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Abstract

Drug-induced behavioral sensitization describes the phenomenon that behavioral re-
sponse to a drug of abuse is getting stronger if the same psychostimulant is delivered
multiple times which is much more pronounced if done in the same environmental con-
text. A proposed neural basis is the formation of an association between contextual cues
and the rewarding drug which is mediated by dopamine. Dopamine operates at different
timescales and to fully understand dopamine sensitization, it is necessary to investigate
dopamine release at slow (tens of minutes) but also faster (sub-second) timescales. But
creating a holistic view has been difficult due to a lack of technology that can measure
dopamine across various temporal resolutions. We develop an analysis pipeline to expand
fiber photometry to measure tonic dopamine activity. We use genetically encoded neu-
rotransmitter indicators to measure extracellular dopamine and acetylcholine activity in
the nucleus accumbens of mice. We show that the method is precise enough to measure
dopamine sensitization in response to repeated cocaine and amphetamine injections. We
then further characterize how dopamine dynamics change in response to psychostim-
ulants. We see that drug-evoked dopamine rises and decays faster in sensitized mice
compared to the first injection and that there are more small but less big transients which
leads to a smaller fluctuation at a timescale of tens of seconds. We simultaneously record
striatal acetylcholine and observe that the frequency and amplitude of transients decrease
during sensitization. We also investigate interaction between dopamine, acetylcholine,
and movement and report that the relationship between accumbal activity and locomo-
tion gets stronger and that dopamine and acetylcholine interact closely. In addition, we
use DeepLabCut and MoSeq to densely annotate behavior. We show that MoSeq can
potentially be used to replace locomotor activity with a better measurement of behavioral
sensitization.
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1 Introduction

Dopamine is thought to convey a reward prediction error [1] that is essential for rein-
forcement learning. A reward prediction error is the difference between the received and
predicted reward. Rewards can be food, water, or shelter, but also abstract things like
social reward. When an animal or human receives and unexpected reward or aversion, it
is vital to learn from the experience in order to increase rewards which is necessary for
survival. Dopamine encodes this information as a reward prediction error. This signal is
then used by downstream neurons to adapt. In the nucleus accumbens, an input struc-
ture of the basal ganglia deep inside the brain, these downstream neurons are medium
spiny neurons (MSN) that can be classified by their dopamine receptor into D1- and D2
MSN. These neurons can change their synaptic weight in response to dopamine - which is
thought to be the biological basis of learning. The nucleus accumbens’ primary function
is to associate stimuli from the environment with rewards - which is necessary to drive
behavior to maximize rewards and thus maximize the chance of survival.

Addictive substances drive dopamine release to abnormally high levels. This can be
caused by psychoactive drugs that lead to the release of dopamine via different mecha-
nisms or be the result of behavioral stimuli such as addiction to computer games, social
media, etc. This abnormally high dopamine level induces synaptic plasticity in MSN
of the nucleus accumbens via overexpression of deltaFosB [2]. DeltaFosB is a critical
transcription factor that activates pathways for long-term plasticity [3]. The memory
of the association between a context or cues and rewarding outcomes is thought to be
stored in the cortico-striatal synapse in striats]l MSNs, and this association is abnormally
strengthened for addictive substances and is thought to produce the effect of "wanting",
or drug-seeking [4].

1.0.1 Psychostimulant-induced Behavioral Sensitization

Drug sensitization describes the phenomenon that with repeated administration of
dopamine-acting drugs, the behavioral effect is getting stronger. Strikingly, this effect
is much stronger, if a drug is administered in the same context or as a response to the
same cues. This means, if a mouse receives an injection of cocaine in context A, the
behavioral response during a second injection depends on whether the mouse is exposed
again to context A, or to another context B that is different from A [5]. In this work,
we repeatedly inject mice with cocaine or amphetamine in an open-field arena, measure
locomotor activity using video tracking, and show that locomotor activity sensitizes to
cocaine and amphetamine.

How exactly dopamine induces synaptic plasticity has been extensively studied but
is still not quite clear. Exposure to cocaine leads to increased D1-MSN and reduced D2
MSN activity and after sensitization, this effect is increased [6]]. Especially D1-MSNs
are thought to contribute to sensitization. For example, fiber photometry recordings
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revealed that D1 activity is increased after the presentation of drug-associated cues, drives
drug seeking, prevents extinction and manipulation using DREADs prevents contextual
associations to form [7]. Moreover, D1- and D2 MSNs were imaged using a Miniscope.
It was observed that there is great variance between individual cells and that likely a
subgroup of D1 MSN drives locomotor sensitization [6]. While these recordings were
done in the nucleus accumbens, other researchers [8] looked at the dorsomedial striatum
and found an activation of both pathways in response to cocaine using fiber photometry
recordings with GCaMP. They also observed that presynaptic connections to afferents
coming from the orbitalfrontal cortex strengthen during sensitization and that depressing
this pathway using a high-frequency stimulation protocol attenuates cocaine-induced
locomotor hyperactivity. Although this might be one pathway responsible for increased
locomotor hyperactivity after sensitization, it cannot be the primary pathway for cocaine
sensitization, because they observed no difference in locomotor activity after a challenge
injection without high-frequency stimulation [8]. This is following the established view
that cocaine sensitization is context-dependent and that the context-drug association is
stored in the nucleus accumbens. Also, dopamine is released in cocaine-conditioned mice
after the presentation of cues that predict cocaine and promote drug seeking [9]. In this
work, we measure extracellular dopamine release in the nucleus accumbens shell using a
genetically-encoded dopamine indicator GRAB-rDA and fiber photometry.

How exactly cue-drug associations are formed is still controversial. DAT-blockers like
cocaine and amphetamine block the reuptake of dopamine into the presynaptic cell, so
dopamine is cleared slower from the extracellular space and can act longer. This is pro-
ducing a lasting increase in dopamine levels and it is hypothesized that this long-lasting
"tonic"” increase evokes synaptic plasticity and can store the context-drug association.
Because of D2-autoreceptors, dopamine neurons are inhibited after cocaine which has
been shown using fiber photometry recordings in VTA neurons [10]. This supports the
hypothesis that drugs of abuse elevate dopamine in a slow and tonic way, while possibly
reducing the amount of phasic activity. However, other researchers argue that phasic
activity is needed for cue-induced reward-seeking and that only burst firing can achieve
the context-drug association to be formed [11].

1.0.2 Cholinergic Activity in the Nucleus Accumbens

Another important neurotransmitter in the nucleus accumbens is acetylcholine (ACh).
Acetylcholine is released by cholinergic interneurons, has an important role in associating
cues and stimuli with rewards, and is implicated in diseases such as addiction or levo-
dopa-induced dyskinesia [12].

Cholinergic interneurons are local striatal neurons that receive connections from primar-
ily the cortex and thalamus and synapse onto other striatal neurons. They are tonically
active and fire in an irregular way at a frequency of around o0-3 Hz (0.7 Hz median)[13].
They are the primary source of acetylcholine (ACh) in the striatum and co-release gluta-
mate [14]. There are several receptors located on striatal cells that are activated by ACh.
Dopaminergic VTA neurons express nicotinic receptors on their terminals which can mod-
ulate dopaminergic activity [15]. Several different muscarinic receptors are expressed by
medium spiny neurons and cholinergic interneurons themselves [16]. Although they only
make up 1 % of all neurons in the nucleus accumbens, they densely arborate the structure



1 Introduction

and have major modulatory control. For example, they can evoke dopamine release by
activating terminals of VTA neurons via nicotinic receptors without the dopamine neuron
sending an action potential [|17]. The rewarding and addictive effects of nicotine are due
to the activation of dopamine neurons via these nicotinic receptors on dopamine terminals
[18].

But what is their functional role? Most recordings of cholinergic activity were done in
in- or ex-vivo electrophysiological recordings. There, a pause in ring is observed after
salient stimuli. For example, in the dorsal striatum, cholinergic interneurons pause in
a conditioned motor task [[19]. In the ventral striatum, cholinergic interneurons pause
after stimuli that are salient or related to reward, either positively or negatively. In other
experiments in our lab, we observed long cholinergic pauses in the nucleus accumbens
after conditioned cues. The cholinergic pauses can be induced by different neural pop-
ulations. Gabaergic VTA-neurons for example pause cholinergic interneurons and this
enhances associative learning RQ]. Other researchers argued that a pause in thalamic and
cortical input induces the cholinergic pause and that dopamine only plays a minor role
[21]. However, they also argued that dopamine can induce cholinergic pauses if an ACh
transient occurs short before the dopamine transient.

An important proposed function of cholinergic interneurons is to open a window for
plasticity. As dopamine mediates reward learning but also motivation, it is unclear how
MSNs can discriminate between both. One possible idea is that ACh gates dopamine
release and striatal plasticity. Recent evidence supports this idea by discovering that
cholinergic pauses are necessary to induce striatal plasticity [22].

But besides pauses, also short cholinergic transients have been reported. Those tran-
sients are the result of synchronous cholinergic ring. These ACh events occur short
before motor movements are initiated in the dorsal striatum, and after salient cues or
stimuli that are possibly related to reward in the ventral striatum [ 23]. ACh transients
respond faster to stimuli [ 21] compared to MSNs and can be caused by thalamic input. It
has been proposed that visual stimuli that are predictive of rewards produce ACh tran-
sients through a pathway via superior colliculus and thalamus [ 24]. Thus, one idea about
cholinergic function is that ACh events shape dopamine release around salient events
such that signal-to-noise ratio is increased and dopamine ring occurs sharp around
events related to reward. Recently, it has been proposed that dopamine conveys causal
associations about events that cause rewards R5. Empirical evidence was obtained using
dlight recordings in the nucleus accumbens but not VTA dopaminergic cell activity itself.
Thus, it might be imaginable that acetylcholine plays a role in shaping this causal signal
by invoking information about cues and stimuli, but evidence for this remains to be found.
Dopamine also explains behavioral dynamics in response to novel objects and this effect
is biggest in the tail of striatum [ 26]. It is imaginable that this effect is partly driven by
the synchronic activity of cholinergic interneurons that are known to respond to salient
stimuli, but this is not yet known and thus speculation.

Although there exists evidence that cholinergic pauses are needed to induce plasticity
[22], an absence of acetylcholine (which seems to be similar to a huge cholinergic pause)
prevents plasticity. For example, silencing cholinergic neurons during cocaine exposure
blocks cocaine conditioning [ 27]. Also, knocking out an acetylcholine transporter in cholin-
ergic interneurons to stop acetylcholine release prevents forming of approach behavior
towards conditioned stimuli.
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While different functions have been proposed for cholinergic interneurons, there is still a
lack of evidence for most. Mainly pauses and short transients were investigated. Proposed
functions are that cholinergic interneurons gate plasticity and deliver information and
timing of salient cues. Also, it has been proposed that stimuli are associated with outcomes
only during cholinergic pauses.

1.0.3 Measurements of Behavioral Sensitization

The key to researching behavioral sensitization is to measure and quantify behavior.
Traditionally, locomotor activity has been used to measure the amount of sensitization,
because an increased locomotor activity is one of the most pronounced effects of behavioral
sensitization to drugs of abuse, but also because it is easy to measure.

Many approaches exist to quantify locomotor activity. Without any technology, distance
moved can be quanti ed if for example an open- eld arena is segmented into quadrants
and the number of crossings between quadrants is counted. However, human annotation is
expensive, error-prone, and can be biased if the researcher is not blinded to the treatment
or genotype of the mouse. Thus, other methods have been developed as well. Another
simple measurement is to use beam break sensors. These usually work by placing an
Infrared (IR) - or laser sender- and receiver in an arm where the mouse can run through.
The mouse's body breaks the beam and can be counted easily with simple technology. If
the mouse runs more, more beam breaks will be counted. Also, video tracking can be
used to determine the location of the mouse in a video and programmatically calculate
the real distance traveled. Multiple commercial applications exist such as Ethovision
XT, or AnyMaze. EZ-track is an open-source application for the same task [ 28. These
algorithms usually work by subtracting a static background and applying some simple
contrast-enhancing and smoothing techniques and a simple algorithm to nd the center of
the mouse to extract the mouse's position in a given frame of the video. This software is
robust if performed in laboratory settings where the background is static and the mouse
is clearly separated by color from the background.

However, it has become more important to look at behavior more holistically. Locomotor
activity measured by center-of-mass from a video stream is only a sparse measure of the
real motor behavior of the mouse. This can make measurements noisy and increases
the number of animals needed for a project. We looked at individual mice during drug
sensitization and observe that some animals sensitize behaviorally in form of repetitive
behaviors or excessive grooming. Both are clear markers of behavioral sensitization [29],
but oppose the measurement of locomotor activity, because the mouse doesn't move when
it is grooming.

This calls for better and more ne-grained measurements of behavior and different
approaches were developed. DeepLabCut [30] is a method for markerless 3D-pose estima-
tion using arti cial neural networks. It makes use of a pose-estimation framework that
was originally developed to detect the location of body parts in videos of dancing humans
but can also be trained on animal data. DeepLabCut provides a framework to extract and
annotate frames of an experimental recording, train a model on these data, and use this
model to predict body parts of animals. While many thousands or millions of images
are usually needed for Deep Learning, it is often possible to get good results with only
a few hundred images, because a pre-trained model is used to accelerate and generalize
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training, and because lab settings are usually simple as they usually have a static, mono-
tone background. We used DeepLabCut to get the location of 13 different markers like
nose, tail, and limbs, and used this data to calculate locomotion. We speci cally used
DeepLabCut, because traditional mouse tracking algorithms failed with our experimental
setup because of lacking contrast between a black mouse and black background. Pose
estimation techniques such as DeepLabCut produce locations of body parts for each video
frame and can be used for different tasks. For example, these points can be used directly
for data analysis, or be input to other models that for example use these points to cluster
the behavior into behavioral syllables [ 31].

Another approach to nding behavioral syllables is MoSeq [ 32]. MoSeq is a method
to cluster the mouse's behavior into different so-called "syllables" in an unsupervised
manner. Syllables denote short 200-400 ms long meaningful behavioral events such as
"rear up", "dart", "turn right", or "freeze". MoSeq uses 3D data collected with a Microsoft
Kinect camera. The mouse is extracted and aligned and a Principal Components Analysis
(PCA) is performed to lower dimensionality. On these features, an Autoregressive Hidden
Markov Model (AR-HMM) is trained to cluster the time-series data into syllables that are
equivalent to speci ¢ motor movements of the mouse. HMMs are generative sequence
models that were developed for Natual Language Processing and other time-series data
and assume that observations are a consequence of a hidden, unobservable process whose
outcome is probabilistic and only depends on the previous state.






2 Methods

2.1 Animals

16 wild-type animals were used for psychostimulant-induced locomotor sensitization
experiments (8 male, 8 female, C57BL/ 6 Jackson Laboratory, 20-25 weeks old). All mice
were age and sex-matched with their respective control group. Animals were individually
housed under a 12 h day/night cycle, All experiments were approved by the Queens
College Institutional Animal Care and Use Committee.

2.2 Surgery

Surgical instruments were autoclaved on a 20 min cycle before each surgery. The surface
of the operating table, the stereotaxis, the microscope, and all other appliances and items

used for surgery were thoroughly wiped down with clidox and 70 % ethanol. The

surgeon used aseptic surgical techniques and sterile gloves, a face mask, and a sterile pad.
Instruments were kept sterile in hot beads throughout the procedure.

Animals were anesthetized with ketamine/xylazine ( 90-120 mg/kg and 5-10 mg/kg,
respectively, I.P.) and after 5 minutes placed into an iso urane chamber ( 4 % for induction)
for 3 more minutes. For maintenance, a level of 1-1.2 % iso uorane was kept. Before the
procedure and during surgery, the animal was continuously monitored for body tempera-
ture and breathing. The preparation of the animals for surgery was only started after the
animal completely lost its righting and toe pinch re ex. The hair was shaved over the inci-
sion areas and the scalp was cleaned and sterilized using sterile water and chlorhexidine
and repeated twice. In addition, bupivacaine ( 1.25-2 mg/kg) was injected subcutaneously.
Then, the mouse was placed into the stereotaxis. To continuously maintain the anesthesia,
Iso uorane in oxygen was delivered via a nose cone and kept at a rate of 1-1.2 %. Paralube
was applied to the eyes to prevent them from drying out. Then, the scalp was washed
three times with 70 % alcohol and Betadine.

A single continuous incision was made along the rostral-caudal axis and the skin was
separated and xed with clamps. The exposed skull was dried and leveled such that
Bregma and Lambda had a vertical difference of less than 0.1 mm. Then, the target was
stereotactically identi ed and a small craniotomy was drilled using a dental drill without
damaging the dura or the cortex. Then, the dura was opened using a small tool. A
Nano Il syringe was loaded with virus and positioned stereotactically. The virus was
stored aliquoted upon arrival and stored at - 80 degrees. After thawing, it was kept on
ice and used within 3 days. The syringe was lowered to the target position at a speed of
0.5-1 mm per minute. Then, AAV was pressure injected at a rate of 46 nl / min. After the
injection was complete, we waited for 10-15 minutes for the virus to dissociate and then
gradually removed the syringe at a speed of 0.5-1 mm/min. The implant was sterilized
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and positioned stereotactically. It was then slowly lowered to the target position inside
the brain at a speed of 0.5 - 1 mm per minute. Metabond (dental cement) was applied
to form a cap around the implant, thus xing the implant at the skull. Then, the skin
was sutured and Betadine was applied. Additionally, buprenorphine (0.1 mg/kg SC) and
carprofen (5 mg/kg IP) were administered. The mouse's body temperature was monitored
during the hours past surgery and it was placed under a heat lamp. After surgery, the
animal was monitored until fully awake. The mouse was singly housed after surgery and
during experimental procedures. The mouse was monitored every 12 hours for signs of
complications, illness, or distress.

To measure dopamine and acetylcholine, we injected GRAB-rDA [ 33] and GRAB-ACh 3.0
[34] with a titer of 2x10'3GC/ ml and a volume of 175nl per virus ( 350 nl per surgery)
unilaterally (left hemisphere) into the nucleus accumbens shell at (AP 1.3 mm, ML - 0.7
mm, DV 4.4 mm).

We fabricated ber optic implants in-house using 200 um bers with a numerical
apperture of 0.37 (Thorlabs, FT200UMT - 0.39 NA, & 200 pum Core Multimode Optical
Fiber) and ceramic ferrules with dimensions of 1.25mm x 6.4 mm and a bore size of 230
um (Thorlabs, CFLC230-10). The ber was cut to the desired length and glued into the
ferrule. Then, both ends of the bers were polished until they had an ef ciency of > 85 %.

2.3 Fiber photometry

All photometry recordings were performed with a commercial photometry system by
Neurophotometrics (FP 3002. Three LEDs at frequencies of 560 nm (red-shifted indicators
for dopamine), 470nm (green indicators for acetylcholine), and 410nm (isosbestic control
signal) were used. Only one LED was on at a time and recordings were performed at
a frequency of 90 Hz, which effectively yields 30 Hz. LED light was guided into a low-
auto uorescence patch cord fabricated by doric lenses. For open- eld testing, we used a
pigtailed rotary joint from doric lenses (FRJ_ 1x1 PT__ 0.15m_)to prevent the patch cable
from entangling during heavy locomotor activity. Light emitted by the indicator was
guided back to the photometry system via the same ber-optic patch cable. There, the
light was separated by wave length using dichromic mirrors.

To allow for sensor expression, recordings were done at least 4 weeks after virus
injection. Light intensity at the tip of the ber was selected such that the signal covers a
high amount of the dynamic range of the camera while being as low as possible to reduce
the photobleaching of the sensor. For recordings with a rotary joint, we used 50 uW.

2.4 Experimental setups

All experiments were performed in the dark. Except for the IP injection, no researcher
was present in the room for the entire session. Video, Depth- and neural data were
recorded simultaneously. For video recordings, we used an ordinary IR camera (ELP
Camera USB108(P), to collect an HD video in the dark. For depth recordings, a Microsoft
Kinect 2 was used. Photometry data were recorded as mentioned above. A 3D-printed
mount was used to x the rotary joint and keep the patch cable at optimal length for
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long recordings. To synchronize video and photometry data, both data streams were
simultaneously collected using Bonsai, a graphical programming software specialized in
acquiring data from psychological experiments. To synchronize depth data to photometry,
both acquisition programs stored DateTime values for every data point collected.

N = 16 wild-type mice were tested for drug-induced locomotor sensitization via the
following procedure. Animals were habituated to an open- eld arena (black spray-painted,
21 cm in diameter), to the ber-optic patch cable, and to IP injections on three subsequent
days. To reduce stress during the IP injection, mice were habituated to the researcher's
hand daily starting 2 weeks before the experiments. All sessions, including the habituation
sessions, were60 minutes long with the IP injection after 10 minutes. IP injections were
consistently kept below one minute, and data collected in that time window were tagged
and later removed from the analysis.

After habituation, we recorded a 60-minute baseline with a saline injection after 10
minutes for every mouse. After three days, we recorded an injection of cocaine (20
mg/kg, n = 5), d-amphetamine (2 mg/kg, n = 5), or saline (n=6) via the same protocol.
We chose to leave at least3 days between recordings as we measured in a small prior
experiment that this was the time needed for the sensor (GRAB-rDA) to fully recover from
photobleaching. We repeated this for ve subsequent days. We didn't record injections 2,
3, and 4 (for the sensor to recover), but recorded injection 5. Then, after 7 days without
any injection, we recorded a challenge injection using the same dosage. Mice of the saline
group were injected with cocaine (n = 3) or d-amphetamine (n = 3) during the challenge.
One recording of one mouse was removed from analysis due to complications after the IP
injection.

2.5 Data Analysis

All data analyses were custom-made and written in Python using Pandas, Numpy, Scipy,
and Pingouin unless stated otherwise.

2.5.1 Detrending of Dopamine Data

Fluorescence varies within and between sessions due to different effects of photobleaching
or other artifacts. Thus, the key to a correct analysis of dopamine across longer timescales
is the correct removal of these effects. In the subsequent paragraphs, we describe how we
performed detrending and how we veri ed the correctness.

First, we measured the size of different artifacts. We recorded a patch cable that was not
connected to an implant and pointed it into the dark. The photometry didn't pick up any
uorescence. All pixels of the camera were 0 which suggests that the auto uorescence of
the patch cable used was below the detection threshold of the camera. We further did the
same test in an awake-behaving mouse who was implanted but had no sensor expression
to determine the amount of auto uorescence emitted by brain tissue and implant. Again,
we found that the uorescence emitted was below the detection threshold. Thus, we
reasoned that the remaining uorescence must come from the sensor itself and that a slow
exponential decay is only caused by the photobleaching of the sensor.
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To test this, we injected a dopamine-insensitive version of the sensor, GRAB-rDA-mut,
in 4 mice. This sensor is equivalent to GRAB-rDA except for a single point mutation in the
dopamine binding site that renders it insensitive to dopamine. The baseline uorescence is
similar to the baseline uorescence of GRAB-rDA and we observed the same exponential
decay and reasoned that this decay is caused by the photobleaching of the sensor.

We aimed at removing this exponential decay to extract the neural data. To do so, our
goal was to collect data with no other artifacts that in uence baseline uorescence. One
problem identi ed is bending loss. Bending loss is a result of the physics of the optic ber.
An optic ber consists of a core and a cladding that have different refractive indices. The
light inside the ber is then re ected at the intersection between the core and cladding
and does not exit the ber. However, when the ber is physically bent, light can exit
the ber at the bending location because there, the angle of attack is greater than the
maximum angle for complete re ection. Bending loss is especially a problem with LED
light and light emitted by the sensor because it over lIs the ber. While in industry, lasers
are preferred for that reason, this is not possible here. Bending loss can happen when the
mouse is moving a lot and the patch cable gets entangled. Because of the highly increased
locomotor activity during psychostimulant exposure, this was a signi cant problem. To
solve this and prevent the bending loss, we installed a rotary joint that made it possible for
the patch cable to rotate together with the mouse. Using mice with GRAB-rDA-mut, we
con rmed that no bending loss occurred and that there were no other signi cant sources
of artifacts that in uence baseline uorescence.

Photobleaching is caused by covalent changes in the uorophore caused by long or
high exposure to light that makes the molecule non- uorescent. That means, uorescent
changes caused by the neurotransmitter of interest also decrease. To compare signals be-
tween sessions, it is important that changes in signal mean a similar change in transmitter
concentration. In a prior experiment, we experimented with the length between record-
ings. We noticed that GRAB-rDA recovers from photobleaching completely after 3 days.
Thus, we left at least 3 days in between subsequent recordings to allow for recovery of
uorescence. After the experiment, we investigated the raw uorescent data and veri ed
that for all sessions, uorescence and degree of photobleaching are similar.

To estimate a baseline uorescence, we t a bi-exponential decay to the data for all
baseline sessions where saline was injected. For the other sessions, we can't do this because
the signi cant and prolonged increase in dopamine after injection of psychostimulants
impacts the regression negatively. There, we excluded the rst 40 minutes after injection
from regression as this was the time window where dopamine was increased. Because
the exponential decay of photobleaching was similar across sessions per mouse, we used
the regression of the baseline recording and made a linear t to the data ( 40 minutes
after injection excluded) of the other three recorded sessions. We validated this approach
with sessions recorded from mice with GRAB-rDA-mut and with sessions from the saline
group, where dopamine levels were stable throughout the session. We then subtracted
the regressed baseline from the raw data to remove the photobleaching-induced decay of
uorescence.

To better compare signals, we calculated z-scores (zdFF) by subtracting the median and
dividing by the standard deviation. Because short big dopamine transients can negatively
alter the calculation of z-scores, we excluded 5 % of the highest and 5% of the lowest
values. Also, we only used the 10-minute baseline to determine the median and standard
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deviation as the big drug-induced dopamine increase would make comparisons between
animals and sessions impossible.

2.5.2 Removal of Rotary Joint Artifacts

The rotary joint can introduce periodic increases and decay in uorescence when it turns,
as even tiny imperfections cause big changes in uorescence. To keep artifacts as small as
possible, we used a rotary joint that was pigtailed by the manufacturer and tested for low
rotational variance. While this signi cantly decreased the amplitude of artifacts, it was
still necessary to remove the remaining artifacts.

We used the isosbestic signal to remove the artifacts. The isosbestic is the signal collected
when the sensor is excited at a wavelength of 410nm. Most genetically encoded indicators
emit a similar amount of uorescence independent of whether the transmitter is present.
Thus, data collected from the isosbestic includes rotary joint artifacts, but not neural data.

Artifacts in the isosbestic signal are different in absolute brightness and scale. Thus,
it is necessary to shift and scale the data such that artifacts in the isosbestic and signal
are of same amplitude. To nd a good t, we temporarily removed slower changes in

uorescence such that isosbestic and signal are both at and a good scale can be found.
The artifacts were removed in the following way. First, we removed slower changes in uo-
rescence caused by drug-induced dopamine release using adaptive iteratively reweighted
penalized least squares (airPLS) B5. This method estimates a baseline by iteratively
changing weights of sum square errors between the t and the raw data in an adaptive
way. We set lambda to 1e4 and used an available python implementation of the algorithm
[35. We then used a non-negative robust linear regression to align the isosbestic to the
signal. Because artifacts were different in amplitude between the isosbestic and the signal,
we smoothed the data with a 450 ms moving average and made a linear t, and scaled the
isosbestic to match the signal. Then, we subtracted the smoothed and scaled isosbestic
from the detrended unsmoothed dopamine signal. Important to note is that we removed
slow changes in uorescence earlier to nd how much the isosbestic needs to be scaled
but now subtract the scaled and tted isosbestic from the initial dopamine signal. Thus,
we get the dopamine signal with all slow changes conserved, but exclude artifacts. To
evaluate this approach, we recorded mice with GRAB-rDA-mut for two sessions, one of
them with an injection of cocaine or amphetamine. We observed that rotary joint artifacts
increase on psychostimulants due to increased locomotion and that our algorithm is able
to almost completely remove these artifacts.

2.5.3 Dopamine Rise Time

We measured how fast dopamine rises within the rst few minutes after injection. To
quantify this, we calculated the time when dopamine was rising the fastest on average.
Dopamine traces were smoothed with a 60-second moving average to Iter out the phasic
activity. The timescale of phasic activity is subsecond (rise of dopamine transients) to
multiple seconds (fall of dopamine transients, bout of transients). Tonic activity is typically
observed using microdialysis and changes over multiple minutes. Thus, the 60-second
moving average smoothed out the phasic activity while keeping slower changes. Then,
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the derivative was calculated and the maximum was selected as the time of the fastest
dopamine climb.

2.5.4 Dopamine Fluctuation

To get the dopamine uctuation across a timescale of tens of seconds, the dopamine data
were rst smoothed with a 10-second moving average. Then, the standard deviation was
calculated using another moving window. Data from 5 minutes until 30 minutes after
injection were included.

2.5.5 Fast Fourier Transform

The data were smoothed with a 160 ms moving average. Then, the fast Fourier transform
was calculated during the 10-minute baseline and for 10 minutes after injection separately.
The NumPy function np.fft() was used for the Fourier transform.

2.5.6 Dopamine Transients

We selected dopamine transients as fast monotonic increasing rises that are at least one z-
score in amplitude. The threshold of one z-score was selected to minimize contamination
by uorescent noise while not excluding real transients. Dopamine data were smoothed
with a 160ms moving average.

2.5.7 Processing of Acetylcholine Data

Our acetylcholine measurements are characterized as short and sharp spikes that occur
at a frequency of 1-2 Hz but are unpredictable (they exhibit no obvious regular pattern).
Because we only looked at phasic activity throughout this study, we didn't apply the men-
tioned processing pipeline that we developed to analyze dopamine data across timescales
to acetylcholine. Rather, we used the airPLS [35] to remove photobleaching and artifacts.
We used a low lambda of 9 that produced a rapidly changing baseline to remove artifacts
from photobleaching as well. This was possible because acetylcholine spikes occur at a
much faster timescale than artifacts from the rotary joint. We then calculated z-scores
by subtracting the median and dividing by the standard deviation. Then, local peaks
were identi ed as ACh transients. We Itered the events such that only events with an
amplitude of 1.5 and a distance of the neighboring event of at least 130ms.

2.5.8 Finding the Onset of Locomotor Activity

Because we sought to only identify locomotor activity and not any movement, we used the
basis of the tail as a proxy for locomotor activity. We smoothed the movement data with
a 160 ms moving average and calculated the derivative. Then, local peaks were extracted
and used as locomotor activity onset if they were at least 0.5 in height and 300ms apart
from other movement onsets.
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2.5.9 Statistics

Independent and paired t-tests were performed with Scipy using the function stats.ttest_ind()
or stats.ttest_rel(). ANOVAs were performed with the Pingouin package using the func-
tion pg.mixed_anova(). A type 2 ANOVA was used for unbalanced datasets. To compare
groups with different variances, we used Welch's t-test.

2.6 DeeplLabCut

The genetically encoded transmitter indicators that we used for this project are excited
by and emit light into the visual spectrum. Thus, it is possible that other light sources,
for example, room light, introduce noise and artifacts in the recording. To prevent this,
we performed all experiments in the dark. Also, this is more natural for mice as they
are more active at night. To get a video recording, we used an ordinary commercially
available IR camera (ELP Camera USB108(P) that collects a full-HD video of the mouse
behaving in the bucket.

Although the mouse is clearly visible in the video, we found that established mouse
tracking libraries (we tried EZ-track) fail to detect the position of the mouse properly even
after thoroughly netuning all parameters. This is because the algorithms used rely on a
difference in hue between the mouse and background as opposed to e.g. contrast between
the mouse's shape and the background. To deal with these problems, we decided to use
DeepLabCut instead.

DeepLabCut [30] is a method for markerless pose estimation using deep learning. It
is implemented as a software library that contains functionality to process videos, label
frames, train an image model for pose estimation, and generate output movies. For
all analyses, DeepLabCut version 2.3.0 was used together with NVIDIA CUDA 117,
cuDNN 8.5.0, and TensorFlow 2.7.1. Training and inference were done on an accelerated
computing instance on Amazon Web Services (AWS) with an A 10G GPU (ml.g5.2xlarge).
We uniformly extracted 10-20 frames per video and added 40 images that showed edge
cases. We then manually annotated in total 279 frames with 13 markers for different parts
of the mouse's body. We labeled the tip of the nose, both eyes, both ears, four points
on the tail, and all limbs. For the nose and base of the tail, we labeled every image and
estimated the position if the body part was occluded. For all other markers, we only
labeled body parts that were visible. Successively, the model learned to assign a marker
for the nose and base of the tail for every image with a high probability, but for other
body parts only if it is visible in the image.

We used a ResNet50 [36] that was pre-trained on ImageNet data and netuned it
using our labeled data. We found that the model performed poorly and had dif culties
learning when trained on the full HD image, so we resized the images to a fth of the
original size. We trained for 230000iterations with a decaying learning rate. Else, we
used default parameters provided [ 30]. The nal training error (root mean squared error)
is 2.79 pixels, the test error is 2.98 pixels. For points with a probability cutoff of 0.6, the
training error was 2.04 pixels, and the test error 2.81. This is a near-perfect result as the
human annotations are probably less precise than 2 pixels.
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After netuning, we did inference for all 63 videos to get positions for every body part
in every frame. We applied a posthoc Iter to smooth the data. To calculate the distance
moved, we calculated the euclidean distance between subsequent frames.

2.7 MoSeq

The Kinect camera was mounted 69 cm above the ground of the open- eld arena. The
bucket was thoroughly sanded and spray-painted in black with Krylon Acryli-Quik ultra

at spray paint (K 01602207) to prevent IR glares. Without it, the light would get re ected

at the surface of the bucket and confound the data. Data were collected with a C#-
based user interface provided by the Robert Datta Lab[ 32]. The background was masked
with an elliptic Iter and the mean depth was subtracted from all images to remove the
background and only keep pixels that are part of the mouse. Then, a pre-trained model
provided by the MoSeq team was used to crop the image and to align the mouse such
that the nose was always on the right side of the image. To deal with the ber optic cable,
we used the model "ip_classier_k 2_largemicewith ber.pkl" provided by the MoSeq
team[32] to align the mouse correctly. For further analysis, we used default parameters
unless speci ed here. To further deal with remaining artifacts from the ber optic cable,
we used a tracking model to decrease the likelihood that the cable is falsely identi ed
as the mouse, and we used abx5 cable Iter. We then screened the output videos for
anomalies using MoSeq functionality. We veri ed that the mean and standard deviation
of oor area, length, height, and speed was reasonable for all sessions (Suppl. Figure 5.4).
We excluded one session that we identi ed as an outlier. After, videos were reduced to 10
dimensions via PCA. To deal with occluded portions of the image because of the cable, we
performed iterative missing data PCA as described[ 37]. The principal components were
visualized (Suppl. Figure 5.6) to validate the correctness. We also calculated ngerprints
for all sessions that included position, speed, height, and length (Suppl. Figure 5.5) and
it was visually con rmed that all measures were in a reasonable range. All principal
components seemed to be related to the mouse's body and not to e.g. the cable (Suppl.
Figure 5.6). Further, we found that the rst 5 principal components explain 91.5 % of the
variance, which is more than suf cient for further modeling.

We then applied the PCA to all included sessions and t the AR-HMM on them as
described elsewhere [32]. We rst ran a scan to nd the optimal kappa value. The kappa
value in uences syllable length and is thus important to get meaningful behaviors. We
trained 15 models with different kappa values for 100 iterations and selected a kappa
value of 500000as it yielded the most reasonable syllable length and was close to the
PCA changepoints. Then, we trained a model for 500iterations. We trained a model with
and without a robust version of the AR-HMM with a student's t-distribution and selected
the robust model as the nal model, based on the observed quality of the syllables. We
performed extraction, training, and PCA on a DGX- 1-like system with 192 CPU cores.

The model clustered the data into 72 different syllables, out of which 61 were used
because they explained more than 99 % of the syllable usage. After training, we performed
inference on all sessions to annotate all frames with syllables. To evaluate the meaning of
each syllable, we rst computed crowd movies. There, 12 occurrences of the same syllable
were randomly selected and a 3-second long video of the mouse around that syllable was
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extracted. Then, the 12 videos were overlayed to visualize all syllables at the same time.
A red marker was used to indicate the time the syllable was detected as each syllable has
a different length for each occurrence. These crowd movies were used to assign a syllable
name to each. The nal syllable names are shown in Figure 3.8C.
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3 Results

3.1 Locomotor sensitization a er repeated injections of
cocaine and amphetamine

Before studying dopamine and ACh characteristics and interaction during drug sensiti-
zation, we developed a sensitization schedule and tested behavioral sensitization in an
open- eld arena. We repeatedly exposed mice to cocaine (20mg/kg, 1.P.), amphetamine
(2mg/kg, I.P.), or saline. For every mouse, we recorded neural and behavioral data (Figure
3.1A, B) for a 60-minute baseline (saline), rst and fth psychostimulant injection, and a
challenge after 7 days without injections. For every injection, we recorded 10 minutes be-
fore injecting. During the challenge, animals of the saline group received psychostimulants
as well (Figure 3.1A).

We simultaneously recorded behavioral and neural measurements. We captured video
data, and 3D point clouds using a Microsoft Kinect for later ne-grained behavioral
analysis with MOSEQ and ber photometry data (Figure 3.1B). We trained an arti cial
neural network using DeepLabCut [ 30] to detect speci ¢ points of the animal's body. We
manually annotated 279images with locations of the nose, eyes, ears, fore- and back limbs
(if visible) as well as four parts on the tail. We then used the DeepLabCut framework to
netune a pre-trained ResNet- 50 on our annotated data. (Figure 3.1C) We then used the
model to predict the location of all body parts for all frames of our recorded videos. We
found that the model performed well with a test error of less than 3 pixels and that no big
jumps of body markers occurred which could hint to artifacts. Mice exposed to cocaine
and amphetamine were primarily running in circles while other animals were exploring
the arena in a slower and less circular way (Figure 3.1D).

We used the marker at the base of the tail to quantify locomotion. Locomotion is
directional movement that enables the mouse to move from one location to another. While
the head can move when the animal is not locomoting, for example by doing head turns,
rears, snif ng behaviors, or grooming, the base of the tail largely translates to movements
across space which makes it a good measurement for locomotion. During the baseline
session, none of the animals increased locomotion after the injection. There was a slight
downward trend as the mice spend more time in the bucket, some of the mice even
fell asleep towards the end of a session (Fig 3.1F, suppl. Figure 5.1). After injection of
cocaine or amphetamine, locomotor activity rapidly increased and slowly decayed towards
baseline levels as the session went on (Figure3.1F). We saw a clear sensitization on the
individual level (Figure 3.1E, suppl. Figure 5.1) and on average (Figure 3.1G). A mixed
ANOVA with baseline, injection 1, injection 5, and challenge as repeated measures and
treatment as the between-subject condition yielded signi cant main effects for treatment
(F = 1958, p = 0.00016§ and session (F =42.74, p = 5.9e-12) and an interaction between
treatment and session (F =6.89, p = 0.0000626. Post hoc pairwise independent t-tests
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Figure 3.1: Locomotor sensitization after repeated injections of cocaine and amphetamine

A Overview of experimental procedure for psychostimulant-induced locomotor sensitization B
Overview of recording setup C Representative image that shows body markers annotated by a
model trained with DeepLabCut D Three representative traces of locomotor activity, measured
at the base of the tail. Graphs show the position of the mouse in the open- eld arena for
3 consecutive minutes E Locomotor activity of a representative animal of the cocaine group,
measured at the base of the tail. Locomotor activity was grouped into 1-minute bins and averaged.
The color indicates the four recording sessions of the same mouse F Locomotor activity averaged
per group and session G Mean distance traveled in the rst 20 minutes after |.P. injection. Thick
lines denote the group average, ne lines represent individual animals H Mean distance traveled
in the rst 20 minutes after injection during the challenge recording. Animals of the saline group
received cocaine or amphetamine during the challenge injection. All error bars denote the . 95
con dence interval for the mean, calculated by bootstrapping with  1000iterations.
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revealed signi cant differences between cocaine and saline (injection 1: p = 0.000194
injection 5: p = 0.0161), amphetamine and saline (injection 1: p = 0.07, injection 5: p =
0.00045, and between cocaine and amphetamine only during the rst injection (injection

1: p = 0.033 injection 5: p = 0.368. The effect of amphetamine on locomotion on the rst
day was smaller compared to cocaine. (Figure 3.1F, G).

To test for locomotor sensitization, we compared locomotor activity during the challenge
between groups (Figure 3.1H). For the challenge, saline animals received either cocaine
(n=3) or amphetamine (n=23). We found that locomotor activity was signi cantly increased
for sensitized animals. Pairwise t-tests revealed a signi cant increase between cocaine and
saline (p = 0.04), amphetamine and saline (p = 0.0024 but not cocaine and amphetamine
(p = 0.85). We also investigated whether locomotor activity increases between injection 1
and challenge for the cocaine and amphetamine group. A paired one-sided t-test showed
a signi cant increase for the amphetamine group (p = 0.0037) but not for cocaine (p =
0.109. We found that this was the case because some of the animals exposed to cocaine
increased their grooming behavior.

3.2 Photometry recordings reveal dopamine sensitization
across di erenttimescales

To detect dopamine and ACh dynamics, we injected 16 mice with adeno-associated virus
(AAV) in the nucleus accumbens shell (NAcSh) and expressed the dopamine sensor GRAB-
rDA and the ACh sensor GRAB-Ach 3.0 (Figure 3.2A). We then implanted an optical ber
and measured uorescence changes with ber photometry. We detrended dopamine data
as described in 2.5.1.

First, we sought to reproduce ndings from microdialysis studies and determine the
degree of dopamine sensitization. There, multiple researchers reported that dopamine
concentration is increased in sensitized mice [38]. We were able to see sensitization effects
in the dopamine data for individual mice for both amphetamine and cocaine (Figure
3.2B, C). To quantify dopamine levels, we calculated the area under the curve for the rst
20 minutes after injection. All four cocaine mice and 3 of 5 amphetamine mice showed
increased dopamine levels for injection 5 and challenge compared to the rst injection
(Figure 3.2D). To test for dopamine sensitization, we compared dopamine release during
the challenge injection between the sensitized mice and the saline group, which received
cocaine or amphetamine for the rst time during the challenge. We reported a signi cant
increase for both the cocaine group (p = 0.00231, independent one-sided t-test) and the
amphetamine group (p = 0.0347, independent one-sided t-test). After this reproduction
from previous studies, we investigated changes that might happen at faster timescales.
Microdialysis is poor in temporal resolution, with 1 data point every 1-5 minutes. On the
other end of the spectrum, fast-scan cycling voltammetry (FSCV) or photometry is often
used to detect transient changes on a subsecond scale but fails at detecting slower changes
because of a changing baseline (FSCV) or photobleaching (photometry), respectively. Here,
we proved that it is possible to use photometry to detect changes that are tens of minutes
long.

We visually compared how big transient vs drug-induced tonic changes are (Figure
3.2B, C: the thick lines are a 30-second moving average whereas the transparent lines
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Figure 3.2: Photometry recordings reveal dopamine sensitization across different timescales
A Genetically-encoded transmitter indicators for dopamine (GRAB-rDA) and acetylcholine
(GRAB-ACh) were injected into the nucleus accumbens shell, and an optic ber ( 200 um) was
implanted above the injection site to measure uorescent changes of the indicators. B Left panel:
Representative trace of recorded standardized uorescent changes of dopamine during 60seconds.
Right panel: Dopamine activity of a representative animal over the full 60-minute recording for
baseline, injection 1, and challenge. Thick lines mark the 60-second moving average, transparent
lines the unsmoothed data C Same as B, but for an animal of the amphetamine group D Average
dopamine activity for every experimental group across sessions. The mean is calculated from 0-20
min after injection. E Average dopamine activity during the challenge injection. Saline animals
received either cocaine or amphetamine during the challenge. Dopamine is signi cantly increased
for cocaine (p = 0.00231 independent one-sided t-test) and amphetamine (p = 0.0347 indepen-
dent one-sided t-test) compared to the saline group. F Hypothesis. We investigate whether not
only dopamine amplitude changes during sensitization, but also uptake speed G Representative
animals that show faster dopamine increase for challenge H Time of biggest slope per animal;
cocaine animals in blue (p = 0.0353 paired t-test), amphetamine in red (p = 0.0705 paired t-test)
I During the challenge, dopamine increase is signi cantly faster in sensitized mice (cocaine: p
= 0.0433 amphetamine: p = 0.045], independent t-test, corrected for unequal variance using
Welch's test) J Dopamine trace of a representative animal before and after injection of cocaine
K Fast Fourier Transform of dopamine traces from 0 — 50 min after injection averaged across
animals and sessionsL Difference in dopamine uctuation compared to the 10-minute baseline
before injection. Dopamine uctuation is calculated as the standard deviation across a 30-second
moving average window on a smoothened dopamine signal. Error bars show s.e.m. A mixed
2 ANOVA revealed a signi cant main effect for the session (F = 9.556, p = 0.000074



3.3 Dopamine transients during sensitization

are the unsmoothed data including phasic activity). Remarkably, dopamine rises to a
level consistently above that of the highest transients during the 10-minute baseline before
injection. This is interesting because most studies that analyze transient data baseline
individual traces to a short baseline of a few seconds before trial, ignoring the overall
dopamine activity completely. Of course, cocaine and amphetamine raise dopamine to
abnormally high levels, but this data shows that also investigating tonic dopamine activity
when analyzing short trials should at least be considered.

Next, we were wondering whether sensitization produces changes on faster timescales
as well. First, we observed that sensitized mice increase their locomotion faster (Figure
3.1F) and we investigated whether this is true for dopamine as well. We hypothesized
that in addition to the increased amplitude, the dopamine rise after injection is faster
and that the decay happens earlier as well. This effect was clearly visible for individual
mice (Figure 3.2G) and we quanti ed the time of the steepest slope by nding the argmax
of the gradient. As a result, we con rmed that the time of the fastest dopamine rise
shifted forward for all animals (Figure 3.2H) (cocaine: p =0.0353 amphetamine: p =
0.0705 paired t-test). We also compared sensitized mice to the saline group during the
challenge and observed a signi cant difference for both groups (Figure 3.21) (cocaine: p =
0.0433 amphetamine: p = 0.0451, independent t-test, corrected for unequal variance using
Welch's test).

Second, we investigated whether uctuation in dopamine changes. Dopamine levels are
changing on a subsecond scale and we hypothesized that the amount of variation could
be lower because DAT is blocked by cocaine or amphetamine, preventing the dopamine
signal from being sharp (Figure 3.2J). We calculated a fast Fourier transform of the data
to investigate how different wavelengths change in power (Figure 3.2K). Interestingly, we
discovered that fast frequencies seem to increase in power and we reasoned that small,
fast transients increase after psychostimulant injection. To investigate how dopamine
uctuates on slower timescales, we smoothed the data with a 10-second moving average
window and took the standard deviation of the smoothed signal. We then plotted the
change in standard deviation between the 10-minute baseline and a time window of 5-30
min after injection (Figure 3.2L). We found that change in standard deviation decreased
as mice sensitized (signi cant main effect for the session: F = 9.556, p = 0.000074 mixed
ANOVA), suggesting that large dopamine uctuation over tens of seconds decreases after
cocaine and amphetamine, but not small, fast transients.

3.3 Dopamine transients during sensitization

Although dips and ramps have been observed, most dopamine activity can be described
by transients that are characterized by a fast rise and a slow, exponential decay. After
discovering changes in dopamine uctuation, we were interested in whether they can be
attributed to a change in transients, and if transients change during sensitization. Thus,
we sought to algorithmically extract the time and size of dopamine transients.

Several approaches have been used in the existing literature. First, researchers de ned
transients as local peaks exceeding a manually set threshold. [39]. We investigated this
method but concluded that it's not suited to extract dopamine transients. This is because
transients occur at different timescales and different amplitudes. This makes it dif cult to
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Figure 3.3: Dopamine Transients during Sensitization

A Dopamine trace (red) of representative animal and detected transients with size (blue) B Peri-
events of the same mouse around dopamine transients > 1.5 z-scores, t =0 is aligned to the
maximum amplitude of the transient C Averaged dopamine traces for the baseline session of all
mice around transients > 1 z-score D Averaged dopamine traces around dopamine transients
separated by group and colored by the time when the transient was recorded (baseline: before
injection; rise: 0-5 min after injection, high: 5-20 min after injection, fall: 20-50 min after injection).
Only injections 1 and 5 are included because only there, saline animals received saline and the
others the psychostimulant E Averaged dopamine traces around dopamine transients during
“rise” ( 0-5 min after injection), colored by group F Same as D, but only for transients during “rise”
(0-3 min after injection) and colored by session
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assign a suited vertical and horizontal threshold, the basis of this algorithm. It also often
fails to detect the onset of a transient and instead labels short outliers during the decay
falsely as transients.

Second, other researchers used more advanced algorithms to match transients to a given
shape. This works well under the assumption of a speci ¢ shape of the transients. Here,
however, we cannot assume that transients after cocaine or amphetamine injection follow
the same shape. Because cocaine and amphetamine block dopamine reuptake transporters,
transients decay slower. That's why we chose an approach that focuses on the sharp rise.
We smoothed the photometry data with a 300 ms moving average and de ned transients
as sharp, monotonically increasing sequences that are at least one z-score in size. This
algorithm robustly yields the time of the maximum dopamine levels directly after a sharp
rise (Figure 3.3 A). The algorithm also yields the size of the transient. We found that
individual transients can have very different forms and shapes (Figure 3.3B), but the
average is marked by a sharp rise and a long, exponentially decreasing decay (Figure
3.3C).

Cocaine blocks the dopamine reuptake transporter (DAT) which leads to a slower
dopamine clearance from the extracellular space. We thus hypothesized that dopamine
transients would decay slower. In addition, it has been shown that dopamine neurons
are inhibited via D 2 autoreceptors. Together with our prior ndings about reduced
uctuation, we predicted that transients are smaller in amplitude. To compare transients,
we divided each session into four parts: "baseline" for transients that occurred during the
10-minute baseline before injection; "rise" for 0 - 5 minutes after injection; "high" for 5 - 20
minutes after the injection”; and "fall" for transients 20 - 50 minutes after injection (Figure
3.3D). We observed that the amplitude of transients during "rise" is similar to baseline.
However, dopamine decays less after a transient, suggesting that dopamine increases
in an almost step-like fashion (Figure 3.3D, middle panel). This is consistent with our
neurobiology-inspired hypothesis. For "high" and "fall", dopamine transients also decay
slower, but are also smaller in size, compared to rise or baseline.

Amphetamine acts via different mechanisms. While it also blocks DAT through com-
petitive inhibition, it can also internalize or reverse DAT. This process is independent of
activity and would produce a continuous dopamine ef ux. We thought that these dif-
ferences might be visible and hypothesized that dopamine would increase continuously,
and not only after transients. However, we found that dopamine transients look similar
compared to cocaine (Figure 3.3 D, left panel). We compared transients during the rst 5
minutes after injection between groups (Figure 3.3E) and concluded that transients look
similar for cocaine and amphetamine. However, transients after amphetamine injection de-
cay slightly faster, an observation that is likely the result of the slower pharmacodynamics
of amphetamine.

Lastly, we tested if phasic transients also sensitize. Because we observed that dopamine
rises faster in sensitized mice earlier, we looked at the period of 0 - 3 minutes after
injection speci cally. We observe an increase in persistence during sensitization, meaning
that transients decay slower in sensitized mice (Figure 3.3F).

In total, we extracted dopamine transients and showed that for both amphetamine
and cocaine, transients decay slower and that this effect strengthens as the mouse gets
sensitized.
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3.4 Accumbal ACh levels and dynamics change in response to
psychostimulants

We investigated how ACh changes in response to psychostimulants and during sensitiza-
tion. To record extracellular ACh dynamics, we expressed an ACh sensor (GRAB-ACh 3.0)
together with the dopamine sensor (GRAB-rDA). This allowed us to capture ACh and
dopamine simultaneously. In the Nucleus Accumbens Shell, ACh levels are stable, with
short and sharp transients that occur irregularly at a frequency of 1-2 Hz (Figure 3.4A).
These transients are likely the result of the synchronous ring of a population of cholin-
ergic interneurons. Because we observed that baseline levels appear to be stable, we
primarily analyzed these ACh events. We captured events by applying a simple Iter that
nds local maxima with a threshold of 2 z-scores (Figure 3.4A). We set the threshold to 2
z-scores as this threshold has been used and veri ed by other researchers using the same
sensor [40].

We found that events are stereotypically short, sharp, and high in amplitude (Figure
3.4B). Looking at individual traces, we saw an apparent increase in amplitude after the
injection of psychostimulants (Figure 3.4C). We investigated event-time data as frequencies
via a 30-second moving window. We observed slight variations in the baseline frequency
of detected events between animals that might be due to differences in expression. To
compare and average, we calculated a baseline frequency per session using the rst 10
minutes and subtracted the baseline from the frequency data. We observed a rapid
and strong decrease in frequency after injection of amphetamine or cocaine, but not
after saline (Figure 3.4D, E). A repeated measures ANOVA with the session as repeated
measure and group as between-subject variable yielded a signi cant main effect for both
(group: F=6.757, p=0.0139 session: F#%6.295 p=0.00192 and a signi cant interaction
(F=6.234, p=0.00024§. We observed that the difference increased during sensitization for
some animals (Figure 3.4F), but not for all. Thus, posthoc t-tests showed big differences
between saline and psychostimulants during injection 5 (saline-cocaine: p=0.00133 saline-
amphetamine: p=0.00293 amphetamine-cocaine: p=0.382, independent student's t-test),
but not during the challenge, where animals of the saline group received either cocaine
or amphetamine (saline-cocaine: p=0.113 saline-amphetamine: p=0.0173 amphetamine-
cocaine: p=0.466).

We further investigated whether not only the number but also the amplitude of tran-
sients decreased. We extracted ACh traces around events, averaged them (Figure3.4G),
and found that their amplitude decreases after injection of cocaine or amphetamine (Figure
3.4H). A repeated measures ANOVA with the group as a between-subjects factor showed
signi cant main effects for group (F= 16.88, p=0.00090Q and session (F=17.24, p=0.000003
and an interaction (F=4.1, p=0.0047Q. A posthoc test between groups at challenge injection
also yielded a signi cant difference between saline and cocaine (saline-cocaine: p=0.0423
saline-amphetamine: p=0.087Q cocaine-amphetamine: p=0.832 independent student's
t-test), suggesting that there is a sensitization effect.

We showed that after injection of cocaine and amphetamine, ACh events decrease in
amplitude and frequency. Because we measure events with a xed threshold, it's possible
that not the real frequency decreases, but simply the amplitude and that subsequently,
fewer events exceed the threshold. In that case, our estimate for the decrease in amplitude
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3.4 Accumbal ACh levels and dynamics change in response to psychostimulants

Figure 3.4: ACh Events decrease during Sensitization
A ACh trace of a representative animal with markers for detected events B Peri-events of the
same mouse showing that ACh events are short and consistent transients C ACh trace around
a cocaine injection of a representative animal D Averaged traces of difference between mean
baseline frequency and event frequency around a 30-second moving window E Same measure as
in D but aggregated for session and group F Same measure for a representative animal and all
four sessionsG ACh traces aligned to events by substance (all sessions where saline was given, for
example also the baseline recording for all animals, is included, and so on). Grey shows averaged
transients that occurred during the 10-minute baseline before injection, and green covers the 50
minutes after injection. H Quanti cation of G. For every session, the difference between peak
height during the baseline and post-injection is calculated and shown. All error bars present the
.95 con dence interval of mean, calculated by bootstrapping with  1000iterations.
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3 Results

is a gross underestimate and could be much bigger. Furthermore, it could technically be
the case that the observed sensitization effect is not only due to a decrease in amplitude
after injection, but additionally to an increase before injection. This possibility is discussed
in a later chapter.

3.5 Interaction between dopamine, ACh, and locomotion

After we looked at locomotion, dopamine, and ACh individually, we wanted to un-
derstand better how they relate - and how their relationship changes in response to
psychostimulants. We systematically extracted dopamine, ACh, and locomotor activity
traces and aligned them to dopamine transients, ACh events, and movement onset. This
yielded a matrix that describes how locomotion, dopamine, and ACh correlate and how
their correlation changes in response to cocaine and amphetamine.

First we looked at dopamine (Figure 3.5, rst column). To detect dopamine transients,
we used the method described earlier. Brie y, we de ned transients as sharp, monotoni-
cally increasing sequences that are at leastl z-score in height. Dopamine data aligned to
transients yielded the average dopamine transient itself and is characterized by a sharp
increase and slower, exponential decay. Here, transients after amphetamine or cocaine
injection look similar to saline, but this is a mere artifact because transients that occur
in the rst few minutes are big and long whereas later transients are smaller in size (as
shown in Figure 3.3). These two opposing characteristics lead to the fact that averaged
dopamine transients after psychostimulant injection look similar to baseline transients.

We then aligned ACh data to the same transients and found that often, ACh transients
cooccur with dopamine and reach their amplitude 0.2-0.6 seconds before the amplitude
of a dopamine transient. It is important to note that there is no ACh transient before
every rise in dopamine - however, cooccurrence is more probable than by chance. Cholin-
ergic interneurons in the nucleus accumbens strongly modulate dopamine release via
nicotinic receptors on dopamine neurons and can explain this observation. ACh spikes
in photometry are thought to re ect synchroneity of cholinergic interneurons because the
optic ber is thick enough to cover (and thus measure) ACh release of a population of
cholinergic interneurons. It has been shown that this synchronous ACh release ampli es
dopamine transients [17]. We observe that the ACh transient is followed by a short pause
which develops because dopamine transiently inhibits cholinergic interneurons by acting
on their D 2 receptors [41]. Because dopamine transients get smaller in amplitude as well
after injection of amphetamine or cocaine, we found that the proportion between the size
of dopamine and acetylcholine transients does not change (not shown).

Baseline movement does not correlate with dopamine release (Figure 3.5 rst column,
3rd, and 4th plot). This is consistent with extensive prior literature that suggests that
dopamine is related to movement in the dorsal striatum, but not the nucleus accumbens.
Dopamine transients there are caused by reward prediction errors [ 1] but can correlate
with movement if the information causing the prediction error makes movement necessary.
Here, we observe that speed measured at the nose or at the base of the tail is increased
sharply around dopamine transients only after injection of a psychostimulant.

Second, we extracted ACh events. Spikes occur at a frequency of1-2 Hz but the time
between two transients is unregular (see at lines at the edges of the graph). We further
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