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Tourette syndrome (TS) and attention deficit hyperactivity disorder (ADHD) are two neu-

rodevelopmental hyper-behavioral disorders that are highly comorbid. The source of this

comorbidity and the neuronal mechanisms underlying these disorders are still unclear. We

examined the neuronal activity of freely behaving rats before and after striatal disinhibi-

tion, to reveal the similar and distinct neuronal components underlying the mechanisms

of TS-like and ADHD-like symptom expression. Focal disinhibition induced motor tics,

locomotor hyperactivity or a comorbid effect depending on the location of the injection

within the different functional domains of the striatum. While injections within the motor

domain induced motor tics, injections into the limbic domain induced mainly locomotor

hyperactivity. Disinhibition, regardless of its striatal location, led to qualitatively similar

macro-scale and micro-scale neuronal changes. These changes were localized to the

domain of the manipulation and remained partly segregated, indicating that hyperactivity

is induced as a result of changes in the limbic domain without directly activating the motor

domain. Despite the general similarity of induced neuronal changes, these changes were

associated with different behavioral effects and were more stereotypic and pronounced

following motor-domain disinhibition in comparison to limbic-domain disinhibition. Our

recordings revealed a disparity in the neuronal inputeoutput transformation of the two

models of the disorders. The results suggest that tic expression and hyperactivity states

share similar local neuronal activity changes which manifest in different neuronal and

behavioral outcomes. These results expose an intriguing link between tics and their co-

morbid symptoms and hint at striatal disinhibition, resulting from GABAergic alterations,

as a potential common mechanism underlying distinct symptoms expressed by hyper-

behavioral patients.

© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction

The term hyper-behavioral disorder is a blanket term encom-

passing a wide variety of disorders characterized by an in-

crease in normal and/or abnormal behaviors. One subset of

closely related hyper-behavioral disorders includes Tourette

syndrome (TS), and attention deficit hyperactivity disorder

(ADHD). These disorders are neurodevelopmental and highly

comorbid, asmost TS patients (>50%) also contendwithADHD

(Freeman et al., 2000; Schlaggar & Mink, 2016). In each disor-

der, the hyper-behavioral condition is manifested differently.

TS is characterized by the expression of tics; i.e., rapid and

repetitive vocalizations and movements (American

Psychiatric Association, 2013) whereas ADHD is character-

ized by attention difficulties, hyperactivity and impulsivity

(Giedd, Blumenthal, Molloy, & Castellanos, 2006; Qiu et al.,

2009).

The factors determining the comorbidity of TS and ADHD

are unclear and the underlying neuronal mechanism of each

disorder is still vague. However, both disorders have been

linked to abnormal neuronal activity in the basal ganglia (BG)

in general, and the main input nucleus of the BG e the stria-

tum, in particular. The striatum contains feedforward and

feedback GABAergic connections encompassing projection

neurons as well as interneurons composing a vast inhibitory

network (Ko�os & Tepper, 1999; Tunstall, Oorschot, Kean, &

Wickens, 2002). Information flows through the cortico-BG

(CBG) loop in three main functional circuits e including the

motor, limbic and associative territories (Alexander, DeLong,

& Strick, 1986). These functional loops are thought to be

mainly parallel as this structure is maintained by the pre-

dominantly anatomical separation of the projections

throughout all stages of the CBG loop (Alexander et al., 1986;

Parent & Hazrati, 1995), although some information flow ex-

ists between these domains (Draganski et al., 2008; Haber,

2003). In the striatum, the dorsolateral regions are associ-

ated with the motor territory, the dorsomedial regions are

associated with the executive/associative territory and the

ventral regions, including the nucleus accumbens (NAc), are

associated with the limbic territory (Cospito & Kultas-Ilinsky,

1981; Heilbronner, Rodriguez-Romaguera, Quirk, Groenewe-

gen, & Haber, 2016; McGeorge & Faull, 1989). The dorsolateral

striatum receives excitatory glutamatergic afferents mainly

from ‘motor’ structures, such as the supplementary motor

area and the motor, premotor, and somatosensory cortex

(Kunzle, 1975, 1977, 1978), and project mainly to the dorsal

region of the globus pallidus and substantia nigra (Szabo,

1967). The NAc receives input primarily from ‘limbic’ struc-

tures, such as the prefrontal cortex, ventral hippocampus and

basolateral amygdala (Friedman, Aggleton, & Saunders, 2002;

Phillipson & Griffiths, 1985), and send efferents mainly to the

ventral pallidumand the ventral region of the substantia nigra

(Szabo, 1967). The NAc is further divided into a core and a

shell, each of which has unique anatomical and functional

features (Heimer, Zahm, Churchill, Kalivas, & Wohltmann,

1991; Voorn, Gerfen, & Groenewegen, 1989). The core and

shell differ in their connectivity with other brain regions,

making the NAc core part of the ventral striatum, and the NAc
shell part of the extended amygdala (Heimer et al., 1997). As

part of the limbic territory, the NAc has been found to play a

role in reward (Al-Hasani et al., 2015; Berns, McClure, Pagnoni,

&Montague, 2001; Floresco, Montes, Tse,& van Holstein, 2018;

Robbins, Cador, Taylor, & Everitt, 1989), risk-taking behaviors

(Kuhnen & Knutson, 2005), impulsivity (Basar et al., 2010) and

feeding behavior (Kelley, Baldo, Pratt, & Will, 2005). Never-

theless, despite the limbic functions currently attributed to

the NAc, earlier works suggested that the NAc might play a

possible role in controlling overall activity in general, and

locomotion in particular (Mogenson & Nielsen, 1984). This

raises the hypothesis that the NAc serves as a functional

interface between the limbic and motor systems (Mogenson,

Jones, & Yim, 1980).

Multiple studies of human TS and ADHD patients point to

the prominent role of the CBG loop in their pathophysiology

(Giedd et al., 2006). Neuroimaging studies have found altered

activations in the BG of these patients (Durston et al., 2003;

Peterson et al., 1998; Mink, 2001). Anatomical studies have

found a reduction in the overall striatal volume in both dis-

orders (Bloch, Leckman, Zhu,& Peterson, 2005; Carmona et al.,

2009; Greven et al., 2015; Kalanithi et al., 2005; Kataoka et al.,

2010; Peterson et al., 2003; Qiu et al., 2009). In ADHD this

reduction has been found in particular in the ventral striatum

(Carmona et al., 2009; Qiu et al., 2009), while in TS it is mainly

located in the caudate nucleus (Bloch et al., 2005; Peterson

et al., 2003) and expressed by a substantial reduction in the

cell count of fast spiking interneurons (FSIs) and tonically

active neurons (TANs) (Kalanithi et al., 2005; Kataoka et al.,

2010). Further support for the relationship between TS and

ADHD to the BG, arises from animal studies. Hyperactivity can

be produced by pharmacologically increasing the activity of

the NAc core using glutamatergic (Arnt, 1981; Swanson &

Kalivas, 2000; Wu, Brudzynski, & Mogenson, 1993), cholin-

ergic (Austin & Kalivas, 1988) and dopaminergic (Costall,

Domeney, & Naylor, 1984; Costall & Naylor, 1975a, 1975b;

Jones, Mogenson, & Wu, 1981) agonists. Studies inducing

focal disinhibition in different functional regions within the

striatum (by blocking GABAA transmission) have produced

variety of hyper-behavioral symptoms such as motor and

vocal tics as well as hyperactivity and stereotypies in primates

and rodents. The induced symptoms were region specific:

Focal disinhibition within the limbic striatum or the border

between the associative and limbic territories within the

striatum, produced hyperactivity, stereotypy (Worbe et al.,

2009, 2013) and vocal tics (McCairn et al., 2016) in non-

human primates, and increased locomotion in cats and rats

(Morgenstern, Mende, Gold, Lemme, & Oelssner, 1984; Wong,

Eshel, Dreher, Ong, & Jackson, 1991; Yael, Tahary, Gurovich,

Belelovsky, & Bar-Gad, 2019; Yoshida, Nagatsuka,

Muramatsu, & Niijima, 1991). Similar focal disinhibition

within the dorsolateral striatum was shown to induce motor

tics in non-human primates, rats and mice (Bronfeld, Yael,

Belelovsky, & Bar-Gad, 2013; McCairn, Bronfeld, Belelovsky,

& Bar-Gad, 2009; Pogorelov, Xu, Smith, Buchanan, &

Pittenger, 2015; Tarsy, Pycock, Meldrum, & Marsden, 1978;

Worbe et al., 2009). The body region expressing the tics was

defined by the location of the injection within the dorsolateral
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striatum (Bronfeld, Yael, et al., 2013) following the somato-

topic organization of themotor territory (Alexander&DeLong,

1985; Brown, Smith, & Goldbloom, 1998). The striatum com-

prises a thicket of GABAergic connections, containing both

feedforward and feedback collaterals via interneurons (pri-

marily FSIs) and medium spiny projection neurons (SPNs),

respectively (Bennett & Bolam, 1994; Ko�os & Tepper, 1999) as

well as feedback from the GP (Mallet et al., 2012). It is assumed

that the GABAergic manipulation alters these connections

unselectively.

These studies suggest that similar neuronal changes may

be associated with motor tics and their common comorbid-

ities. However, the neuronal mechanism underlying this co-

morbidity is still unclear. Previous works employing

simultaneous tracking of behavior and neuronal activity from

animal models of motor tics and hyperactivity have identified

related electrophysiological features (Israelashvili & Bar-Gad,

2015; Vinner, Israelashvili, & Bar-Gad, 2017; Yael et al., 2019).

Here we present a novel analysis of an expanded dataset and

integrate key concepts derived from data acquired in these

experiments, in order to shed light on the similar and distinct

neuronal components underlying TS and ADHD.
2. Materials and methods

2.1. Animals

38 female adult LongeEvans rats weighing 279.6 ± 29 g

(Mean ± SD) were used in this study. The animals were

divided into 3 groups as follows: 20 Ventral acute injection

animals [5 previously undescribed animals in addition to all

(15) animals described in (Yael et al., 2019)]. 11 Dorsal acute

injection animals [2 previously undescribed animals in

addition to 9 animals that were described in (Israelashvili &

Bar-Gad, 2015)]. 7 Dorsal chronic injection animals [1 previ-

ously undescribed animal in addition to all (6) animals

described in (Vinner et al., 2017)]. New animals were

included in this research in order to add two novel datasets:

1) 9-axis kinematic monitoring for dorsal injections. 2)

Simultaneous neuronal recordings form the same functional

loop as the injection, as well as from a different functional

loop than the injection site. The rats were caged in pairs in

IVC system racks and maintained under controlled temper-

ature, a 12 h light/dark cycle and had free access to food and

water. All procedures were approved and supervised by the

Institutional Animal Care and Use Committee and were in

accordance with the National Institutes of Health Guide for

the Care and Use of Laboratory Animals and the Bar-Ilan

University Guidelines for the Use and Care of Laboratory

Animals in Research. This study was approved by the Na-

tional Committee for Experiments in Laboratory Animals at

the Ministry of Health.

2.2. Surgery

The animals underwent surgical procedures for unilateral

implantation of an injection cannula and one or more

recording arrays. All the surgical procedures and
experimental designs have been described in detail in pre-

vious manuscripts from our lab (Israelashvili & Bar-Gad, 2015;

Vinner et al., 2017; Yael et al., 2019). Briefly, an injection

cannula was implanted in an AP angle of 15� or 26� (for acute
ventral/anterior striatal injections, respectively), targeting

either the NAc core (injection target: AP, 1.5 mm; ML, 2.2 mm;

DV, 7 mm; 20 animals) or the anterior striatum (injection

target: AP, 1.4 mm; ML, 2.5 mm; DV, 4.6 mm; 9 animals & AP,

1 mm; ML, 2.5 mm; DV, 5 mm; 9 animals). In 7 of the anterior

striatum animals, the cannula was connected to a mini-

osmotic pump implanted subcutaneously in the back of the

rat to enable chronic, continuous infusion (Vinner et al.,

2017). Custom-made movable bundles of 32 or 16 Formvar

isolated nichrome microwires (impedance ~300 kU; 25 mm

diameter, A-M systems; Yael et al., 2013) were implanted in

the ventromedial striatum (AP, 0.5 mm; ML, 2.2 mm; DV,

5e7 mm; 20 animals), or the dorsolateral striatum (AP,

0.25 mm; ML, 3.75 mm; DV, 4e6 mm; 9 animals, and 1 mm

medial in 9 animals). In four animals with ventromedial

implantation, an additional recording array was implanted in

the dorsolateral striatum (AP, 0.5 mm; ML, 4.0 mm; DV,

3.5e5.5 mm).

2.3. Experimental sessions

The experiments began following a recovery period of at

least a week after the operation. Bicuculline methiodide

(SigmaeAldrich) was dissolved in artificial CSF to a final

concentration of 1 mg/ml. Microinjections of bicuculline (a

median volume of 0.35 ml in anterior injections, and 0.5 ml in

ventral injections) were pressure injected through an in-

jection cannula at a rate of 0.35 or 0.5 ml/min, respectively.

Previously, it has been shown that anterior injections using

a volume of 0.5 ml, result in qualitatively similar effects as

those resulting from a volume of 0.35 ml (Bronfeld, Yael,

et al., 2013). In the 7 chronic (micro-pump implanter) ani-

mals, the total injected bicuculline volume was 200 ml,

released over a period of 7 days at a release rate of 1 ml/h.

Previous studies demonstrated that comparable bicuculline

injection spreads in an ellipsoid with an approximate

diameter of <1 mm around the injection site (Yoshida et al.,

1991). In 23/55 ventral injection sessions, the injections were

performed in DV 8 mm (1 mm below the cannula target)

using an extended injection cannula.

During the experimental sessions, the neuronal data were

recorded continuously while the animals were awake and

moving freely in the recording arena. The neurophysiolog-

ical data were obtained using 16/32 channels of either wired

or wireless acquisition systems. In the wired system, the

signal was amplified (X200), band-pass filtered

(0.5e10000 Hz, four-pole Butterworth filter), and continu-

ously sampled at 44 kHz. In the wireless system, the signal

was amplified (X200), band-pass filtered [1e7000 (16Ch) or

10,000 (32Ch) Hz, one-pole (16Ch) or three-pole (32Ch) But-

terworth filter] and continuously sampled at 29.297 (16Ch) or

32 (32Ch) kHz.

During all the recording sessions, the animals’ behavior

was monitored using at least one 50/60 frames/s video

https://doi.org/10.1016/j.cortex.2020.02.010
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camera. In experiments using thewireless acquisition system,

the behavior was also monitored using 9-axis kinematic (3D

accelerometers, gyroscopes and magnetometers) sensors

located above the skull within the wireless system.

2.4. Data pre-processing

As described in detail elsewhere (Israelashvili& Bar-Gad, 2015;

Moran & Bar-Gad, 2010; Yael et al., 2019), the recorded data

were pre-processed offline to extract the local field potential

(LFP), the multi-unit activity (MUA) and the single-unit spike

trains (SU-ST). Briefly, the LFP signal was extracted using low-

pass filtering (40 Hz, four-pole Butterworth filter). Detection of

LFP spikes was obtained using an adaptive threshold-crossing

method. The threshold was set for each session individually

based on the Signal-to-Noise ratio (SNR) (>2). Noisy periods

(low SNR) were removed from further analyses. The high

frequency part of the signal was extracted from the raw signal

using band-pass filtering (300e6000 Hz, four -pole Butterworth

filter) and used to study both MUA and SU-ST. The MUA was

obtained from the high frequency signal by low-pass filtering

(30 Hz, four-pole Butterworth filter) the absolute values (full

wave rectification) of the signal to get its envelope. The high

frequency signal was additionally sorted into multiple SU-STs

using an offline sorter (Plexon). The SU-ST of stable neurons

identified as SPNs or FSIs based on their waveform shape and

duration, firing rate and firing pattern, were used for further

analyses. Auto- and cross-correlation functions were used to

identify individual neurons (Harris, Henze, Csicsvari, Hirase,

& Buzsaki, 2000): Neurons were included in this study if they

had a clear refractory period in the auto-correlation function

(rejecting the possibility of a multi-unit), and no refractory

period in the cross-correlation function (rejecting the same

neuron across multiple clusters). All additional analyses were

performed using custom-written MATLAB code (V2014B;

MathWorks).

The animals’ location and velocity calculations were per-

formed using offline frame-by-frame video analyses to extract

the 2- dimensional location of the rats (Yael et al., 2019). A

threshold-crossing method was applied to the velocity signal

to detect terminations in the animals’ locomotion [for more

information, see (Yael et al., 2019)].

2.5. Data analysis

We report how we determined our sample size, all data ex-

clusions, all inclusion/exclusion criteria, whether inclusion/

exclusion criteria were established prior to data analysis, all

manipulations, and all measures in the study. No part of the

study procedures or analyses was pre-registered prior to the

research being conducted.

All study data and code that necessary to reproduce all

analyses and data presentations are available at: https://data.

mendeley.com/datasets/k872jmjtgv/draft?a=2752fb08-c21d-

4149-b6db-e8fd2d03a8c3.

The correlations between neuronal activity and unitary

events such as motor tics, and LFP spikes, was assessed

through peri-event time histograms (PETH), using the indi-

vidual event (tics/LFP spikes) times as a point process. The
PETH was calculated using 1 msec bins and was smoothed

with a Gaussian window (SD of 10 msec). Significant event-

related neuronal activity was determined by calculating the

two-tailed confidence intervals based on the PETH tail distri-

bution (2 sece0.1 sec prior to event time) with a Bonferroni

correction for multiple comparisons. Notably, neurons with a

very low firing rate (such as SPN neurons) can suffer from a

floor effect, since inhibitions may not be detected, leading to

an underestimate of these responses. In order to quantify the

percentage of LFP spikes in each session to which an indi-

vidual significantly-correlated neuron showed altered

neuronal activity, we compared the number of spikes for each

neuron around each LFP spike to themedian number of spikes

that this neuron fired at 1000 random time windows of

100 msec in between LFP spikes (between 1 sec and 0.1 sec

prior LFP spike times). This percentage was calculated sepa-

rately for the first phase (100 msec post LFP spike initiation

time), and the second phase (100e200 msec post LFP spike

time).

Overall firing rate changes were assessed by comparing

the baseline firing rate of neurons pre- and post-bicuculline

injection (pre: 26.8 ± 6.8, post: 21.6 ± 11.1 min; mean ± SD)

using a Wilcoxon rank sum test. The mean firing rate of the

population was calculated using all the neurons that were

recorded throughout the normal and/or tic/hyperactivity

periods. Since some neurons were only recorded following

injections, and other neurons only prior to the injections, the

two groups are not matched. Overall firing rate changes

around LFP spikes were assessed by comparing the baseline

firing rate of each neuron prior the LFP spikes (calculated

over the 0.5 to 0.1 sec interval prior to LFP spike onsets) to the

baseline firing rate at two periods during LFP spike occur-

rence times (0e0.1 sec following LFP spike onset, and

0.1e0.2 sec following LFP spike onset) using a Wilcoxon

signed rank test between each pair of groups. These groups

contained neurons that were recorded simultaneously with

LFP spikes, and thus did not necessarily contain the same

neurons as in the post-injection group (used for the baseline

firing rate calculation).

Cross-correlations between simultaneously recorded pairs

of neurons were calculated using a time resolution of 1 msec

bins and smoothed using a Gaussian window (SD of 2 msec).

Different neurons recorded on the same electrode were

excluded from the cross correlation analysis to avoid artificial

correlations (Bar-Gad, Ritov, Vaadia, & Bergman, 2001).

Part of the dataset used in themanuscript was presented in

previous studies (Israelashvili & Bar-Gad, 2015; Vinner,

Israelashvili, & Bar-Gad, 2017; Yael, Tahary, Gurovich,

Belelovsky, & Bar-Gad, 2019). Here, besides performing a

controlled comparison between the neuronal mechanisms of

tics and hyperactivity as well as expanding the number of

animals and experiments for each of the behavioral states (see

Materials andMethodse 2.1 Animals), we added several novel

neuronal activity types and analyses: examination of the

multi-unit activity, comparison between the neuronal activ-

ities that were recorded from two different functional terri-

tories simultaneously, extended quantification of the

characteristic of macro- and micro-neuronal changes in both

behavioral states and completion of new data and analyses

https://data.mendeley.com/datasets/k872jmjtgv/draft?a=2752fb08-c21d-4149-b6db-e8fd2d03a8c3
https://data.mendeley.com/datasets/k872jmjtgv/draft?a=2752fb08-c21d-4149-b6db-e8fd2d03a8c3
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that were currently missing from previous studies of the two

behavioral states.

2.6. Histology

At the end of the experimental sessions, the rats were deeply

anesthetized, the location of the electrode tips and microin-

jections were marked and the rats were transcardially

perfused in order to extract their brain (Israelashvili & Bar-

Gad, 2015; Yael et al., 2019). Coronal sections (50 mm) were

used to examine and verify the implanted structures. Exam-

ples of histological reconstruction are shown in Vinner et al.,

2017; Yael et al., 2019.
3. Results

3.1. Striatal bicuculline injections lead to location-
dependent symptoms

Bicuculline (GABAA antagonist) was injected into either the

dorsal (motor) or the ventral (limbic) regions of the rats’

striatum inducing motor tics and/or hyperactivity (Movie 1),

depending on the injection site within the striatum. All the

injections into the dorsal part of the striatum (n ¼ 41 in-

jections in 18 rats) induced motor tics (Fig. 1). In contrast, in-

jections in the ventral parts of the striatum (n ¼ 55 injections

in 20 rats) induced hyperactivity in most cases, but in some

cases resulted in a comorbid effect of motor tics with hyper-

activity, or even only motor tics (Fig. 1). The animals’ behavior

was tracked before and after the injections, using high-speed

video recordings and 3D motion sensors (accelerometers and

gyroscopes). Tics were characterized as focal, repetitive, brief

muscle contractions, whereas hyperactivity was expressed as

increased locomotion as well as increased normal behavior

(Fig. 2) [for more details see (Bronfeld, Yael, et al., 2013;

Israelashvili & Bar-Gad, 2015; Vinner et al., 2017; Yael et al.,

2019)]. For clarity reasons, we will refer to dorsal/ventral in-

jections as tic/hyperactivity states (respectively), instead of

using the explicit anatomical terms.

Supplementary video related to this article can be found at

https://doi.org/10.1016/j.cortex.2020.02.010
Dorsal

Ventral

A

STR

NAc

Fig. 1 e Behavioral effects of striatal disinhibition. (A) Schemati

behavior over a coronal section of the rat brain. (B) Zoom in on

depth.
3.2. Diverse neuronal signals

Neuronal recordings from sessions with pure motor tics or

pure hyperactivity were further analyzed. The recordings

were performed using electrodes implanted in the dorsal and/

or the ventral parts of the striatum near the injection site. A

set of neuronal signals were examined and extracted from the

raw neurophysiological data as follows. 1) The local field po-

tential (LFP) signal is a summation of slowly alternating elec-

trical currents originating from a large neuronal volume

(radius ~ 0.5e3.0mmdepending onmultiple factors, primarily

the neuronal organization in the tissue) located around the

electrode tip (Juergens, Guettler, & Eckhorn, 1999; Mitzdorf,

1987). It represents the low frequency changes in the signal

which are assumed to primarily reflect the synaptic inputs to

the recorded site [but see ( Logothetis, 2003) for additional

sources of the signal]. The LFPwas obtained from the recorded

data using a low-pass filter (frequencies <40 Hz) (Fig. 3A and

B). The high frequency (>300 Hz) part of the signal was used to

study the activity of both multi-unit activity (MUA) and single

unit spike trains (SU-ST). 2) MUA represents the summation of

the spiking activity from multiple nearby neurons

(radius ~ 200e300 mm, depending on the size and shape of the

neurons and the electrode’s properties) (Lemon, 1984;

Logothetis, 2002). The MUA signal was obtained by extract-

ing the low frequency envelope of the high frequency signal

(Fig. 3A and B). 3) SU-ST refers to the spiking times (discrete

events) of individual neurons around the tip of the electrode

(radius <50 mm) (Henze et al., 2000; Lemon, 1984) (Fig. 3A and

B). SU-STswere obtained from the high frequency signal using

offline sorting to one or more SU-STs. These three signals

reflect different neural components and thus provide different

information regarding essential neuronal principles underly-

ing hyper-behavioral states. For example, by aligning these

signals to time points of interest in the data such asmotor tics,

different types of neuronal changes can be observed. These

changes may comprise macro-scale as well as micro-scale

neuronal changes, depending on the scale of the neural pop-

ulation they represent. Thus, macro-scale changes can be

detected by exploring the LFP signal, and micro-scale

neuronal changes at different scales can be revealed by

examining the MUA and the SU-ST (Fig. 3C).
Motor tics

Both

B
Hyperactivity

No effect

c illustration of the injection locations and the induced

the distributions of the induced behavioral effects at each
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3.3. Macro neuronal changes

In both hyper-behavioral states (motor tics and hyperactivi-

ty) low-frequency changes were observed in the LFP signal.

These changes were termed LFP spikes and were not apparent

during the animals’ normal state prior to the injections (Fig. 4

A). The rate of these macro neuronal changes exhibited

similar properties in the two hyper-behavioral states. In both

states, the inter LFP spike intervals (ILIs) were exponentially

distributed, suggesting that the LFP spikes followed a Poisson

distribution (Fig. 4 B). In both states, the distributions were

truncated at the short interval values indicative of a re-

fractory period of the LFP spikes, which is in line with studies

using cortical stimulation to force the expression of tics

(Israelashvili & Bar-Gad, 2015). For each session (single in-

jection in a single animal), the LFP spike refractory period

was defined as theminimal inter-LFP spike interval across all

LFP spikes in this session. The refractory periods were

shorter during the hyperactivity state than during tic

expression (two-sample t-test t ¼ 3.48, df ¼ 26, p < 0.01);

specifically, the shortest ILI across all experiments was

0.28 sec following dorsal injections, and 0.22 sec following

ventral injections. The frequency of the LFP spikes varied
across animals, but in general was higher following dorsal

injections (dorsal: 0.51 ± 0.24 Hz, ventral: 0.33 ± 0.15 Hz,

mean ± SD, two-sample t-test t ¼ 2.18, df ¼ 26, p < 0.05)

(Fig. 4C). The LFP spike shapes were highly stereotypic in

shape within each experimental session, but varied across

sessions (Vinner et al., 2017), especially following dorsal in-

jections (Fig. 4 D). This variation may result from differences

in the relative distance/location between the recording

electrode and the injection site (Muramatsu, Yoshida, &

Nakamura, 1990). In general, regardless of the variation in

shapes, the first phase in the LFP spike shape, from initiation

time to the first zero crossing (20e200 msec) of the mean

shape, was wider during hyperactivity than duringmotor tics

(dorsal: 93 ± 8 msec, ventral: 167 ± 6 msec, mean ± SEM, two-

sample t-test t ¼ �6.2, df ¼ 49, p < 0.01). In some (8/18) of the

experiments used for macro change analyses following

ventral injections, we recorded neuronal activity simulta-

neously from both the ventral and dorsal regions within the

striatum. After the ventral injections, LFP spikes were also

observed in the dorsal regions of the striatum (Fig. 4 E). These

LFP spikes were similar in shape (0.89 ± 0.04, mean ± SEM,

Pearson’s productemoment correlation coefficient), but

smaller in amplitude (Wilcoxon signed rank test, p < 0.01)
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than their corresponding LFP spikes in the ventral striatum

(Fig. 4F and G). In addition, the ventral LFP spikes mostly

preceded the dorsal LFP spikes (7 msec, median, Wilcoxon

signed rank test, p < 0.01). Thus suggesting that the LFP

spikes from the ventral injection spread from the ventral

striatum to its dorsal part.

3.4. Micro neuronal changes

Changes in the activity of individual neuronswere analyzed in

both hyper-behavioral states. We recorded the activity of 84

spiny projection neurons (SPNs - 41 dorsal, 43 ventral) and 38

fast spiking inter-neurons (FSIs - 29 dorsal, 9 ventral) simul-

taneously with LFP spike recordings. In both states, the neu-

rons exhibited altered neuronal activity around the time of

LFP spikes (Fig. 5 A). 92.7% (38/41) of the recorded SPNs dis-

played significant LFP spike-related activity during the motor

tic state, and 74.4% (32/43) of the recorded SPNs displayed

significant LFP spike-related activity during the hyperactivity

state (Fig. 5 B). During tics, all the significantly locked SPNs

showed a phase of increase in their firing rate around the time

of the LFP spikes (Fig. 5 B). During hyperactivity, most locked

SPNs (28/32) displayed a phase of decrease in their activity.

This decreasewas preceded by a short increase in firing rate in

some of the neurons (12/28). Most of the recorded FSIs in both

states [86.2% (25/29) during the motor tic state, and 100% (9/9)

during the hyperactivity state], displayed significant LFP

spike-related activity. During tics, most of the significantly

modulated FSIs (21/25) displayed an increase in activity

around the LFP spikes which was followed by a decrease in

activity in aminority of these neurons (7/25). However, during

the hyperactivity state, most of the FSIs (7/9) had both

increased and decreased firing rate phases (Fig. 5 B). Themean

response of the SPN as well as the FSI locked population was

characterized by short excitation followed by lower amplitude

prolonged excitation during tics, or inhibition during hyper-

activity (Fig. 5C). The overall baseline firing rate increased

after injection only in the dorsal SPN neurons (Wilcoxon rank

sum test, p < 0.01) (Fig. 5 D). Around the LFP spikes the mean

firing rate increased during tics (from 0 to 100 msec post LFP

spike window) and decreased during hyperactivity (from 100

to 200 msec post LFP spike window), for both neuronal pop-

ulations (Wilcoxon signed rank test) (Fig. 5 E).

3.5. Behavior-related neuronal changes

Injections in the motor and limbic regions of the striatum led

to macro-scale as well as micro-scale neuronal changes

throughout the striatum. However, despite sharing qualita-

tively similar types of neuronal changes (macro- and micro-

neuronal changes) and a similar causal factor (focal disinhi-

bition), the injections induced very different behaviors. We

examined the relationship between the macro and micro

neuronal changes to each type of behavior. On the macro

scale, LFP spikes were associated with behavioral events in

both states. During the motor tic state, all the LFP spikes were

associatedwith the expression of individual tics (Fig. 6 A). This

association was injective, since the LFP spikes were observed

simultaneouslywith tics, and did not occur between tics (Fig. 6

B). In the hyperactivity state, LFP spikes were associated
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primarily with velocity changes in general, and movement

termination in particular (Yael et al., 2019) (Fig. 6 A). However,

within each of the related sessions, only a small fraction of the

LFP spikes were the cause of this mean change, because the

association was sparse and not injective (Fig. 6 B). Similar

differences were found on the micro scale: subsequent to the

dorsal injections, most neurons displayed altered neuronal
activity around a large fraction of the tics (Fig. 6C). After in-

jections to the NAc core, some neurons displayed altered

neuronal activity around movement stops (Yael et al., 2019);

however, this alteration was weaker and only a smaller frac-

tion of the spikes were associated with velocity changes

(Fig. 6C). These results suggest that although both hyper-

behavioral states share similar types of neuronal changes

https://doi.org/10.1016/j.cortex.2020.02.010
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Fig. 5 e Micro-scale neuronal changes. (A) Examples of a peri-LFP spike single neuron raster (top) and histogram (bottom).

Black dashed lines mark the 99% confidence intervals. The mean waveform of the individual neurons (solid) ±1 SD (dotted)

appears in the inset. (B) Distributions of peri-LFP spike response types. (C) Mean peri-LFP spike response of significantly

modulated neurons (bold) ± one SEM (shaded). (D) Mean overall firing rate pre and post injection ± one SEM. **p < 0.01. (E)

Mean firing rate post injection during different periods around the LFP spikes ± one SEM. *p < 0.05, **p < 0.01.
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(though in different magnitudes), these changes are associ-

ated differentially with behavioral events.

3.6. Synchronized versus sparse encoding

We compared the population activity and the individual

neurons’ intrinsic activity around a similar element - the LFP

spikes. Differences between the two states were found at the

level of multiunit as well as single unit activity around LFP

spikes (Fig. 7 A). We examined the MUA subsequent to both

injections. In both states, increased multiunit activity was

observed around LFP spikes (Fig. 7 Bi). However, these changes
in the population activitywere prolonged, constant, andmuch

stronger during tics than during hyperactivity (Wilcoxon rank

sum test, p < 0.01) (Fig. 7 Bii). In 8 recording sessions during the

hyperactivity state, we recorded theMUA fromboth the dorsal

and the ventral regions simultaneously. In these experiments,

MUA changes were found in both regions. However, on

average, these changes manifested as a decrease in MUA and

were much weaker in the dorsal portion than in the ventral

portion (Wilcoxon rank sum test, p < 0.05) (Fig. 7 B) further

suggesting that the source of the altered neuronal activity

depends on the injection site, and spreads from there

throughout the striatum. On the level of SU-ST, even amongst

https://doi.org/10.1016/j.cortex.2020.02.010
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the neurons that were locked to LFP spikes, differences were

found within the responses. During tics, neurons were locked

to a larger percentage of LFP spikes in each session, unlike the

weaker and partially locked response during hyperactivity

(Fig. 7C and D). These results point to a stronger net syn-

chronization during tics than during hyperactivity. In order to

further examine this assumption, we calculated the correla-

tions between simultaneously recorded SPN neurons in the

ventral and dorsal striatum (Fig. 7E and F). Following dorsal

striatum disinhibition, neurons showed stronger correlations

in comparison to neurons following disinhibition in the NAc

core (Wilcoxon rank sum test, p < 0.01).
4. Discussion

TS and ADHD are two neurodevelopmental hyper-behavioral

disorders that are highly comorbid (Freeman et al., 2000;

Schlaggar & Mink, 2016). Here we integrated key concepts

from multiple experimental studies to shed light on the sim-

ilarities and differences between neuronal changes underly-

ing TS and ADHD. Similar focal disinhibition induced different

hyper-behavioral symptoms, based on the functional location

of the deficit within the striatum. Focal disinhibition in the

motor (dorsal) striatum resulted in motor tics whereas focal

disinhibition in the limbic (ventral) striatum resulted in

https://doi.org/10.1016/j.cortex.2020.02.010
https://doi.org/10.1016/j.cortex.2020.02.010


Fig. 7 e Differences in LFP spike related activity. (A) Example of LFP, MUA and SPN SU-STs after the injection. (B) (i)

Mean ± SEM (shaded) of the normalized mean MUA shape per session, around the LFP spike times, (ii) and the related

mean ± SEM area under the MUA shape curves (trapezoidal numerical integration at ±200 msec around the LFP spike). Blue

e dorsal injections, local recordings. Red e ventral injections, local recordings. Green e ventral injections, remote

recordings. (C) Example of a peri-LFP spike single neuron raster (top), the same raster sorted as a function of the latency

between LFP spikes onset and the neuron spikes (middle) and the histogram (bottom). Dashed black lines mark the 99%

confidence intervals. (D) The median percentage of LFP spikes within each session that were related to single neuron

spiking modulations. (E) Cross-correlation functions of all the simultaneously recorded SPN single unit pairs. (F) Median

cross-correlation functions across all pairs. Zoom in appears in the inset.
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prolonged locomotor hyperactivity. These manipulations,

regardless of their location within the striatum, led to similar

types of macro-scale as well as micro-scale neuronal changes.

However, these changes were associated with different
behavioral effects and neuronalebehavioral associations.

During the tic state, the altered neuronal activity was time-

locked to the individual phasic movements (i.e., tics).

Whereas, during the hyperactivity state, the altered neuronal

https://doi.org/10.1016/j.cortex.2020.02.010
https://doi.org/10.1016/j.cortex.2020.02.010
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activity was time-relatedmainly to phasic changes in velocity.

These velocity changes can resample direction changes (for

example), in contrast to a full stopping in the increased loco-

motor activity. Despite sharing similar types of neuronal

changes, the two behavioral conditions differed in the distri-

butions of these changes. During tics, the abnormal neuronal

activity was stereotypic and highly synchronized. By contrast,

during hyperactivity, the abnormal activity changes, although

similar in nature, were diverse and sparse and less pro-

nounced, in comparison to the corresponding activity changes

during tics (Fig. 8).

Over the years, multiple animal models have been

developed to address different properties of TS and ADHD.

Each of these models has focused on a specific symptom/

feature of these disorders. ADHD is characterized mainly by

attention difficulties, hyperactivity and impulsivity (Giedd

et al., 2006; Qiu et al., 2009), some of which might be com-

plex to evaluate in an animal model. As measures of loco-

motor hyperactivity have been shown to be a significant

diagnostic tool for children as well as adults with ADHD

(Garcı́a, Cortese, Anderson, Di, & Xavier, 2015), many studies

have focused on modeling this symptom. Locomotor
Fig. 8 e Shared neuronal mechanisms underlying tics and hyper

rat brain, detailing the normal inhibitory connections between n

Schematic illustration of the behavioral and neuronal changes
hyperactivity, has been successfully induced by variety of

models manipulating the activity of the NAc (Arnt, 1981;

Jones et al., 1981; Morgenstern et al., 1984; Wachtel, Anden,

Helmut, & Nils-Erik, 1978). The common denominator

behind all NAc models is that they elevate the excitation

within the NAc, either directly or indirectly. This excitation is

not specific to a certain neurotransmitter, since local in-

jections of glutamatergic (Arnt, 1981; Swanson & Kalivas,

2000; Wu et al., 1993), cholinergic (Austin & Kalivas, 1988)

and dopaminergic (Costall & Naylor, 1975a, 1975b; Costall

et al., 1984; Jones et al., 1981) agonists, as well as GABAergic

antagonists (Morgenstern et al., 1984; Wong et al., 1991) or

mixtures of these agents, result in increased locomotion. In

contrast, GABA antagonist injections are currently the only

pharmacological manipulations that induce the key symp-

tom of TS e motor (Bronfeld, Israelashvili, & Bar-Gad, 2013;

Yael, Israelashvili, & Bar-Gad, 2016) and vocal tics (McCairn

et al., 2016). This suggests that focal disinhibition stemming

from abnormal GABAergic transmissionmay be the common

neuronal mechanism underlying the two disorders. This

notion is further supported by other hyper-behavioral

symptoms that can be induced by BG GABAergic
activity. (A) Schematic illustration of a coronal section of the

eurons in the dorsal and ventral regions of the striatum. (B)

after bicuculline injection into the striatum.

https://doi.org/10.1016/j.cortex.2020.02.010
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manipulations. Focal microinjection of GABAergic antago-

nists into different regions within the BG have been shown to

result in a variety of hyperkinetic symptoms. Injections into

the ventral striatum or the border between the associative

and limbic territories within the striatum of non-human

primates, induced hyperactivity but also stereotypy (Worbe

et al., 2009, 2013) and vocal tics (McCairn et al., 2016). In

addition, injections into the globus pallidus externus (GPe)

were reported to produce chorea, hyperactivity and stereo-

typy depending on the functional territory of the injection:

motor, associative or limbic, respectively (Bronfeld et al.,

2010; Crossman, Mitchell, Sambrook, & Jackson, 1988;

François et al., 2004; Grabli et al., 2004; Matsumura,

Tremblay, Richard, & Filion, 1995).

In the current study, microinjection of GABAA antagonist

resulted in different hyper-behavior symptoms (motor tics vs

hyperactivity), depending on the functional location of the in-

jection within the striatum. The induced behaviors were not

merely different in termsof type, but also inmultiple properties

(Table 1). Focal disinhibition in the motor striatum induced

abnormal behavior (motor tics) which was phasic in time and

space. Specifically, it induced repetitive and rapid abnormal

movements that appeared in a specific body region, contralat-

eral to the injected hemisphere. The exact body region of the

tics was dependent on the somatotopic location of the injection

within the motor striatum (Bronfeld, Yael, et al., 2013). The

same injection in the ventral striatum (NAc core) resulted in an

increase in normal behavior (locomotion) which was contin-

uous with phasic changes in time and space. Namely, the in-

jection produced a prolonged increase in normal activity of the

whole body, regardless of the injection hemisphere (Table 1).

This differentiation between normal and abnormal behaviors

for characterizing locomotion and motor tics (respectively), is

based upon the difference between the occurrence of a com-

plete set of normal behaviors (locomotion) or a subset of them

occurring out of context (motor tics). Differences were found

also at the neuronal activity level. This behavioral andneuronal

divergence between the results of the manipulations clearly

underscores the different roles and structures of different

functional loops within the BG.

The transformation from focal striatal disinhibition to the

induced behavior in the dorsal striatum adheres to the

theoretical framework of action selection (Albin&Mink, 2006;

Mink, 2001), but this transformation is unclear in the ventral

domain. In this study we used neuronal recordings to better

unpack this transformation by examining local inputeoutput

relations in both domains and their relationship to tics and

hyperactivity. In general, strong, synchronized input is ex-

pected to induce synchronized focal neuronal activity. This

activitymay be seen as a strongmodulation of MUA as well as

in focal input-lock phasic spiking activity which in turn re-

sults in focal phasic behavior (such as tics). On the other

hand, sparse, weak inputs is not assumed to induce
Table 1 e Behavioral outcomes of dorsal and ventral striatal dis

Behavior Functional region Laterality Spatial sco

Motor tics Motor Striatum Unilateral Local to body r

Hyperactivity Limbic Striatum Bilateral Whole body
synchronized focal activity, and will result in weak MUA

modulation, a sparse input-lock response and a tonic in-

crease in normal behavior. Thus, based on the observed

outputs, one would expect to find strong synchronized input

in the dorsal region during tics, but sparse and unsynchro-

nized inputs in the ventral region during hyperactivity. Sur-

prisingly, our recordings revealed a neuronal discrepancy

between the inputeoutput relations of the two disorders.

After injections to either territory, we observed similar

macro-scale neuronal alterations (“LFP spikes”) which pre-

sumably mainly reflect the inputs to the recorded site. Thus,

the observation of LFP spikes seems to indicate that in both

cases, the local functional striatal domain receives strong

synchronized inputs. To preclude the possibility of LFP

spread from the dorsal striatum to the ventral striatum being

mistakenly considered as arising from ventral origin, we

recorded simultaneously in both regions. These recordings

revealed weaker, as well as delayed, alterations in the dorsal

part relative to the ventral part after ventral injections. This

suggests that the source of the altered neuronal activity can

be localized to the domain of the injection site, and spreads

from there throughout the striatum, thus inducing a cascade

of neuronal events that remain partly segregated and result

in altered behavior. These data suggest a key difference be-

tween the two disorders, since similar synchronized inputs

resulted in different outputs: strong, stereotypic modulation

and highly synchronized neuronal activity after dorsal in-

jections, but relatively sparse, weak and diverse responses

after ventral injection. One possible explanation for the dif-

ference in the transformations may have to do with struc-

tural differences between the two networks. A possible

difference may result from different FSI spatial distributions.

FSIs receive direct information from the cortex (Bennett &

Bolam, 1994), and feed-forward this information, in the

form of inhibition, to SPNs. This inhibition can affect SPN

spike timing (Ko�os & Tepper, 1999). Studies have shown that

selective inhibition of FSIs can induce different motor ab-

normalities (Gittis et al., 2011; Klaus & Plenz, 2016; Oran &

Bar-Gad, 2018), indicating that FSIs play a crucial role in

equilibrating the activity of the CBG loop. FSIs are not equally

distributed across the striatum, but rather are located mainly

on the lateral portion of the striatum, potentially affecting

primarily the dorsolateral recordings. Alternatively, these

differences may be ascribed to the somatotopic distribution

within the motor regions of the BG that may facilitate

increased synchronization between groups of somatotopi-

cally related neurons in the dorsal region (Albin&Mink, 2006;

Mink, 2001). Certain discrepancies may have been related to

sampling biases in our recordings within the two areas.

Earlier studies have shown that there is a core location of

locked responses after bicuculline injection into the dorsal

striatum (Bronfeld, Belelovsky, & Bar-Gad, 2011; Worbe et al.,

2009). We placed the recording electrodes approximately
inhibition.

pe Temporal scope Movement type

egion Phasic Abnormal movement

Continuous with phasic changes Normal movement
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within the same distance from the injection sites in both the

dorsal and ventral areas. However, due to differences in

micro-architecture we may have recorded outside the core

locationwithin the ventral striatum. Potentially recording the

surrounding activity, thus leading to the observed higher

degree of inhibitory responses compared to excitatory re-

sponses of ventral SPNs to LFP spikes.

The observed transformation between neuronal activity

and the induced behavior may also be interpreted within the

framework of behavioral modification encoding. Our find-

ings showed that LFP spikes were associated with either

motor tics or velocity changes (primarily reduction), both of

which are types of action shifts. The difference in the prop-

erties of these shifts is associated with its local functional

pathway which encodes either the direct expression of

simple movements (tics e dorsal striatum) or the indirect

expression of complex movements (velocity changes e

ventral striatum). According to this approach the functional

pathway determines the overall state and in each state the

action shifts are triggered by strong, synchronized cortical

inputs in the form of LFP spikes. In line with recent findings

(Israelashvili & Bar-Gad, 2015), the striatum appears to

determine the type of expressed action based on its orga-

nization, whereas input from the corresponding cortical

area determines the timing of the discrete action within

each continuous state.
5. Conclusion

TS and ADHD are two neurodevelopmental hyper-behavioral

disorders that are highly comorbid. Here we showed that tic

expression and hyperactivity states share similar local

neuronal activity changes which manifest as different

neuronal and behavioral outcomes. These results reveal an

intriguing link between tics and their comorbid symptoms

and point to striatal disinhibition as the common mechanism

underlying different symptoms expressed by hyper-

behavioral patients.
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