instrumental conditioning (e) and
the PIT test (f). Rats first learned that two auditory cues (for example, clickand
white noise) lead to two outcomes (for example, dopamine (DA) stimulation and
pellets, respectively). Then, they learned to perform two lever presses that led to
the two outcomes. Finally, rats were presented with the two auditory cues

and givenanopportunity to press either lever without reward feedback.

g-i, Results for the 20-Hz group. Rats in the 20-Hz group (n = 6) increased
food-port entries during the pellet-paired cue. These rats showed equivalent

increases in locomotor activity across learning for both cues (g). During
instrumental conditioning, ratsin the 20-Hz group showed robust lever presses
for pellets but not for dopamine stimulation (h). In the PIT test, when the
pellet-paired cue was presented, these rats showed increased responding on the
pellet-paired lever, indicating specific PIT. However, they did not show PIT for the
dopamine-paired cue. Individual data points are represented in the scatterplot
to the right of the bar graph (i). j-1, Results for the 50-Hz group. Rats in the 50-Hz
group (n =5) showed increases in food-port entries during the pellet-paired

cue but not during the dopamine-paired cue. Increases in locomotor activity
across learning were similar for the dopamine- and pellet-paired cues (j). During
instrumental training, the 50-Hz group showed robust lever pressing for both
dopamine stimulation and pellets (k). In the PIT test, the dopamine- and
pellet-paired cues both produced robust specific PIT. Individual data points
arerepresented in the scatterplot to the right of the bar graph (I). Datain
g-iwerereplicated between subjects in Supplementary Fig. 2. Data were
analyzed with arepeated-measures ANOVA and follow-up simple-effect analyses,
where appropriate. **P < 0.05. Error bars indicate the s.e.m.

which we trained with either the 20-Hz stimulation or food outcome
(Supplementary Fig. 2), ruling out any confounds associated with the
comparison of these rewards. Interestingly, stimulating dopamine
neuronsat 50 Hz, whichis typically used for ICSS studies*", supported
robust instrumental responding onleaner schedules and selective PIT.
This demonstrated that stimulation of dopamine neurons at a supra-
physiological frequency of 50 Hz during ICSS produces a supraphysi-
ological sensory event that is capable of acting as a representation of
aspecificreward tomotivate behavior, over and above any role for this
signal in endowing antecedent cues with a general value. This finding
(inrodents) does notreflect our subjective everyday experience during
reinforcement learning.

Next, we wanted to confirm that our 20-Hz stimulation of dopa-
mine neurons was effective. To do this, we ran an additional positive
control experiment withanew cohort of rats to test whether our 20-Hz
stimulation of dopamine neurons can act as a teaching signal to pro-
duce learning, as we and others have previously demonstrated®**'°.
Here, we used the blocking procedure®. Rats first learned that two light
cues lead to two different rewards (Fig. 2, “acquisition’; for example,
house light > sucrose pellet, flash > grain pellet; counterbalanced).

Then, we presented the lights in compound with new auditory cues,
which produced the same rewards (for example, Fig. 2, ‘blocking’;
houselight + white noise > sucrose pellet, flash + click > grain pellets;
counterbalanced). Usually, rats do not learn about the new auditory
cues, asthey are redundant. However, we stimulated dopamine neurons
(1s,20 Hz) as one of the rewards was delivered. This created a ‘stimu-
lation cue’, which we could compare to our ‘control cue’ that was not
paired with stimulation of dopamine neurons. All rats learned to enter
the port while the visual cues were presented, which was unaffected by
theintroduction of the auditory cues or dopamine stimulation (Fig. 2c;
time period: F,,,=11.072, P=0.001; session: F; ,, = 1.389, P= 0.249; time
period x session: Fy, 50 = 2.710, P=0.006; stimulation versus baseline:
P=0.006, control versus baseline: P= 0.003, stimulation versus con-
trol: P=0.140). This demonstrated that all rats learned that the visual
cues were predictive of reward and that the stimulation of dopamine
neurons did not interfere with the rats’ ability to continue to respond
tothe food-predictive cues.

We then tested responding to the auditory cues alone without
reward to assess how much learning had accrued toward them (Fig. 2,
‘probe test’). Here, we saw that rats spent more time in the food port
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Fig.2|Stimulation of dopamine neurons at20 Hzfunctionsasateaching
signal to drive sensory-specificlearning. a, Unilateral example of bilateral ChR2
expression in dopamine neurons (scale bar,1mm). b, Left, minimum and maximum
viral expression across rats. Right, placement of fiber tips across rats. The schematic
above cand d shows the design of our blocking task using one counterbalancing
example, which consisted of acquisition, blocking and a probe test. ¢, Rats (n=9)
firstlearned that two visual cues lead to two distinct rewards (acquisition). Then,
two new auditory stimuliwere introduced in compound with the visual cues and
led to the same rewards (blocking). During blocking, we stimulated dopamine
neurons (1s,20 Hz) at reward delivery for one of the compounds (‘stimulation’
cue). Ratsacquired the food-port response during the cues and maintained high
levels of responding after the introduction of the auditory cues and dopamine
stimulation. d, We next subjected rats to a probe test and found that they responded
more to the stimulation cue relative to the control cue. The schematic to the left of
eshows the devaluation procedure, which was used to devalue the reward paired
with the stimulation cue using lithium chloride (LiCl). e, Rats showed a significant
reduction in responding to the stimulation cue following devaluation, confirming
that dopamine stimulation unblocked the association between the cue and a
sensory-specific representation of the reward. The schematic above fand g shows
the design used for ICSS. Rats were provided access to a lever that produced 50-Hz
stimulation of dopamine neurons (active) or nothing (inactive). f, Rats pressed
more on the active lever.g, This ICSS measure was positively correlated with the
unblocking effectin (d) (Pearson’s correlation: r= 0.56, P= 0.045). This experiment
was replicated in Supplementary Fig. 4 with the rats used for the PIT experiment
inFig. 1. Data across sessions were analyzed with a repeated-measures ANOVA and
follow-up simple-effect analyses, where appropriate. A one-tailed ¢ test was used

to determine the significance between two means with directional hypotheses.
**P<0.05.Error barsindicate the s.e.m.Scale bar,1 mm.

during the stimulation cue relative to the control cue (Fig. 2d; F, s = 3.614,
P=0.047). This showed that stimulation of dopamine neurons was
capable of driving additional learning to the stimulation-paired cue.
To further probe the nature of the association that had developed
through dopamine stimulation, we devalued the reward paired with
the unblocked cue (Fig. 2, ‘devaluation’)’. Then, we presented the
unblocked cue and found that rats in the devalued group spent less
timein the food port during the cue (Fig. 2e; group: F,,=5.15,P=0.029),
suggesting that the cue responding was mediated by arepresentation
of the reward. This was not seen when we tested responding to the
blocked control cue, whose associated reward had not been devalued,
confirming the sensory-specific nature of the effect (Supplementary
Fig.3,left; group: F, ;= 0.157, P= 0.352). Together, these data show that
our physiologically relevant stimulation could act asateaching signal
todrivesensory-specific associations between events despite notbeing
abletofunctionasarewardinitself.

Inthese samerats, we wanted to determine whether the rewarding
effects of high-frequency stimulation are related to the ability of these
neuronsto actasaphysiological teaching signal. To test this, we exam-
ined how much the rats would press to obtain optogenetic stimulation
of VTAp, neurons at 50 Hz (Fig. 2, ‘ICSS’). We found that rats would press
consistently for 50 Hz of dopamine stimulation (Fig. 2f; F, s =10.42,
P=0.006). We hypothesized that the degree of lever presses for 50-Hz
stimulation would be positively correlated with the unblocking effect
(Fig.2d).Indeed, when we compared the magnitude of the unblocking
to the degree to which high-frequency dopamine stimulation would
support ICSS, we found that these factors were strongly positively
correlated (Fig. 2g; Pearson’s r= 0.596, R*= 0.355; P=0.045). We did not
see this same relationship with ICSS and the blocked cue (Supplemen-
tary Fig. 3, right; Pearson’s r=0.148, R*= 0.022; P=0.352). These data
suggest that the differential effects of the 20- and 50-Hz stimulation
parametersinFig.1are due to the change in the frequency of firing of
these neurons and not due to these different frequencies tappinginto
different populations of dopamine neurons.

We then established how VTAp, neurons respond to our
differential stimulation parameters. We infused a Cre-dependent AAV
carrying ChR2 into the VTA of TH-Cre rats. During this surgery, rats
wereimplanted with al6-channel microwire array with a central optic
fiber into the VTA, which would afford simultaneous stimulation and
recording of dopamine neurons (Fig. 3a—c). Similarly to prior results,
we found that the 20-Hz stimulation produced firing rates of greater
fidelity to the stimulation parameters compared to the 50-Hz stimula-
tion (Fig. 3d; F, ,=12.38, P=0.013). Interestingly, the firing rates of the
neurons did not significantly differ overall across the 1-s stimulus train
in response to the 20- versus 50-Hz stimulation trains (Fig. 3e). While
there was no difference inthe spike probability within the first five light
pulses (Fig. 3f; F,, = 4.7, P=0.074), a significant difference emerged
toward the end of the stimulus train in the last five pulses (Fig. 3f;
F,¢=11.61, P=0.014). Consistent with this observation, there was also
adifference in the latency at which the stimulus trains produced the
first ten action potentials. Specifically, the 50-Hz train resulted in
areduced latency to the first ten spikes relative to the 20-Hz train,
reflecting greater burst-like firing early in the 50-Hz train (Fig. 3g;
F,6=7.983, P=0.03). These data show that the different stimulation
parameters produce a similar number of action potentials, but the
50-Hz stimulation parameters produce them across a shorter time
period. This demonstrates that it is the higher frequency (and not the
greater number of spikes) that generates the difference in the ability
of these stimulation parameters to drive reinforcement.

Next, we examined how our 20- and 50-Hz stimulation param-
eters differed in terms of dopamine release downstream. We
infused a Cre-dependent AAV carrying ChR2 into the VTA and the
G-protein-coupled receptor-activation-based dopamine (GRAB,)
sensor (AAV9-hSyn-GRAB,,,,,,) into the medial core of the nucleus
accumbens (NAc) (anterior-posterior (AP), 1.3; medial-lateral (ML),
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in the same number of action potentials across different timescales and
produces differential dopamine release in the NAc. a-g, Simultaneous
recording and stimulation of VTAp, neurons (n =7 cells). a, Example of bilateral
Cre-dependent AAV-ChR2-eYFP expression (green) and microwire placement
(indicated by white arrows; scale bar,1 mm). b, Example traces of the 20-and
50-Hz stimulation trains. ¢, Triphasic dopamine extracellular spike. d, Neuronal
activity follows the 20-Hz stimulus train more faithfully than the 50-Hz train,
evidenced by the higher probability of a spike following each light pulse in the
20-Hz stimulus train. e, There was no difference in the overall number of action
potentials generated by the 20- and 50-Hz stimulus trains. f, The rate of neuronal
firingin VTAp, neurons decreased more rapidly across the 50-Hz stimulation
train relative to the 20-Hz train. g, The 50-Hz stimulation train resulted in
greater burst firing, evidenced by areduced latency to evoke the first ten action
potentials. h—-n, Simultaneous stimulation of VTAp, neurons and recording of
dopaminereleasein the NAc (n =3 rats). h, Example of unilateral viral expression
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of ChR2in VTA,, neurons (left) and GRABy,, in the NAc (right; scale bars, 1 mm).

i, Histological verification of GRAB,, expression and fiber placement in the
NAc.j, Histological verification of ChR2 expression and fiber placement in the
VTA.k, Temporal dynamics of dopamine release in the NAc as a consequence of
20- or 50-Hz stimulation of dopamine neurons. I, Quantification of AAV-hSyn-
GRABy,,m fluorescence as the AUC of the z-scored data seenin the NAc after
20-and 50-Hz stimulation, which revealed greater dopamine release following
the 50-Hz stimulus train. m, Individual data points for I. n, Temporal dynamics of
dopamine release in the NAcin response to the 20-Hz train, the 50-Hz trainand a
food pellet. Waveform analyses revealed significance, as indicated by the colored
bars below the traces. Periods of significance from baseline were defined by the
bootstrapped 95% Cls*’. The significance between events (that is, food versus

20 Hz) was determined by permutation tests. We did not replicate these data;
however, d-fand k-m are similar to prior reports®**. Unless otherwise noted
(thatis, in n), data were analyzed using repeated-measures ANOVA. **P < 0.05.
Errorbarsindicate thes.e.m.

-1.3; dorsal-ventral (DV), -7.2and -6.4) of TH-Crerats (n = 3; Fig. 3h-j;
post hoc analysis, power (1 - ) = 0.87). During this surgery, we also
placed a fiber-optic implant into the VTA and NAc (AP, 1.3; ML, -1.3;
DV,-6.8). Here, we found that 50-Hz stimulation of dopamine neurons
resulted inasubstantially higher release of dopamine relative to 20-Hz
stimulation, consistent with other reports? (Fig. 3k-m; areaunder the

curve (AUC), ¢ statistic, 20 versus 50 Hz: 2.47, P=0.017). This showed
that the faster rate of action potentials in VTAp, cell bodies elicited by
50-Hz stimulation was associated with greater dopamine release down-
stream despite the overallnumber of action potentials being the same.

Finally, we investigated how dopamine release in the NAc, seen
with our different stimulation parameters, would compare to food
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delivery. We performed waveform analyses on these traces that deter-
mine statistical significance through the bootstrapped 95% confidence
intervals (Cls)**. We found that food delivery evoked a significant
increasein dopamine for aprolonged period (Fig. 3n, brown bar below
thetraces, food versus baseline). The 50-Hz stimulation of VTA, neu-
rons also evoked a significant increase in dopamine release but over
ashorter time period than food delivery (Fig. 3n, orange bar, 50 Hz
versus baseline). Similarly, the 20-Hz stimulation train produced a
significant increase in dopamine release above baseline but, again,
over a shorter timescale than both the 50-Hz train and food delivery
(Fig. 3n, gray bar, 20 Hz versus baseline). Finally, permutation tests
comparing the magnitude of dopamine release evoked by the events
revealed a significant difference between food and the 20-Hz train
(Fig.3n, red bar, food versus 20 Hz) but not between food and the 50-Hz
train. Thus, food delivery evoked a significant increase in dopamine
release downstream, which was more prolonged than that evoked by
either the 20- or 50-Hz stimulation train but differed inmagnitude only
from that elicited by the 20-Hz stimulation train. This suggests that
the dopamine release in response to the 20-Hz stimulus train, which
approximates aprediction error seenin VTAp, neurons during receipt
of food rewards'?, does not capture the complexity and magnitude of
dopamine release seen with food rewards themselves. This dissoci-
ates dopamine release resulting from the prediction-error teaching
signal from that seen with unexpected food itself, which likely reflects
additional modulation within the NAc itself".

The present results areimportant for two reasons. First, they show
that 20-Hz stimulation of VTAp, neurons (approximating the error
signal during reward receipt), as well as the corresponding dopamine
release downstream, does not function as a reward comparable to
food”, drugs® or even higher frequencies of dopamine stimulation.
Further, cues paired with either 20 or 50 Hz of dopamine stimulation
did not invigorate indiscriminate responding during our PIT tests,
showing that phasic dopamine signals donotendow cues with ageneral
value. Thatis, the value hypothesis argues that the dopamine error sig-
nal reflects the magnitude of the reward’s scalar value', which requires
that firingin dopamine neurons functions asarewardinitsownrightin
awaythat canassignascalar (general) value to anantecedent cue. Thus,
eveninthe context of ICSS, in which the dopamine signal functions as
an outcome, a learning-relevant 20-Hz signal**° does not (by itself)
function as a reward that possesses sufficient reinforcing properties
necessary to convey the value signal. Second, these results shed light
on the psychological basis of ICSS using a 50-Hz stimulation train,
which constitutes a high frequency of dopamine stimulation. These
data demonstrate that using 50-Hz stimulation in the context of ICSS
functions to create a sensory event that acts as a specific reward inits
ownright. Thisis consistent with data showing that dopamine release
inresponse to high-frequency stimulationisregulated by error mecha-
nismsin the same way as other rewards'*”. Here, we additionally reveal
the cognitive representation that drives this effect. This finding does
not have a basis in our everyday learning experience. Put simply, our
learning experience does not contain representations of phasic dopa-
mine as a rewarding sensory event. This demonstrates that the study
of high-frequency stimulation of VTA;, neurons does notinform us of
therole of prediction errorsin reinforcementlearning. More generally,
it begs the following question: is there any physiological experience
that might relate to ICSS? A circumstance in which this may perhaps
become relevantis drug seeking'®*, where most drugs of abuse act, in
at least some way, to increase phasic dopamine activity®. If so, these
datasupporttheideathat people with substance use disorder seek out
drugs of abuse to obtain a specific sensory experience, not because
the actions or cues associated with the drug have become valuable.
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Methods

Subjects

Forty experimentally naive male and female Long-Evans rats sourced
from Charles River Laboratories were used for the experiments. Of
these, 33 were transgenic rats carrying a TH-dependent Cre-expressing
system*", which were originally sourced from the Rat Resource and
Research Center before breeding at the University of California, Los
Angeles (UCLA). Rats were approximately 4 months of age before the
surgical procedures. The animals were maintained ona12-hlight-dark
cycle, in which all behavioral experiments took place during the light
cycle.Rats had ad libitum access to food and water unless undergoing
the behavioral experiment, during which they received sufficient chow
to maintain them at -85% of their free-feeding body weight. Rats were
randomly assigned to groups, and we ensured that groups were sex-and
age-matched. All experimental procedures were conducted inaccord-
ance withthe guidelines of the UCLA Animal Research Council and/or
the Rutgers University Animal Care and Use Committee.

Surgical procedures

Surgical procedures have been described elsewhere**?, Briefly, rats
were anesthetized with isoflurane (3% induction, 1-2% maintenance
in11min™0,) and secured in a stereotaxic device (David Kopf Instru-
ments). Rats received two infusions of 1.0 pl (bilaterally, 2.0 ul per
hemisphere) AAV5-EF1a-DiO-ChR2-eYFP (E123T/T159C) (n =33; item
ID 26966-AAVS5, titer 2.7 x 10") into the VTA at the following coordi-
nates: AP, =5.3 mm; ML, £0.7 mm; DV, -6.5 and -7.7 mm (females) or
-7.0 and -8.2 mm (males). The virus was obtained from Addgene. For
the behavioral experiments involving PIT and blocking, optic fibers
(Thorlabs,200-pum diameter) were implanted bilaterally at the follow-
ing coordinates relative to the bregma: AP, -5.3 mm; ML, +2.61 mm;
DV, -7.05 mm (female) or -7.55 mm (male), at an angle of 15° pointed
toward the midline. For the electrophysiological recording experiment,
alé-channel microwire array with a central optic fiber was implanted
targeting the VTA (n=4; -5t0 -6.5 AP, +1.58 to 2.58 ML at a10° angle,
—7.9 DV; Microprobes), according to our previously published pro-
tocol®’. For the recording of dopamine release in the NAc with fiber
photometry during optogenetic stimulation of VTAp, neurons, we also
infused 0.5 plofan AAV carrying GRABy, (n = 3; AAV9-hSyn-GRAB s,/
item 1D 140553-AAV9, titer 1 x 10™) into the NAc in the same hemisphere
(AP, +1.3; ML, +1.3; DV, -7.2 and —6.4) and placed a fiber-optic implant
targeting the NAc medial core (AP, +1.3; ML, +1.3; DV, -6.8).

Apparatus

Training was conducted in eight standard behavioral chambers,
whichwereindividually housed inlight- and sound-attenuating boxes
(Med Associates). For behavioral experiments, the chambers were
equipped with a pellet dispenser that delivered 45-mg sucrose pel-
lets (STUT, BioServ) into a recessed magazine when activated. Two
retractable levers could be inserted into the chambers on either side
of the recessed magazine. Access to the magazine was detected by
means of infrared detectors mounted across the opening of the recess.
A computer equipped with MedPC software (Med Associates) con-
trolled theequipmentand recorded the responses. Raw data were out-
putted and processed in MPC2XL (Med Associates) to extract relevant
response measures. The chambers contained a speaker connected
to a white-noise generator and a relay that delivered a 5-kHz clicker
stimulus, as well as a house light that could illuminate the chambers
when programmed.

Behavioral procedures

Pavlovian-to-instrumental transfer. The parameters for the PIT
experiment was based on apreviously described procedure™**. Briefly,
ratsbegan training with Pavlovian conditioning, which continued for
10 days. During the 60-min session, rats received four 2-min presen-
tations of two cues (clicker or white noise, counterbalanced), each

paired with one of two rewards (dopamine simulation or sucrose
pellets, counterbalanced). Rewards were randomly delivered at four
points throughout the 2-min cue. To stimulate dopamine neurons, we
delivered light (473 nm, 15, 14-16 mW) into the rats’ brains at either
20 or 50 Hz (5-ms pulses)*’. Intertrial intervals (ITls) averaged 5 min
induration. Locomotor activity was recorded throughout the session
and analyzed using ezTrack®. Following Pavlovian conditioning, rats
received 8 days of instrumental training, in which they were trained
to lever press for pellets or dopamine stimulation. Here, rewards
were delivered immediately after the lever press. As the rats could
hear the audible turn of the pellet dispenser, the delay between food
and dopamine rewards from the lever press should be the same. Each
session consisted of two 10-min blocks on each lever, separated by a
2.5-min time-out period during which the levers were retracted. If an
animal pressed a lever more than 20 times during a 10-min session,
the lever was retracted immediately and the 2.5-min time-out period
beganbefore the next lever was made available, earning a maximum of
40rewardsoneachlever.For thefirst 2 days of instrumental training,
lever presses were continually reinforced. Rats were then moved on
to 3 days of arandom ratio schedule, in which each lever delivered a
reward with a probability of 0.2 (that is, RR5) and, finally, to an RR10
schedule, which delivered a reward with a probability of 0.1. During
the critical PIT test, both levers were extended, and no rewards were
delivered. To extinguish instrumental responding on both levers, rats
first received 8 min of extinction before cue presentation. Then, each
cue was presented four times in the following order: clicker-noise-
noise-clicker-noise-clicker-clicker, with a fixed 3-min ITI between
cues. Rats received three such sessions, in which they received one
RR10 session in between these tests.

Blocking. Rats first received a presentation of two light cues followed
by the delivery of two distinct rewards (for example, flash - sucrose,
house light > pellet; counterbalanced). Rats received eight sessions
consisting of 14 trials, separated by a variable ITI of 4 min. Then, rats
received the visual cues in compound with two new auditory cues to
create two new audiovisual compounds, which were followed by the
same rewards (for example, flash + click > sucrose, house light + white
noise > pellets; counterbalanced). During compound training, rats
received stimulation of dopamine neurons that coincided with reward
delivery after one of the compounds*'® (473 nm, 1,20 Hz, 5-ms pulses,
14-16 mW) to mimic an endogenous prediction error**', Rats then
received two probe tests with the click and white noise alone without
reward, consisting of eight trials with an ITl averaging approximately
4 min. All stimuli were counterbalanced, as was the order of their
presentation.

Devaluation. Following blocking, we trained rats on instrumental
contingencies for the two distinct rewards. We then tested whether
the cues would promote PIT. However, we did not see significant PIT
in any direction, primarily because the rats spent a lot of time in the
food port during the unblocked cue (blocked (+s.e.m.), 1.5s (0.2's);
unblocked (+s.e.m.), 2.7 5 (0.2 s); F;s= 6.230, P=0.02). Instead, we
conducted a devaluation test to assess the nature of the association
that had developed between the unblocked cue and the reward. Todo
this, we allowed rats to consume the reward paired with the unblocked
cue (paired with stimulation) in anew context for 30 min. Immediately
thereafter, halftherats received injections of lithium chloride (0.15 M,
10 mg ml™; devalued group). The remaining rats were returned to the
colony room and received injections 6 h later (nondevalued group).
We repeated this procedure for 3 days. After a 48-h recovery period,
ratswere again placed inthe experimental chambers and given afinal
probetest, in which the unblocked cue was presented without reward.
Wealsotested responding to the blocked cue (not paired with stimula-
tion; Supplementary Fig. 3). Each cue was presented for a total of four
trials, withan ITl averaging approximately 4 min.
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Intracranial self-stimulation. To examine whether the rats from our
blocking experiment would perform ICSS for 50-Hz stimulation of
dopamine neurons, we allowed them access to alever that would pro-
ducelsof50-Hz stimulation (473 nm, 1s,14-16 mW, 5-ms pulse) on a
continually reinforced schedule and another lever that would produce
nothing. This session lasted for 30 min, and rats could press the levers
as much as they wanted.

Electrophysiological procedures
Traditional photo-tagging procedures have accounted for differences
intheamount of light reaching proximal and distal microwires by titrat-
ingthelight delivery for each wire***°. However, we opted against this
approach. Instead, we fixed the light intensity at 15 mW to provide an
accurate model of neuronal firing in the tissue surrounding the optic
fiber for the behavioral tasks used in the present study. Accordingly, we
observed adecrease in fidelity for neurons distal to the optic fiber, con-
sistent withmodels of optogenetic stimulation. Neurons were classified
as ChR2-responsiveifthey reliably exhibited responses within 15 ms of
thelight onset®®. To confirm the absence of photoelectric artifacts, we
recorded two additional rats with wiresimplanted dorsal to the VTA. In
these rats, we found no evidence of optically evoked activity, even at
optical power levels above those used inthe experimental preparation.
Onthe day of testing, rats were placed in astandard operant cham-
ber and allowed to habituate for 10-15 min, during which neurons were
identified and sorted online using Synapse software (Tucker-Davis
Technologies (TDT)). Single neurons were amplified and recorded
using a digital headstage (ZD32, TDT), a preamplifier (PZ5) and a bio-
amplifier (RZ2). Signals were then bandpass filtered at 300-5,000 Hz
andstored using Synapse (TDT) at 24 kHz. Rats were first given ten trials
of20-Hz stimulation (473-nm laser, 15 mW, 5-ms pulse) withal-minITI,
followed by ten trials of 50-Hz stimulation (473-nm laser, 15 mW, 5-ms
pulse) withal-minITI.

Fiber photometry procedures

We used acommercially available fiber photometry system (Neuropho-
tometrics). The 470-nm excitation light was adjusted to approximately
80-100 uW at the tip of the patch cord (fiber core diameter, 200 pm;
Doric Lenses). Fluorescence emission was passed through a 535-nm
bandpass filter and focused onto the complementary metal-oxide
semiconductor camera sensor through a tube lens. Samples were
collected at 20 Hz using a custom Bonsai*” workflow. Time stamps
of task events were collected simultaneously through an additional
synchronized camera aimed at the Med Associates interface, which
sentlight pulses coincident with task events. Signals were saved using
Bonsai software and exported to MATLAB (MathWorks) for analysis.
Duringthe recording sessions, rats were hooked up to our optogenetic
lasers and fiber photometry systems. Rats received three ~40-min
recording sessions, during which we measured dopamine release in
the NAc medial core. Two of these sessions comprised the delivery of
20-and 50-Hz stimulation trains for 1 sinto the VTA, whereas the third
session involved the delivery of 20- and 50-Hz trains for 1, as well as
the delivery of one food pellet simultaneously. Rats received 4-10
trials of each event, with a variable ITI approaching 2 min. Trial order
was pseudorandomly counterbalanced such that no particular event
could occur more than twiceinarow. Rats that did not show sufficient
signal variation in the 470-nm channel were discontinued from the
experiment and excluded from all analyses.

Histology

Behavioral and fiber photometry experiments. Rats were culled
using carbon dioxide asphyxiation and perfused with phosphate buffer
followed by 4% paraformaldehyde in phosphate buffer. Coronal sec-
tions (20 um) were collected using a cryostat (Leica Biosystems),
imaged and visualized for confirmation of viral expression and
fiber-tip placements using a Zeiss LSM 900 microscope with a 4x or

20x objective and ZEN imaging software. Rats without sufficient viral
expression and/or fiber placement were removed from all analyses.

Electrophysiological experiments. Rats were terminally anesthe-
tized, and anodal current (50 pLA, 4 s) was passed through each microw-
ire to mark the tip location. Rats were then perfused with phosphate
buffer (0.1 M, pH7.4) followed by 4% paraformaldehyde. The brainwas
then stored in 4% paraformaldehyde overnight before storing in 18%
sucrose at 4 °C until the brain equilibrated with the specific gravity of
the sucrose solution. The VTA was then coronally sectioned at 30 pm
tovalidate ChR2 expression and localize each microwire, as described
previously®. Briefly, the positions of the microwires were identified by
their tracks in the brain and their lesions at the microwire tips.

Immunohistological staining. To verify viral expression targeting
dopamine cells, we processed braintissues obtained fromexperimental
animals and stained them for TH. Coronal sections (30 um) of the VTA
and NAc were collected using a cryostat (Leica Biosystems) into well
plates containing 0.1 M PBS. Sections were first blocked using asolution
composed of 3% normal goat serum (Millipore Sigma) and 0.2% Triton
X-100 (Thermo Fisher Scientific) in 1x PBS before being incubated
with the primary antibody (rabbit anti-TH, 1:1,000 concentration;
Sigma-Aldrich) for 48 h at 4 °C. After this first incubation, sections
were then allowed to incubate with the secondary antibody (goat
anti-rabbit IgG Alexa Fluor 594, 1:500 concentration; Thermo Fisher
Scientific) for 2 h. Following the final incubation, slices were mounted
onto microscope slides and coverslipped with ProLong Gold reagent
with DAPI (Thermo Fisher Scientific) before being imaged.

Statistical analyses

Behavioral and electrophysiological data. Statistical analyses were
conducted using the SPSS 24 IBM statistics package. Analyses were con-
ducted using amixed-design repeated-measures ANOVA. All analyses
of simple main effects were planned and orthogonal and, therefore,
did not require correction for multiple comparisons. One-tailed ¢
tests were used for results with an a priori directional hypothesis. Data
distribution was assumed to be normal, but homoscedasticity was not
formally tested. PIT test data were analyzed across all trials of all three
sessions of the PIT tests, and the blocking data were analyzed across
the first six trials of both probe tests, consistent with other published
demonstrations'®*®, The ICSS and blocking data were correlated using
Pearson’s correlations onthelog(x + 1)-transformed data from the first
5 minofthelCSSsessionandtheratio of responding to the blocked or
unblocked cue relative to baseline (that is, X — baseline/X + baseline).
For therecording studies, neuronal fidelity was calculated by examin-
ing the number of pulses within each trialin which anaction potential
was recorded within 15 ms of the light onset. Fidelity was then further
examined as afunction of (1) each trial asawhole, (2) the pulse number
in each train, and (3) the first five and last five pulses in each trial. The
overall firing frequency across the 1-s train, irrespective of fidelity to
individual pulses, was also analyzed. Finally, we examined the latency
to the tenth action potential exhibited by our 20- and 50-Hz trains.
On trials in which we did not see a tenth action potential, regression
analyses were used to approximate the expected latency to the tenth
action potential. Data collection and analyses were not performed
blind to the conditions of the experiments. Sample sizes were chosen
based onsimilar prior experiments that have elicited significant results
withasimilar number of rats®. Further, we ran aformal post hoc power
analysis on the data elicited from these experiments, using G*Power
3.0 to estimate the power we had achieved using our sample sizes*.
Specifically, we used the average of the partial ;? (~0.8) from our analy-
ses from the PIT test with the 20- and 50-Hz groups to calculate the
power (1- ) we had achieved. These analyses revealed an estimated
power of 0.99 with the same sizes used in our study (Supplementary
Fig.1), withatypelerrorrate (a) below 0.05. We also conducted these
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same analyses for our fiber photometry experiments, which also
demonstrated an achieved power of >0.8.

Fiber photometry data. To smooth out the potential effects of pho-
tobleaching and motion artifacts, we collected an isosbestic con-
trol signal (415 nm) and a dopamine-dependent signal*' (470 nm).
As the isosbestic signal also undergoes decay across a session with
photobleaching, we can use this to correct the dopamine-dependent
signal for photobleaching. We first removed the first 60 s of the data
(before the onset of the first event), as this consistently had high vari-
ability in the signal and would disrupt baseline correction. The control
signal was fit to linear regression and scaled to the GRAB,,, signal. We
then subtracted the scaled control signal from the GRAB,,, signal and
normalized itto obtain the changein the fluorescence response (AF/F).
Using this AF/F, we extracted the signal of each trial aligned to events
of reward delivery, 20-Hz stimulation and 50-Hz stimulation. We then
z-scored the AF/F for each trial using the mean and s.d. of the signal
of the 5-s time window before events. We calculated the AUC for the z
scores across 3 s from event onset (20 and 50 Hz). To statistically ana-
lyze the data, wefit the data toalinear mixed-effects modelin MATLAB,
which allowed us to compare the AUCs for the 20- and 50-Hz stimula-
tion train events across trials while factoring in the rat from which the
signal came (thatis, AUC -~ event + (1|ratID)). Waveform analyses were
performed based on the MATLAB code from a previous study**. We
defined the transients as significantly different from baseline (that is,
the zscore is zero) when the bootstrapped 95% Cls did not include O
formorethan 0.2 s. To compare transientsinduced by food and 20- or
50-Hz stimuli, we performed permutation tests. To compute P values
for each time point, we randomly shuffled the signal data1,000 times.
We defined the difference between events as significant when Pvalues
were <0.05for atleast 0.2 s.

Inclusion and ethics

Weworked to ensure sex balance inthe selection of nonhuman subjects.
One or more of the authors identify as having a disability. The author
list is gender balanced, and we worked to achieve gender balance in
our reference list.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data are available upon request to melissa.sharpe@sydney.edu.au.

Code availability

We used code freely available at https://github.com/philjrdb/ERTsimu-
lation for the waveform analyses. Other code for our fiber photometry
pipelinesis available upon request.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Behavioral Data was collected using Med Associates software, which allowed us to automate data collection.

Data analysis Med Associates v5 software produced output that was then transferred using MEDPC2XL. SPSS v29 was then used to conduct appropriate
statistical analyses on the processed data. For fiber photometry analyses, we used MATLAB 2023a to process data using custom code.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Data are available upon request to melissa.sharpe@sydney.edu.au
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Recruitment N/A

Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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Behavioural & social sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description We used optogenetics and neural recordings to determine how different frequencies of dopamine neuronal stimulation act to
motivate behavior. All data collected are quantitative, with the exception of histological analyses.

Research sample Qur rats are taken from our breeding colony of TH-Cre rats, a transgenic line purchased from RRRC and bred with Charles River
wild type rats. We use males and females at around 3 months of age. This allows us to specifically manipulate dopamine neurons.

Sampling strategy All groups are matched by age and sex. We chose sample sizes on the basis of previous work (e.g., Sharpe et al. 2016, NPP). Post-
hoc power analyses were also performed for results in Figure 1 and 3H-N, with power>0.8.

Data collection All data are collected with automated software described in the text, with the exception of histological analyses. In the case of
histological analysis, experimenters are not blind to group allocations.

Timing Data were collected across a period including 06/06/2019-10/10/2023.

Data exclusions We excluded one rat from the experiment represented in Supp Fig 2 as they exhibited behavior 2 SDs beyond the group mean.
Non-participation No human participants were used in this study.

Randomization All rats are randomly allocated to groups, which are matched by sex and age.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Antibodies used Red (594) antibodies: abbit anti-TH; Sigma-Aldrich, MO; goat anti-rabbit IgG Alexa Fluor 594; ThermoFisher Scientific, MA 3
)

Validation These antibodies are purchased from Thermofisher and Sigma-Aldrich. Data on their successful validation experiments, and <

use of these antibodies have been cited in over 2000 research articles.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Long Evans rats, around 3 months of age at the start of the experiment
Wild animals No wild animals were used in this study
Reporting on sex We used male and female rats in this study.

Field-collected samples  No field collected samples were used in this study.

Ethics oversight Studies were in accordance with Animal Research Council at UCLA and Animal Care and Use Committee at Rutgers University.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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