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Abstract

Decisions enable us to consider our actions while adjusting behav-
iors to a relentlessly changing environment. Since conscious decision 
making requires our full attention and is therefore expensive, we use 
a cheaper system for everyday and repetitive tasks that run automat-
ically without conscious evaluations, commonly described as habits. 
The combination of these two systems is highly adaptive. However, if 
there is a disruption in these systems’ balance, mental illnesses such 
as Obsessive-Compulsive Disorders (OCD) or addiction may arise.

Now, how does a newly acquired memory or behavior transition 
to a habit?

We know that the striatum’s dorsolateral region (DLS) plays a sig-
nificant role in sustaining successful behaviors and habits manifes-
tation. Furthermore, it has been shown that the micro-circuitry of 
the DLS is organized into two functional opposing pathways that con-
sist of the direct pathway striatal spiny projection neurons (dSPNs), 
which facilitate movement, and the indirect pathway SPNs, which 
inhibit actions.

Already Freud wrote in the letters to his friend Fliess that mem-
ory and motive are inseparable, and its recollection would have no 
force or meaning unless it would be coupled to a motive or emotion. 
Therefore, we hypothesize that emotional-associated cues would di-
rectly prime the DLS through the amygdala to turn newly acquired 
behaviors into habits. We are adding new supporting insight for this 
hypothesis by using a duplex optogenetic stimulation system of the 
amygdala input in the DLS, modulating specific compulsive behav-
iors bidirectionally. These behavior modulations were accompanied 
by spine density modulations and intrinsic excitability changes in the 
SPNs of the DLS.

Keywords: Compulsions; Habits; Optogenetics; Neuromodulation; 
Dorsolateral striatum; Amygdala.
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Introduction

We make decisions every day. They allow us to evaluate the 
consequences of our actions and to adapt to a continually chang-
ing environment. However, conscious decision making is an ex-
pensive process and requires our full attention. For every day 
and repetitive tasks, our brain uses a different system to free up 
working memory to focus on new tasks and challenges: habits. 
Habits are formed based on successfully learned and applied 
behaviors, which turned into a routine that runs automatically 
without conscious evaluations [1]. The combination of both sys-
tems is efficient and highly adaptive.

However, if there is a disproportional weight on one of the 
two, it may lead to various illnesses such as Obsessive-Compul-
sive Disorders (OCD) [2,3] or addiction [4].

It has been sown in various animals such as mice, rats, non-
human primates, and humans that the goal-directed system 
is centered in the Dorsomedial (DMS), and the habit system is 
located in the Dorsolateral Striatum (DLS) [5-8]. From inactiva-
tion and lesion studies of the DMS or DLS, we know that ei-
ther action-outcome or habit strategies become disrupted [6-
9]. How does the transition from a newly acquired memory or 
behavior turn into a habit? In the 1890s, Freud wrote in “The 
Project,” which consisted of letters to his friend and colleague 
Fliess, that there are neuronal systems with contact barri-
ers that are capable of selective facilitation or inhibition [10]. 
Those would allow permanent neuronal changes that represent 
information acquisition and new memories. This hypothesis of 
the associative process underlying action selection was right in 
the striatum’s spiny projection neurons, where brief glutamate 
uncaging at spines on distal dendrites evoked somatic up-
states lasting hundreds of milliseconds [11]. Freud also wrote 
that memory and motive are inseparable, and its recollection 
would have no force or meaning unless it would be coupled to 
a motive or emotion [10], which facilitates long-term memory. 
Hebb’s work described this vital aspect of causation and added 
the requirement of temporal precedence [12]. Johansen et al. 
2014, provided us with direct evidence supporting the idea of 
Hebbian processes in the amygdala and showed that it is both 
necessary and sufficient to trigger synaptic strengthening and 
behavioral associative memory formation [13]. These hypoth-
eses and results propose a direct functional projection from the 
amygdala, which is mainly responsible for labeling both posi-
tive and negative emotions [14,15], to the DLS, where behaviors 
turn into ingrained habits. Solving this problem would bring us 
closer to gain a more in-depth insight into information integra-
tion mechanisms and to comprehend better aberrations in the 
circuitry of mental health disorders such as OCD and addiction. 
Striatal spiny projection neurons (SPNs) of the dorsal striatum 
are organized into two functional opposing pathways, the direct 
pathway formed by the dSPNs, which express the dopamine D1 
receptor and facilitate movement, and the indirect pathway 
iSPNs, which express dopamine D2 receptors and inhibit activity 
[16-21]. Based on the cellular output consequences, the bal-
ance of these two pathways is critical for appropriate behavior 
and habit learning. Anatomical work showed that while SPNs in 
the dorsal striatum mostly receive sensory and motor-related 
inputs, the same SPNs also receive a small number of amygdala 
inputs [22]. This study shows a direct functional synaptic con-
nection between the basal and lateral nuclei of the amygdala 

(BLA) and DLS. Synchronized activation of the BLA inputs with a 
blue laser targeted to a distal dendrite in current-clamp mode 
could evoke somatic action potentials. These action potentials 
were followed by a prolonged depolarization lasting tens of mil-
liseconds, similar to that produced by optogenetic activation of 
cortical terminals, but significantly scaled-down in both ampli-
tude and duration. BLA terminal activation in the DLS modulat-
ed mice’s behavior, and over-activation of this pathway induced 
OCD-like behaviors in mice and were turned back to an average 
frequency using a depotentiation stimulus. Our mapping results 
showed that in the dSPNS of the DLS of optogenetically induced 
OCD-like behaving mice, the spine density was increased, and 
intrinsic excitability was elevated compared to the iSPNs. The 
observed circuit changes indicate increased synaptic function of 
the direct pathway associated with hyperkinetic behavior, such 
as compulsive grooming. In summary, the results demonstrate 
how DLS circuitry can be plastically modulated by over activa-
tion of the amygdala circuit, contributing to repetitive motor 
behavior. However, most importantly, the results indicate that 
using a low-frequency stimulation of the BLA-DLS pathway can 
ameliorate compulsive behavior.

Methods

We used ~75-110-day old BAC transgenic drd1a-td Tomato 
transgenic mice following procedures approved by the Nathan 
Kline Animal Care and Use Committee. Surgeries: For stereotax-
ic surgery, mice were anesthetized with ketamine and xylazine 
and secured in a Neurostar robot stereotaxic apparatus. WT 
mice received unilateral injections of a synapsin-ChR2-GFP-AAV 
construct (UPenn vector core) at 2-5 months of age. Stereotaxic 
injections targeted the BLA (ML -2.99 mm, AP -1.22 mm, DV 
-4.38 mm), thalamus (ML 1.5 mm, AP −4.25 mm, DV 3.5 mm), 
and SMC (ML 1 mm, AP -2.5 mm, DV 0.75 mm). In the same sur-
gery, a mono fiber-optic cannula (core diameter 200 um, outer 
diameter 245 um, 0.37 NA, Doric Lenses) was implanted in the 
dorsolateral striatum (0.6 mm anterior to Bregma, tip depth 2.7 
mm below pia surface) and held in place with dental cement. 
After the implantation surgery, animals were allowed to recover 
for 10 to 14 days. Behavior: Two weeks following surgery, the 
cannula was coupled to a fiber optic patch cord attached to a 
473 nm blue LASER and placed in a transparent glass cylinder. 
Mice were acclimated to this configuration for three days, 10 
minutes per day. After acclimation and baseline measurements, 
the dorsolateral striatum was stimulated by the LASER using 10 
ms pulses (3 mW) at 20 Hz or 2 Hz for 10 minutes during ei-
ther grooming or digging behavior, once daily for five days 29. 
Controls included mice that received saline injections or sham 
cannula implants. Mice were videotaped in the glass cylinder to 
assess grooming during three epochs: 1) 5 minutes before la-
ser stimulation, 2) during laser stimulation, and 3) 5 minutes 
after laser stimulation. Grooming was also assessed three days 
before the first stimulation and one week following the last LA-
SER stimulation. All data presented is from 5 min before stimula-
tion. Total time spent grooming was quantified by the observer’s 
blind to experimental conditions.

Electrophysiology

Anesthetized mice (50 mg kg−1 ketamine and 4.5 mg kg−1 
xylazine) were perfused transcardially with 5–10 ml ice-cold ar-
tificial CSF (aCSF) containing (in mM): 124 NaCl, 3 KCl, 1 CaCl2, 
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1.5 MgCl2, 26 NaHCO3, 1 NaH2PO4, and 16.66 glucose, continu-
ously bubbled with carbogen (95% O2 and 5% CO2). Slices were 
then transferred to a holding chamber where they were incu-
bated in ACSF containing (in mM) 2 CaCl2, 1 MgCl2, at 35°C for 
60 min, after which they were stored at room temperature until 
recording. Identified SPNs were recorded from a patch-clamp 
system equipped with integrated calcium imaging capabilities. 
The recording electrode contained (in mM) 135 Cs-gluconate, 
10 HEPES, 10 Naphosphocreatine, 4 Mg2-ATP, and 0.4 NaGTP 
(290–295 mOsm, pH 7.35 with CsOH) and 0.05 Alexa 568 and 
0.5 Fluo-5F hydrazide Na+ salt (Invitrogen). Dendrites and cal-
cium signals (held at 0 mV) were visualized in real-time for map-
ping experiments. Ca2+ signals were analyzed in Matlab and 
expressed as ΔF/Fo. For spine density studies, high magnifica-
tion z-series images (0.2 μm steps, 5x digital zoom) were taken 
through 2 distal (>100 µm from the soma) and proximal (50 µm 
from the soma) dendritic regions per SPN. The images were de-
convoluted using AutoQuant X2 (Media Cybernetics), and spine 
density analysis was performed with Neuron Studio. Differences 
were considered statistically significant if p< 0.05.

Results

Anatomical research has stressed that while striatal spiny 
projection neurons (SPNs) primarily receive sensory and motor-
related inputs in the DLS, a limited number of amygdala inputs 
also converge on the same SPNs [22]. Although such conver-
gence may indicate a possible mechanism through which emo-
tion-associated priming may directly influence dorsal striatum-
mediated action selection and habit learning, clear functional 
evidence of these synaptic connections is scarce.

Characterization and localization of BLA inputs on dSPNs 
and iSPNs in the DLS

In order to characterize how the BLA innervates the DLS, 
Channelrhodopsin 2 (ChR2) was stereotaxically injected into the 
BLA. After two weeks, we voltage-clamped and filled dSPNs and 
iSPNs with calcium dye in the DLS of acute brain slices and vi-
sualized the BLA terminals along their dendrite while activating 
them by trailing blue laser spots along the dendrite. This way, 
we measured and imaged the location of BLA terminal activa-
tion- induced calcium transients in the dSPNs and iSPNs of the 
DLS simultaneously.

Our results show that the BLA functionally innervates both 
dSPNs and iSPNs in the DLS. While the BLA innervation is scant, 
it is distributed mainly along the dendritic arbor of dSPNs and 
iSPNs. We also observed that the BLA projection to the DLS favor-
ably targets the dendritic shafts, not the spines, of both SPNs 
types (Figure 1).

Role of BLA in shaping heterosynaptic integration in SPNs

Here we show that stimulating specific optogenetic DLS in-
put terminal activation with just five laser pulses on distal den-
drites in current-clamp mode evokes an action potential in the 
recorded SPNs. Furthermore, suppose we activated, using the 
same stimulation protocol, simultaneously the BLA and SMC in-
puts. In that case, we could functionally enhance the amplitude 
and duration of evoked synaptic responses in SPNs significantly 
more than with any other input stimulation grouping (Figure 2).

Figure 1: BLA-DLS pathway mapping. (a) Example of an injection 
of synapsin-ChR2- GFP-AAV constructs into the BLA of a Drd1-
tdTomato mouse. (b) Example of an SPN where BLA inputs were 
mapped by patch clamping and loading it with Alexa Fluor 568, 
after that inducing ChR2 activation with a 473 nm LASER pulse 
along the indicated dendrite. The red dots show the recorded BLA-
DLS points. Zoomed, for example, of a Ca2+ response of an opto-
genetically induced BLA input onto the SPN shaft. (c) Calculated 
percentage of BLA input localization of axodendritic, axospinous, 
and dispersed responses (simultaneous response on dendritic shaft 
and spine) dSPNs (n=10) and iSPNs (n=10). P < 0.05, ANOVA, post 
hoc Tukey.

Figure 2: Coactivation of the BLA and SMC input to the DLS evokes 
highest upstate in SPNs. (a) Example traces from the whole-cell 
recorded SPN showing voltage changes induced by optogenetic 
stimulation laser pulses on distal spines. The upper trace repre-
sents somatic response after optogenetic activation of BLA input 
only, whereas the lower trace shows the recorded voltage changes 
induced by simultaneous BLA and SMC input stimulation. (b) Sum-
marized comparison of all amplitudes evoked by various input 
terminal activation with laser pulses on distal dendrites on SPNs. 
N=8 in each group. (c) Summarized comparison of all response du-
rations evoked by distinctive input terminal activation with laser 
pulses on distal dendrites of SPNs. N=8 in each group, P < 0.05, 
ANOVA, post hoc Tukey.

Duplex optogenetic stimulation system modulates compul-
sive behaviors bidirectionally

Next, we wanted to test which role the BLA-DLS pathway 
stimulation plays in the behaving animal. Furthermore, we hy-
pothesized that the BLA-DLS pathway bidirectionally controls 
the frequency of specific behaviors. Therefore, we repeatedly 
stimulated optogenetically the BLA axon terminals within the 
DLS during specific behaviors first at a high frequency (20 Hz), 
and to reverse the effect, we used a depolarizing low-frequency 
stimulation of 2 Hz. Our data show that the stimulation of BLA 
axons in the DLS during specific behaviors produces a long-term 
and behavior-specific (grooming vs. digging and vice versa) in-
crease in response frequency while sparing other behaviors 
(grooming/digging) (Figure 3). Succeeding behavior-specific 
low-frequency stimulation of this pathway reduced these specif-
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ic targeted repetitive behavior frequencies back to baseline lev-
els while untargeted behaviors were left unchanged (Figure 3).

Figure 3: BLA-DLS pathway stimulation modulates specific behav-
iors bidirectionally in a frequency dependent manner.
(a) Cartoon depicting an injection of synapsin-ChR2-GFP-AAV con-
struct into the BLA of a Drd1-tdTomato mouse and in vivo optoge-
netic stimulation cannula is placed unilaterally in DLS. (b, c) The BLA 
input to the DLS modulates repetitive behaviors bi-directionally. 
Quantitative comparison of the effects of high-frequency (20hz) 
and low frequency (2Hz) stimulation during either digging (b) or 
grooming (c) behaviors during a 10 min timespan per day for five 
days. N= 6-12 per group, P < 0.05, ANOVA, post hoc Tukey.

Figure 4: The expression of behavior frequency modula-
tions was accompanied by excitability alterations and plas-
ticity changes of the SPNs in the DLS. (a) Example traces of 
an SPN measured proximal (blue) and distal (red) dendritic 
calcium responses after somatic theta burst stimulation. (b) 
High-frequency laser stimulation increased dSPN excitability, 
which was reversed by low-frequency stimulations. (c) Ex-
ample dendrites of dSPN and iSPN for spine density mea-
surements. (d) Summary graph of spine density data. High-
frequency laser stimulation increased dSPN spine density, 
which was reversed by low-frequency stimulations. (n=6 in 
each group), P < 0.05, ANOVA, post hoc Tukey.

Plasticity changes accompany repetitive behavior modula-
tions

In this part of the study, we examine if the BLA inputs' behav-
ioral effects to the DLS induce excitability and plasticity changes 
in the SPNs.

We conducted combined electrophysiology and imaging ex-
periments to describe the intrinsic excitability changes in SPNs of 
the DLS striatum after in vivo BLA input stimulation. We evoked 
backpropagating action potentials (bAPs) while measuring cal-
cium dynamics of dendrites by filling SPNs with the high-affinity 
Fluo-5F hydrazide Na+ salt (Invitrogen) calcium dye through the 
patch electrode (Figure 4). In order to elicit action potential that 
propagated to the dendrites and evoked calcium transients, we 
conducted current injections into the somata of SPNs (Figure 
4A). We used five bursts of action potentials because of the bet-
ter signal-to-noise ratio for trains since they have been shown 
to be more sensitive indicators of dendritic scaling of bAP-
evoked calcium transients than single action potentials [23]. 
We conducted experiments to compare the relative amplitudes 
of bAP-evoked calcium transients along the dendrite using the 
high- speed line-scan mode. We regularly tested transients at a 
reference point (50 μm distance) and at a remote position (100 
μm distance) of the dendrite to normalize the magnitude of the 
evoked transients throughout the duration of the experiment. 
The ratio of transient amplitudes was higher in high-frequency 
BLA input stimulated dSPNs than iSPNS of the DLS. In the low 
frequency stimulated SPNs of the DLS through the BLA input, 
we could not detect a significant difference (Figure 4 A,B).

To determine if the behavioral modulation through BLA in-
put stimulations in the DLS induced synaptic plasticity, we ex-
amined spine density in dSPNs and iSPNs. We found that dSPNs 
spine densities were significantly increased in high-frequency 
BLA-DLS pathway stimulated mice compared to both low fre-
quency stimulated and control mice (Figure 4C,D).

Discussion

Our results show a direct and functional activation of the 
SPNs DLS from the BLA.

In the study by Wall et al. 2014 contextual information, en-
compassing sensory information (from somatosensory cortex) 
and valence (from amygdala) may be preferentially routed to 
the direct pathway to select or initiate actions based on past 
experiences in similar contexts [22]. However, as with any ana-
tomical labeling technique, we must be careful extrapolating 
physiological significance for an entire brain structure from 
anatomical data alone, particularly given that we only sampled 
from a restricted, slightly laterally biased region in the dorsal 
striatum.

From behavioral studies, we know that with just a single 
presentation, children can learn a new word [24]. But in con-
trast with behavioral and in vivo physiological observations, in 
vitro experiments on synaptic plasticity show that long-term 
plasticity depends on the activation of coactive synapses [25]. 
Additionally, this physiological process is usually known to be 
incremental [26]. Furthermore, habits have been shown to oc-
cur after the repetition of performed behaviors [1]. However, 
we hypothesize that if emotional and sensory information co-
incides, long-term plasticity occurs with only a few presenta-
tions. The fact that BLA inputs to the DLS occur mainly on the 
dendritic shaft of the SPNs (Figure 1) while SMC inputs are 
known to be predominately located on the dendritic spines of 
the SPNs in the DLS [27], supports our hypothesis since even 
only a few dendritic shaft BLA inputs would amplify the incom-
ing SMC input onto the spines [28]. We're demonstrating here 
that synaptic stimulation of the combined BLA and SMC input 
on distal dendrites evoked higher dendritic plateau potentials 
and somatic up-states than stimulation of other input combina-
tions. This difference was not attributable to a higher density of 
inputs at distal synapses, but rather the localization of BLA input 



www.jcimcr.org                Page 5

on the dendritic shaft amplifying the SMC input on the dendritic 
spines. We show here how emotional priming could accelerate 
the process of habit learning-related synaptic plasticity in vitro.

We detected long-lasting circuit alterations in the DLS that 
accompanied the expression of specific repetitive behavior: 1) 
an increase in the intrinsic excitability of dSPNs measured by 
eliciting bAPs while running line scans to measure dendritic 
propagation (Figure 4&2) a general increase in dendritic spine 
density in dSPNs (Figure 4). These circuit modifications indicate 
increased synaptic drive of the direct pathway, a symptom asso-
ciated with hyperkinetic behavior. Taken together, these results 
explain how over- activation of the limbic-associated amygdala 
circuit will plastically modulate the dorsolateral striatum per-
formance, contributing to repeated motor behavior. First, we 
looked at whether we could counteract repetitive behavior 
through low-frequency de- potentiating stimulation of the BLA-
DLS pathway only during digging/grooming behavior, which 
contributed to a decrease in digging/grooming but did not af-
fect grooming/digging behavior (Figure 2), which was followed 
by improvements in spine density (Figure 4). These findings 
support the theory that the BLA-DS system contains compul-
sive behaviors that contribute to plasticity modulations and im-
provements in the encoding of information in this network and 
that the depotentiation of this pathway decreases compulsive 
behavior. In summary, the findings show how overactivation of 
the amygdala circuit may plastically modulate the dorsolateral 
striatum, leading to compulsive behaviors.
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periments and oversaw the project. German Todorov analyzed 
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data. All authors discussed the results and contributed to the 
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