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ABSTRACT 

Optogenetic Dissection of Pathway-Specific Processing  
in the Basal Ganglia 

Benjamin Freeze 

 
The role of the basal ganglia in motor control has been the subject of 

intense interest over the past several decades. It is well known that many 

movement disorders including Parkinson’s disease and Huntington’s disease are 

associated with basal ganglia pathology. However, the normal functions of the 

basal ganglia, and their disruption in pathological states, are still poorly 

understood. Two parallel anatomical pathways in the basal ganglia have been 

proposed to oppositely regulate the propensity for movement. According to this 

so-called “classical model” of basal ganglia function, activation of the direct 

pathway facilitates movement, while activation of the indirect pathway 

suppresses movement. We have now utilized in vivo optogenetic activation of 

medium spiny neurons (MSNs) that form the origin of the direct and indirect 

pathways to address the question of how activation of these circuits affects motor 

behavior.  We have found that we can selectively target ChR2 to either direct or 

indirect pathway MSNs via Cre-dependent expression in either D1-Cre or D2-Cre 

BAC transgenic mice. In vivo recordings performed under anesthesia 

demonstrate activation of ChR2-expressing MSNs in the striatum, and both direct 

pathway-mediated inhibition, and indirect pathway-mediated excitation of SNr 

neurons. Direct pathway activation in behaving mice elicits robust locomotor 

activation, while indirect pathway activation strongly suppresses movement.  We 
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have also utilized pathway-specific activation of the striatum to investigate the 

modulation of SNr activity by direct and indirect pathways in awake behaving 

mice. We found that both direct and indirect pathway stimulation produce some 

of the effects predicted by the classical model, namely that direct pathway 

activation robustly inhibits some SNr cells, while indirect pathway excites some 

SNr cells, concurrent with changes in locomotion.  However, we also observe 

that pathway stimulation produces responses in some SNr cells opposite to 

classical model predictions, possibly as a consequence of strong lateral inhibition 

in this nucleus.  Furthermore, we find that focal inhibition of SNr drives locomotor 

initiation, while global excitation elicits motor suppression. These results are 

consistent with predictions that the direct pathway provides focused inhibition for 

action selection, while indirect pathway globally suppresses action.  
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CHAPTER 1 

Introduction 

 The role of the basal ganglia in motor control has been the subject of 

intense interest over the past several decades. It is well known that many 

movement disorders including Parkinson’s disease1 and Huntington’s disease2 

are associated with basal ganglia pathology. However, the normal functions of 

the basal ganglia, and their disruption in pathological states, are still poorly 

understood.          

 Two parallel anatomical pathways in the basal ganglia have been 

proposed to oppositely regulate the propensity for movement. According to this 

so-called “classical model” of basal ganglia function, activation of the direct 

pathway facilitates movement, while activation of the indirect pathway 

suppresses movement3. The direct and indirect pathways both originate as 

populations of GABAergic medium spiny neurons (MSNs) in the primary input 

nucleus of the basal ganglia, the striatum.  MSNs comprise approximately 95% of 

all striatal neurons, and are the sole projection neurons in this brain region.  They 

receive significant inputs from thalamus and motor and associational cortex4, 

providing an important stage of processing in the extrapyramidal motor system.  

In addition to their axonal projections, direct and indirect pathway MSNs can be 

distinguished on the basis of their dopamine receptor expression profiles: direct 

pathway MSNs express the dopamine receptor D1, while indirect pathway MSNs 

express the dopamine receptor D25.  In the rodent, direct pathway neurons 
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project to the entopeduncular nucleus (EP;the rodent homolog of the primate 

globus pallidus pars interna) and substantia nigra pars reticulata (SNr), providing 

a potent source of inhibition to neurons in these nuclei.  In contrast, indirect 

pathway MSNs project nearly exclusively to the globus pallidus pars externa 

(GP)6.  The indirect pathway continues as inhibitory GP cells synapse on neurons 

in the subthalamic nucleus (STN), and finally excitatory STN neurons project to 

SNr – the final convergence point of both pathways (Fig. 1).  In contrast to the 

inhibitory influence of the direct pathway on SNr, it is thought that indirect 

pathway activity serves to disinhibit STN inputs onto SNr, thereby exciting SNr 

neurons3.  SNr is positioned as the primary output nucleus of the rodent basal 

ganglia7, and is thought to be highly regulated by both direct and indirect 

pathway activity.   

SNr is composed mainly of GABAergic projection cells (>75%), with some 

intermingled dopaminergic neurons8.  The GABAergic neurons project to regions 

of the motor thalamus9,10, and so it is likely that the direct and indirect pathways 

influence the magnitude and timing of inhibition that SNr provides to the 

thalamocortical motor circuit.   In this scheme, disinhibition of thalamic recipient 

regions facilitates movement11, whereas inhibition of these same regions 

suppresses movement, and extrapyramidal movement disorders such as 

dystonia, Huntington’s disease, and Parkinson’s disease are characterized by 

dysregulation of these processes3,12. Despite the attractiveness of this model, 

little is actually known about how patterns of neural activity in SNr affect motor 

behavior.  



 

 

 

 

 

 

 

 

 

 

 

 

F

d

e

in

 

d

o

im

R

a

p

h

Figure 1.  

irect pathw

xpressing 

nhibitory, an

Testin

uring beha

f direct a

mpossible t

Rapid mani

wake beha

hotoactivat

alorhodops

Schematic

way MSNs 

MSNs like

nd neuromo

ng the influ

vior has no

nd indirect

to selective

pulation of

aving anima

table cation

sin (NpHR)

c of basal

inhibit SN

ely excite S

odulatory p

ence of dir

ot been pos

t pathway 

ly activate,

f direct and

als through 

n channel c

14.  Revers

3 

 ganglia c

Nr neurons.

SNr cells v

rojections a

rect and ind

sible until r

neurons 

 or inhibit, 

d indirect 

the targete

channelrhod

sible excita

circuitry.  

.  In contra

via a trisyn

are denoted

direct pathw

recently. Be

in the str

only a sing

pathway c

ed express

dopsin-2 (C

ation of ChR

D1 recept

ast, indirec

naptic circu

d in the leg

way circuits

ecause of th

riatum, it w

gle basal ga

ircuits is n

sion and illu

ChR2)13 and

R2-express

tor –expres

ct pathway

uit.  Excita

end 

s on SNr ac

he intermin

was previo

anglia path

now possib

umination o

d chloride p

sing neuron

ssing 

y D2-

atory, 

ctivity 

gling 

ously 

hway. 

ble in 

of the 

pump 

ns or 



4 
 

inhibition of NpHR-expressing neurons can be performed in behaving animals 

using implantable optical fibers, allowing for the selective activation of genetically 

or anatomically-defined populations of cells.   

We have now utilized in vivo optogenetic activation13,15 of medium spiny 

neurons (MSNs) that form the origin of the direct and indirect pathways to 

address the question of how activation of these circuits affects motor behavior16.  

We have found that we can selectively target ChR2 to either direct or indirect 

pathway MSNs via Cre-dependent expression in either D1-Cre or D2-Cre BAC 

transgenic mice. In vitro, ChR2 activation produces large inward currents that are 

sufficient to drive high-frequency spiking. In vivo recordings performed under 

anesthesia demonstrate activation of ChR2-expressing MSNs in the striatum, 

and both direct pathway-mediated inhibition, and indirect pathway-mediated 

excitation of SNr neurons. Finally, direct pathway activation in behaving mice 

elicits robust locomotor activation, while indirect pathway activation strongly 

suppresses movement.   

We have more recently utilized pathway-specific activation of the striatum 

to investigate the modulation of SNr activity by direct and indirect pathways in 

awake behaving mice. We were able to record SNr single-unit and local field 

potential (LFP) activity while enhancing or suppressing locomotor behavior via 

optical stimulation in the striatum. We found that both direct and indirect pathway 

stimulation produce some of the effects predicted by the classical model, namely 

that direct pathway activation robustly inhibits some SNr cells, while indirect 

pathway excites some SNr cells, concurrent with changes in locomotion.  
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However, we also observe that pathway stimulation produces responses in some 

SNr cells opposite to classical model predictions, possibly as a consequence of 

strong lateral inhibition in this nucleus.  Furthermore, we find that focal inhibition 

of SNr drives locomotor initiation, while global excitation elicits motor 

suppression. These results are consistent with predictions by Mink17 that the 

direct pathway provides focused inhibition for action selection, while indirect 

pathway globally suppresses action.  
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CHAPTER 2 

 

Regulation of parkinsonian motor behaviours by  

optogenetic control of basal ganglia circuitry 

 

To obtain selective optogenetic control of the direct and indirect 

pathways in vivo, we targeted striatal MSNs that form the origin of these 

pathways. We injected an adeno-associated virus (AAV1) containing a double-

floxed inverted open reading frame encoding a fusion of channelrhodopsin-2 and 

enhanced yellow fluorescent protein18,19 (ChR2–YFP) into the dorsomedial 

striatum of bacterial artificial chromosome (BAC) transgenic mice expressing Cre 

recombinase in direct- or indirect-pathway MSNs20 (D1-Cre and D2-Cre mice, 

respectively). Functional ChR2–YFP is transcribed only in neurons containing 

Cre, thus restricting expression to either direct- or indirect-pathway MSNs. 

Dorsomedial striatum was chosen as a target because it is thought to be involved 

in earlier stages of motor processing21 and thus would be more likely to yield 

global changes in motor behaviour. 

To confirm the expression pattern of ChR2 in the dorsomedial striatum, we 

prepared sagittal sections at two weeks post-injection that included the striatum, 

globus pallidus and substantia nigra pars reticulata (SNr). In D1-Cre mice, 

numerous ChR2–YFP-positive cell bodies were observed in the striatum, along 

with fibres traversing the globus pallidus that projected to the entopeduncular 

nucleus and SNr , which are the canonical targets of direct-pathway MSNs. In 
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D2-Cre mice, ChR2–YFP-positive cell bodies were observed in the striatum, and 

fibres projected to the globus pallidus but not the entopeduncular nucleus or SNr, 

consistent with proper targeting of ChR2–YFP to indirect-pathway MSNs. 

Immunostaining for Cre and the MSN marker DARPP-3222 (also known as 

PPP1R1B) confirmed that the vast majority (>90%) of ChR2–YFP-positive cells 

expressed both Cre and DARPP-32.  

 

Figure 2. ChR2-YFP+ neurons recorded in vitro and in vivo exhibit 

electrophysiological characteristics of striatal medium spiny neurons 

(MSNs). (a) Cluster analysis based on passive and active membrane properties 

recorded in whole-cell current clamp recordings from brain slices (ChR2-YFP+, 

n=6; control MSN, n= 11; cholinergic, n=9; FS, n= 22; pLTS, n=32). 
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To investigate whether ChR2–YFP was expressed in striatal interneurons, 

we immunostained each line for choline acetyltransferase, parvalbumin and 

neuropeptide Y, which are markers of cholinergic, fast-spiking and low-threshold-

spiking interneurons, respectively23. Very few (<5%) interneurons expressed 

ChR2–YFP. These findings were confirmed electrophysiologically, by comparing 

the passive and active membrane properties of ChR2–YFP-positive neurons with 

the properties of known striatal neuron subtypes6. All recorded neurons exhibited 

characteristics of MSNs (Fig. 2 and Table 1). We found no evidence for 

expression of ChR2–YFP in striatal afferent fibres from either the substantia 

nigra pars compacta or cortex. 

 

 

Table 1. Passive membrane properties of different types of striatal neurons.  

Membrane properties of ChR2-YFP-expressing MSNs and control MSNs do not 

exhibit statistically significant differences.  
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Figure 3. ChR2-mediated excitation of direct- and indirect-pathway MSNs in 

vivo drives activity in basal ganglia circuitry.  a, Whole-cell current-clamp 

recordings from ChR2–YFP-positive neurons in vitro demonstrate normal 

current–firing relationships consistent with direct-pathway (red traces) and 

indirect-pathway (green traces) MSNs (D1-control, n = 10; D1-ChR2, n = 3; D2-

control, n = 7; D2-ChR2, n = 3). b, Firing rate plotted as a function of injected 

current in direct- and indirect-pathway MSNs expressing either green fluorescent 

protein or ChR2–YFP. c, ChR2-mediated photocurrents (top) and spiking 

(bottom) in direct-pathway (left) and indirect-pathway (right) MSNs. In this and 

subsequent panels, blue bars indicate illumination time. d, Summary of ChR2-

mediated photocurrents (left) and spiking (right) for D1-ChR2 (n = 5) and D2-
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ChR2 (n = 4) cells. e, Schematic of in vivo optical stimulation and recording in the 

striatum. f, Example MSN recorded from the striatum of an anaesthetized D1-

ChR2 mouse that showed increased firing in response to illumination. Insets 

in f, g, j and k show spike waveforms with (blue) or without (grey) illumination. 

Scale bars apply to insets in f, g, j and k. g, Example of a light-sensitive MSN 

from a D2-ChR2 mouse. h, Normalized change in MSN firing rates in response to 

striatal illumination in D1-ChR2 (n = 16) and D2-ChR2 (n = 10) mice. Pre, before 

illumination; laser, during illumination; post, after illumination. i, Schematic of in 

vivo optical stimulation in striatum and recording in SNr. j, Example of a SNr 

neuron recorded from a D1-ChR2 mouse that was inhibited by direct-pathway 

activation. k, Example of a SNr neuron recorded from a D2-ChR2 mouse that 

was excited by indirect-pathway activation. l, Normalized change in SNr firing 

rate in response to activation of the direct (D1, n = 8) or indirect (D2, n = 4) 

pathways. *P < 0.05; error bars, s.e.m. 

 

To confirm that ChR2–YFP expression alone did not alter the 

electrophysiological properties of MSNs, we performed whole-cell recordings in 

brain slices prepared from D1-Cre or D2-Cre mice injected with ChR2–YFP virus 

(subsequently referred to as D1-ChR2 or D2-ChR2 mice, respectively). The 

current–firing relationships for direct- and indirect-pathway MSNs expressing 

ChR2–YFP were not significantly different from control MSNs (D1-ChR2 versus 

control: P>0.30 for all points; D2-ChR2 versus control: P>0.26 for all points; Fig. 

3a, b), and ChR2–YFP expression did not significantly change the passive 



11 
 

properties of MSNs (Table 1). However, consistent with previous reports24, D1-

ChR2-positive MSNs were significantly less excitable than D2-ChR2-positive 

MSNs, providing further evidence that these subpopulations were selectively 

labelled by ChR2–YFP. Illumination of ChR2–YFP-positive MSNs with 470-nm 

light elicited large light-evoked currents in voltage clamp and robust spiking in 

current clamp (Fig. 3c, d), indicating that ChR2 was functional in these neurons. 

We next tested ChR2 function in vivo in the striatum of anaesthetized D1-

ChR2 and D2-ChR2 mice. Recordings were performed with an optrode25 that 

consisted of a linear, 16-site silicon probe with an integrated laser-coupled optical 

fibre that could elicit light-induced spiking at least 800 μm from the fibre tip. In 

both mouse lines, we observed significant firing rate increases in approximately 

35% of recorded neurons during 473-nm laser illumination (1 mW at fibre tip) 

(Fig. 3e-h), although this is probably an overestimate of the actual percentage of 

ChR2-positive MSNs. We considered the possibility that illumination recruited 

previously silent neurons that could infiltrate the recording and bias our 

quantification of firing rate changes. However, we observed no difference in the 

spike waveforms during illumination (Fig. 3f, g, insets), nor did light-induced 

spikes occur within the refractory period of the recorded neuron, indicating that 

no additional units were recruited. Overall, average MSN firing rates in D1-ChR2 

mice increased from 0.03 Hz to 1.16 Hz with illumination; in D2-ChR2 mice, 

average firing rates increased from 0.06 Hz to 0.76 Hz with illumination (D1-

ChR2: n = 16, P<0.0001; D2-ChR2: n = 10, P<0.005). The light-induced firing 

rate of MSNs (~1 Hz) was well below the maximal firing rate of MSNs, indicating 
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that we did not drive these neurons strongly under conditions of anaesthesia. 

However, basal MSN firing rates under anaesthesia were approximately tenfold 

lower than those observed in awake mice, suggesting that our light-induced firing 

rate changes may not reflect the efficacy of optical stimulation in awake mice. 

To confirm that activation of direct- or indirect-pathway MSNs can drive 

activity in basal ganglia circuits in vivo, we next performed recordings in the main 

basal ganglia output nucleus (SNr) during striatal illumination in D1-ChR2 or D2-

ChR2 mice (Fig. 3i). In SNr regions innervated by optically stimulated MSNs (as 

assessed by local field potential modulation), eight of ten SNr neurons responded 

to direct-pathway activation, whereas four of eleven SNr neurons responded to 

indirect-pathway activation (Fig. 4). All responsive SNr neurons showed robust 

changes in firing rate (D1-ChR2 mice: 8.6±3.0% of baseline firing rate, n = 8; D2-

ChR2 mice: 162±19% of baseline firing rate, n = 4) that were consistent with the 

classical model: direct-pathway activation inhibited firing of SNr neurons, 

whereas indirect-pathway activation excited SNr neurons (Fig. 3j-l). 

After verifying the expression pattern of ChR2 in the direct or indirect 

pathways, and confirming our ability to drive direct- and indirect-pathway basal 

ganglia circuits in vivo, we examined the behavioural effects of activating basal 

ganglia circuits in awake mice. Cannulae were surgically implanted over 

dorsomedial striatum (Fig. 5a) and used to guide both viral injections and fibre-

optic placements. Unilateral illumination of dorsomedial striatum in D1-ChR2 and 

D2-ChR2 mice elicited rotational behaviour. Direct-pathway activation led to 

contraversive rotations, whereas indirect-pathway activation yielded ipsiversive 
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rotations. Thus, unilateral indirect-pathway activation mimics rotational behaviour 

induced by unilateral dopamine depletion26, consistent with the classical model of 

basal ganglia function. 

 

Figure 4. Average firing rate of all LFP-modulated units recorded in SNr in 

response to striatal direct or indirect pathway activation. Single unit 

recordings from SNr. The blue bars mark the time of striatal illumination in D1-

ChR2 (a) or D2-ChR2 (b) mice. (c) Total number of SNr cells whose firing rate 

decreased, remained constant, or increased in response to direct (D1) or indirect 

(D2) pathway activation. 
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Figure 5. In vivo activation of direct or indirect pathways reveals pathway-

specific regulation of motor function. a, Coronal schematic of cannula 

placement and bilateral fibre-optic stimulation. b, Example of altered motor 

activity during bilateral striatal illumination in D1-ChR2 (left) and D2-ChR2 (right) 

mice. Lines represent the mouse’s path; dots represent the mouse’s location 

every 300 ms. Grey paths represent 20 s of activity before illumination; coloured 

paths represent 20 s of activity during subsequent illumination. c, Motor activity 

before, during and after bilateral striatal illumination in D1-ChR2 (left, red) and 

D2-ChR2 (right, green) mice. d, Effect of illumination on the velocity of fine 

movements in D1-ChR2 (red bars, n = 9) and D2-ChR2 (green bars, n = 8) mice. 

*P < 0.05; error bars, s.e.m. 
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Bilateral illumination of direct-pathway MSNs elicited decreases in freezing 

and fine movements and an increase in the percentage of time spent in 

ambulation (n = 9, P<0.05; Fig. 5b, c). In contrast, when we stimulated the 

indirect pathway, we observed decreases in ambulation and fine movements (n = 

8, P<0.05) and a sharp increase in the amount of time spent freezing (n = 

8, P<0.001; Fig. 5b, c). Changes in the percentage of time spent performing fine 

movements were not correlated with changes in grooming frequency for either 

ChR2-expressing line (D1-ChR2: n = 9, P = 0.30; D2-ChR2: n = 8, P = 0.93). 

However, fine movements were more vigorous during direct-pathway activation 

(increased centre-point velocity) and less vigorous during indirect-pathway 

activation (D1-ChR2: n = 9,P>0.005; D2-ChR2: n = 8, P>0.05; Fig. 3d). As a 

control, we injected Cre-dependent virus expressing only YFP (D1-YFP and D2-

YFP mice). We observed no difference in time spent ambulatory, freezing or 

performing fine movements in either of these mouse lines during illumination (n = 

5 for each line, P>0.23 for all conditions). 

Next we analysed ambulation patterns during bilateral activation of the 

direct or indirect pathways. During illumination, D1-ChR2 mice initiated more 

frequent ambulatory bouts (n = 9, P<0.005), and these bouts lasted longer (n = 

9, P<0.05); no changes in ambulation velocity occurred (n = 9, P = 0.21). In 

contrast, indirect-pathway activation led to less frequent initiation of ambulation 

(n = 8, P<0.0005). When ambulation did occur, it lasted a shorter time (n = 

8, P<0.05) and had a lower velocity (n = 8, P<0.0005). There were no differences 

in any measures of ambulation for the YFP-expressing controls during 
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illumination (n = 5 for each line, P>0.35 for all measures). We then examined the 

frequency and duration of freezing bouts during illumination. D1-ChR2-

expressing mice exhibited less frequent freezing bouts (n = 9, P<0.05), and these 

bouts were shorter (n = 9, P<0.0001). D2-ChR2 expressing mice had more 

frequent freezing bouts during illumination (n = 8, P<0.05), and freezing bouts 

that did occur lasted much longer (n = 8, P<0.05). There were no differences in 

either measure of freezing for the YFP-expressing controls during illumination 

(n = 5 for each line, P>0.20 for each measure). Together, these data establish a 

causal role for the direct pathway in decreasing freezing and increasing 

locomotor initiations, and for the indirect pathway in increasing freezing, 

decreasing locomotor initiations and inducing bradykinesia. 

 

Methods 

Subjects 

BAC transgenic mouse lines that express Cre recombinase under control 

of the dopamine D1 receptor (D1-Cre) and Dopamine D2 receptor (D2-Cre) 

regulatory elements17 were obtained from GENSAT. Animals entered the study at 

~4 weeks of age, weighing 15–20 g. All procedures were approved by the UCSF 

Institutional Animal Care and Use Committee. 

Viral expression of DIO-ChR2–YFP and DIO-YFP 

We used DIO constructs to express ChR2–YFP fusions and YFP alone in 

Cre-expressing neurons. The DIO constructs virtually eliminate recombination in 
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cells that do not express Cre recombinase15, 16. The double-floxed reverse 

ChR2–YFP or YFP cassette was cloned into a modified version of the pAAV2-

MCS vector (Stratagene) carrying the EF-1α promoter and the WPRE to enhance 

expression. The recombinant AAV vectors were serotyped with AAV1 coat 

proteins and packaged by the viral vector core at the University of North 

Carolina. The final viral concentration was 4 × 1012 viral particles per millilitre (by 

Dot Blot, UNC vector core). 

Stereotaxic viral injections 

Anaesthesia was induced with a mixture of ketamine and xylazine (100 mg 

ketamine plus 5 mg xylazine per kilogram of body weight i.p.) and maintained 

with isoflurane through a nose cone mounted on a stereotaxic apparatus (Kopf 

Instruments). For mice used in acute recording and histological analysis, the 

scalp was opened and a hole was drilled in the skull (+0.5 mm AP, −1.5 mm ML 

from bregma). DIO-ChR2–YFP virus (1 μl) was injected into the left dorsomedial 

striatum (−3.0 mm DV from top of brain) through a 33-gauge steel injector 

cannula (PlasticsOne) using a syringe pump (World Precision Instruments) that 

infused the virus over 4 to 10 min. The injection cannula was left in place for 5–

10 min following the injection and then slowly removed.  

Mice that were used in behavioural experiments were first implanted with 

guide cannulae (26-gauge, 3-mm deep, measured from top of skull; PlasticsOne) 

aimed at the above coordinates (+0.5 mm AP, ±1.5 mm ML from bregma). After 

implantation of the guide cannula, viral injections (ChR2–YFP or YFP) were 

made through a 33-gauge injection cannula that was passed through the guide 
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cannula, such that the tip of the injection cannula extended 0.5 mm from the end 

of the guide cannula. Injection parameters for these mice were identical to those 

described above. Following the injections, dummy cannulae were inserted into 

the guide cannulae to maintain patency, and plastic caps were attached to 

secure the dummy cannulae in place. All surgical procedures were performed 

under aseptic conditions. To allow time for viral expression, animals were housed 

for at least two weeks following injection before any recording or behavioural 

experiments were initiated. 

 

Slice recordings 

Coronal sections (300-μm thick) containing dorsal striatum were prepared 

from brains of six-week-old heterozygous D1-Cre or D2-Cre BAC transgenic 

mice that were unilaterally injected at four weeks with AAV1 DIO-ChR2–YFP 

virus. Slices were prepared with a vibratome (Leica VT1000S) in carbogenated 

ACSF containing 125 mM NaCl, 26 mM NaCHO3, 2.5 mM KCl, 1 mM MgCl2, 2 mM 

CaCl2, 1.25 mM NaH2PO4, 12.5 mM glucose, 2 mM Mg-ATP and 0.3 mM Na-

GTP, pH 7.25, 300 mosM. After recovery for 0.5–5 h, experiments were 

performed on slices perfused with ACSF, warmed to 31–33 °C. 

Striatal slices were visualized using an Olympus BX51WI microscope 

equipped with epifluorescence. ChR2–YFP-positive neurons were selected for 

whole-cell recording. For voltage-clamp characterization of ChR2-mediated 

currents, the internal solution contained 120 mM CsMeSO3, 15 mM CsCl, 8 mM 

NaCl, 0.5 mM EGTA, 10 mM HEPES, 2 mM Mg-ATP, 0.3 mM Na-GTP, 5 mM QX-
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314, pH 7.3. For current-clamp characterization, the internal solution contained 

130 mM KMeSO3, 10 mM NaCl, 2 mM MgCl2, 0.16 mM CaCl2, 0.5 mM EGTA, 

10 mM HEPES, 2 mM Mg-ATP, 0.3 mM Na-GTP, pH 7.3. All recorded neurons 

exhibited electrophysiological characteristics of medium spiny neurons (Fig. 2). 

Excitation of ChR2 was achieved by epifluorescence (100-W mercury arc 

lamp, excitation filter; Chroma ET470/40x) and gated by a Uniblitz VS25 shutter 

(Vincent Associates) under through-the-lens control. Measured light intensity at 

the slice was approximately 1 mW cm−2. Data were collected with a MultiClamp 

700B amplifier (Molecular Devices) and ITC-18 A/D board (HEKA) using IGOR 

PRO 6.0 software (Wavemetrics) and custom acquisition routines (mafPC, 

courtesy of M. A. Xu-Friedman). Current-clamp recordings were filtered at 10 kHz 

and digitized at 40 kHz; voltage-clamp recordings were filtered at 2 kHz and 

digitized at 10 kHz. Electrodes were made from borosilicate glass (pipette 

resistance, 2–4 MΩ). 

The action potential half-width was calculated as the time it took the 

membrane potential to surpass and return to a point halfway between the action 

potential threshold (defined as the voltage at which the acceleration in voltage 

exceeded 3 × 105 V s−2) and the peak. The maximum firing rate was measured as 

the average maximum firing rate over a 500-ms step that could be sustained 

without entering depolarization block. The input resistance was calculated in 

voltage clamp (using the K-based internal) as the deviation from the holding 

current caused by a 5-mV hyperpolarizing step. The change in current was 

calculated as the difference between baseline holding current and the average 
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current during the last 10 ms of a 50-ms hyperpolarizing voltage step. Whole-cell 

capacitance was calculated by integrating the area under the transient following 

a 5-mV, 50-ms hyperpolarizing voltage step from the holding potential (−70 mV). 

Construction of a silicon optrode 

Recordings under conditions of anaesthesia were made with a custom 

silicon probe that was fabricated by NeuroNexus Technologies. This probe 

contained sixteen 413-μm recording sites, arranged linearly with 50-μm spacing 

between each site (model a1x16-5mm50-413, NeuroNexus Technologies). A 

short (15-cm) glass optical fibre (AFS105/125Y, Thorlabs) was connectorized 

with an LC connector at one end and cleaved flat at the other end. This fibre was 

secured in place with epoxy such that the cleaved fibre tip was positioned 

~50 μm above the first recording site. The four sites closest to the fibre were not 

able to record any single-unit activity, and these sites were therefore not used in 

further analyses. 

Anaesthetized striatal optrode recordings 

Twelve to sixteen days after the ChR2 injection, anaesthesia was induced 

with a mixture of ketamine and xylazine (100 mg ketamine plus 5 mg xylazine per 

kilogram of body weight i.p.) and maintained with both isoflurane and 

ketamine/xylazine injections. The scalp of the animal was opened and the 

craniotomy that was used for the viral injection was cleaned out and expanded 

with a surgical drill. The optrode was then lowered through this craniotomy. We 

coupled the silicon optrode to a 473-nm laser (Laserglow) via a fibre-optic patch 
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cord, and used the optrode to record striatal activity in anaesthetized D1-ChR2 

and D2-ChR2 mice, as well as wild-type mice. Each optrode recording lasted 

10 min, during which time the laser alternated 60 times between 5 s on (constant 

illumination) and 5 s off. After each recording, the probe was lowered or moved to 

a new recording tract such that multiple recordings were made from each mouse. 

The laser power was between 1 and 2 mW at the tip of the optical fibre for all 

optrode recordings (measured with a PM100D optical power meter with an 

S120C sensor, Thorlabs). Recordings from wild-type mice were identical, except 

that the laser was not activated in these recordings. 

Anaesthetized SNr recordings 

Twelve to sixteen days after the ChR2 injection, anaesthesia was induced 

with a mixture of ketamine and xylazine (100 mg ketamine plus 5 mg xylazine per 

kilogram of body weight i.p.) and maintained with both isoflurane and 

ketamine/xylazine injections. The scalp of the animal was opened and the striatal 

craniotomy that was used for the viral injection was cleaned out and expanded 

with a surgical drill. In addition, a SNr craniotomy was drilled at the following 

coordinates: −3.0 to −4.0 mm AP, −1.0 to −2.0 mm ML from bregma. A 200-μm 

fibre was coupled to the 473-nm laser and lowered 3.0 mm into the striatal 

craniotomy. In addition, a silicon probe (model a1x16-10mm100-413, 

NeuroNexus Technologies) was lowered through the SNr craniotomy. 

Recordings of SNr neurons were made at depths of between 4.0 and 5.0 mm 

below the surface of the brain. After electrode insertion, we tested for modulation 

of the local field potential (LFP) during striatal illumination. For these tests, the 



22 
 

laser was illuminated in an alternating pattern of 1 s on (constant illumination) 

and 9 s off. If recording sites showed LFP modulation, we recorded single-unit 

activity in this region of the SNr in response to striatal illumination. On recordings 

that had a responsive unit, we recorded the response of the unit to at least 50 

presentations of the above pattern. An electrolytic lesion was then made at the 

most ventral electrode site by passing 25 μA of current through each recording 

array site for 10 s. The location of this lesion was verified to be in the SNr 

through post hoc histological analysis. The laser power was between 1 and 4 mW 

at the tip of the optical fibre for all SNr recordings (measured with a PM100D 

optical power meter with an S120C sensor, Thorlabs). 

Analysis of anaesthetized recordings 

Voltage signals from each recording site on the silicon probe were band-

pass-filtered, such that activity between 0.7 and 300 Hz was analysed as LFPs 

and activity between 150 and 8,000 Hz was analysed as spiking activity. Both 

types of data were amplified, processed and digitally captured using commercial 

hardware and software (Plexon). Single units were discriminated with principal 

component analysis (OFFLINE SORTER 3.0.1, Plexon). Two criteria were used 

to ensure quality of recorded units: (1) recorded units smaller than 100 μV (~3 

times the noise band) were excluded from further analysis and (2) recorded units 

in which more than 1% of interspike intervals were shorter than 2 ms were 

excluded from further analysis. 

We tested each recorded neuron for a significant increase in firing rate 

during the entire period when the laser was on (5 s in striatal recordings, 1 s in 
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SNr recordings), relative to an identical time period directly preceding the laser 

illumination (paired t-tests across all 60 laser presentations). In the experiments 

with dopamine agonists, all light-responsive striatal neurons were tested for a 

response to the dopamine agonist. For these tests, the ten trials immediately 

preceding the agonist injection were compared with the ten trials that occurred 

ten minutes after the injection (unpaired t-tests). 

 Spike cross- and auto-correlation analyses were performed in 

NEUROEXPLORER 4.06 (Nex Technologies) with 5-ms bins over 600 ms (cross-

correlation) or 2 s (auto-correlation) of spike data. For both cross- and auto-

correlations, the first 100 ms of the correlogram was used as a baseline. For 

cross-correlations, a significant correlation in spiking between two neurons was 

defined as a peak value greater than two standard deviations above the mean of 

the baseline. For auto-correlations, a significant oscillation was defined as at 

least three peaks greater than two standard deviations above the mean of the 

baseline. Auto-correlations and the average delay to first spike were calculated 

for all laser-modulated neurons (n = 26), whereas cross-correlations were 

calculated for all simultaneously recorded pairs of laser-modulated striatal 

neurons (n = 21). We calculated the prevalence of modulated neurons, the 

change in firing rate of modulated neurons and the average magnitude of LFP 

deflection at each recording site on the optrode. We also performed a current 

source density analysis of the LFP data recorded on the optrode, using the 

CSDplotter toolbox (http://arken.umb.no/~klaspe/iCSD.php). 
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Optical stimulation in awake mice 

 Two 3-m glass fibres (AFS105/125Y, Thorlabs) were connectorized with 

SMA connectors at one end and cleaved flat at the other end. The cleaved ends 

were epoxied to a double injector guide (PlasticsOne) such that when both fibres 

were inserted fully into the bilateral guide cannulae, the cleaved ends of the fibre 

emerged ~0.5 mm past the end of the guide cannulae. The SMA-connectorized 

ends were attached to SMA bulkheads on a project board that contained a 

splitter that divided the laser into two beams; adjustable mirrors and collimators 

focused each beam into its corresponding SMA bulkhead. Each beam also 

passed through a variable neutral-density filter, which was adjusted such that the 

power was 1 mW at each fibre tip. The cleaved ends of the optical fibres were 

inserted through the guide cannulae into the dorsomedial striatum of the mice. In 

almost all cases (35 of 38 mice across all experiments), fibres were inserted 

without anaesthesia. In three cases, brief isoflurane anaesthesia was required to 

insert the fibres. In these cases, we waited at least 15 min after the mice 

regained consciousness before starting any behavioural experiments. 

Behavioural analysis 

 After optical fibres were inserted, each mouse was placed in a round 

activity chamber (14-inch diameter, 8-inch high) and video-monitored from 

above. The positions of the nose, tail and centre of mass of each mouse were 

tracked using ETHOVISION 7.0 software (Noldus). A smoothing algorithm was 

applied to all video tracks before analysis, to reduce system noise (locally 

weighted scatterplot smoothing based on ten points before and after each data 
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point, performed in ETHOVISION 7.0). Animals were recorded for a 1–10-min 

baseline period before any laser illumination. Then the laser (473 nm, Laserglow) 

was illuminated in a series of ten trials. Each trial had a variable period during 

which the laser was on (constant illumination, 30-s average, 25–35-s range), 

followed by a variable period during which the laser was off (60-s average, 55–

65-s range). 

 For each trial, we calculated all behavioural measures during three 

analysis periods, termed ‘pre’, ‘laser’ and ‘post’. The ‘pre’ period was the 25-s 

period preceding the illumination of the laser. The ‘laser’ period was the period 

starting 5 s after the illumination of the laser and lasting until the end of the laser 

illumination (average duration, 25 s). The ‘post’ period was the period between 5 

and 30 s after the end of the laser illumination. 

 Ambulation was defined as periods when the velocity of the animal’s 

centre point averaged more than 2 cm s−1 for at least 0.5 s. The accuracy of this 

definition was validated by two observers, and it excluded other movements such 

as rearing and sniffing. Immobility was defined as continuous periods of time 

during which the average pixel change of the entire video image was less than 

2% for at least 1 s. This definition was very strict, such that any movement of the 

head, limbs or tail would not be scored as immobility. Fine movement was 

defined as any movement that was not ambulation or immobility. The frequency 

of grooming bouts during fine movement was scored manually. Rotations were 

defined as each 360° rotation that contained no turn of more than 90° in the 

opposite direction. 
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CHAPTER 3 

 

Further characterization of optogenetic tools for bidirectional 
modulation of striatal neuron excitability 

 

In vitro optical entrainment of MSNs to high-frequency signals 

As shown in the previous chapter, constant illumination of ChR2-

expressing MSNs elicits nA-scale inward currents that are sufficient to drive 

spiking at rates near the maximum firing rate of this cell type (Fig. 2 above). 

Because spiking at particular frequencies is critical for information processing in 

other brain regions, we were interested in whether we could induce patterned 

high-frequency spiking in MSNs, for future application to both slice and in vivo 

experiments. To do this, we recorded from either YFP-expressing MSNs in either 

D1-Cre or D2-Cre mice in current clamp mode.  We subjected cells to 1 s trains 

of illumination at frequencies of 10, 20, and 50 Hz, and computed the probability 

of eliciting a spike for each light flash across the entire train.  As shown in Fig. 

5A, striatal MSNs are capable of following up to 50 Hz signals with perfect 

fidelity. However, the slow deactivation kinetics of ChR2 prevent complete 

repolarization of the cell membrane following each light flash at high 

frequencies27.  This results in the generation of platuea potentials at high 

frequency, likely increasing the gain of all incoming synaptic potentials, which 

may or may not be desirable in vivo. 
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Figure 6.  Optically-driven high-frequency spiking in striatal MSNs in vitro. 

(A) Example traces of a striatal MSN following a 10 Hz, 20Hz, and 50 Hz input 

with perfect fidelity. Each light pulse is very brief (2 ms). Spiking is time-locked to 

illumination. (B) Quantification of spike fidelity (as calculated by Pr(spike | flash)) 

as a function of optical stimulation frequency for D1 and D2 MSNs. D1 cells spike 

with perfect fidelity up to 50 Hz, while D2 cells unreliably follow 50 Hz signals 

(D1, n=5; D2, n= 4). 
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Quantification of spike fidelity as a function of frequency (Fig. 5B) 

indicates that D1 neurons (n=5) follow input signals up to 50 Hz with perfect 

fidelity.  D2 neurons (n=4).  show perfect fidelity up to 20 Hz, but exhibit more 

unreliablity at 50 Hz.  These results demonstrate that it is likely possible in vivo to 

entrain MSNs to particular input frequencies.  As more information is obtained 

about the role of oscillations and frequency-dependent firing in the basal ganglia, 

entrainment may be prove to be a useful tool for circuit analysis. 

In vitro halorhodopsin-mediated spike suppression 

 In addition to activation of MSNs by ChR2, we sought to determine 

whether we could silence MSN activity though optogenetic manipulation.  NpHR 

(Natromonas pharaonis halorhodopsin) is a membrane chloride pump that is 

activated by yellow light.  In its activated state, it hyperpolarizes the cell 

membrane, decreasing excitability and thereby suppressing action potential 

firing.  We separately expressed two different constructs of NpHR-YFP in MSNs, 

and following two weeks of expression, recorded from YFP-expressing MSNs in 

voltage-clamp and current-clamp modes. Fig. 6A shows outward currents elicited 

in voltage-clamp by 50 ms flashes of 593 nm light.  Both NpHR and enhanced 

NpHR 3.0 (eNpHR3.0) have rapid onset and offset kinetics, time-locked to 

illumination.  eNpHR3.0 peak currents are, on average, about threefold greater in 

magnitude than NpHR currents (Fig. 6C), due to engineered mutations that 

enhance membrane trafficking28.  In current-clamp mode, eNpHR3.0 strongly 

suppresses spiking driven by current injection.  Fig. 6B illustrates an example of 

spike suppression and strong hyperpolarization by 100 ms illumination.   
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Figure 7.  Optical suppression of MSN spiking in vitro. (A) Example NpHR 

and eNpHR3.0 currents elicited by 50 ms 1 mW 593 nm illumination at a holding 

potential of -70 mV.  (B) Robust eNpHR3.0-mediated spike suppression and 

hyperpolarization of a MSN by 100 ms yellow light illumination.  (C) Average 

peak NpHR and eNpHR3.0 currents in voltage-clamp.  eNpHR3.0 currents are 

significantly larger (p<.001, paired t-test).  (D) Quantification of eNpHR3.0-

mediated spike suppression as a function of current injection.  Spike suppression 

is overcome by depolarization at large current injections. 
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The efficacy of spike-suppression is dependent on the strength of the 

depolarizing current step.  While ~90% of spikes are eliminated at 300 pA current 

steps, only ~20% of spikes are eliminated at 700 pA injection, as the depolarizing 

injection overcomes the hyperpolarizing eNpHR3.0 current.  These results 

indicate that optical suppression of MSN spiking is likely possible in vivo. 

Intrastriatal illumination could be used to reduce spiking at the soma and 

proximal axon, or terminal field illumination could be used in the MSN axonal 

target regions (SNr, GP) to prevent neurotransmitter release by incoming action 

potentials. Use of halorhodopsin may be particularly useful for studies of basal 

ganglia processing, as most of the circuitry in this system is inhibitory. 

 

Methods 

Slice recordings 

Coronal sections (300-μm thick) containing dorsal striatum were prepared 

from brains of six-week-old heterozygous D1-Cre or D2-Cre BAC transgenic 

mice that were unilaterally injected at four weeks with AAV1 DIO-ChR2–YFP, 

AAV1 DIO-NpHR-YFP, or AAV1 DIO-eNpHR3.0-YFP virus. Slices were prepared 

with a vibratome (Leica VT1000S) in carbogenated ACSF containing 125 mM 

NaCl, 26 mM NaCHO3, 2.5 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 1.25 mM 

NaH2PO4, 12.5 mM glucose, 2 mM Mg-ATP and 0.3 mM Na-GTP, pH 7.25, 

300 mosM. After recovery for 0.5–5 h, experiments were performed on slices 

perfused with ACSF, warmed to 31–33 °C. 
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Striatal slices were visualized using an Olympus BX51WI microscope 

equipped with epifluorescence. ChR2–YFP-positive or NpHR-YFP-positive 

neurons were selected for whole-cell recording. For voltage-clamp 

characterization of ChR2- or NpHR-mediated currents, the internal solution 

contained 120 mM CsMeSO3, 15 mM CsCl, 8 mM NaCl, 0.5 mM EGTA, 10 mM 

HEPES, 2 mM Mg-ATP, 0.3 mM Na-GTP, 5 mM QX-314, pH 7.3. For current-

clamp characterization, the internal solution contained 130 mM KMeSO3, 10 mM 

NaCl, 2 mM MgCl2, 0.16 mM CaCl2, 0.5 mM EGTA, 10 mM HEPES, 2 mM Mg-

ATP, 0.3 mM Na-GTP, pH 7.3. All recorded neurons exhibited 

electrophysiological characteristics of medium spiny neurons 

Excitation of ChR2 or NpHR was achieved by epifluorescence (100-W 

mercury arc lamp, excitation filter; Chroma ET470/40x) and gated by a Uniblitz 

VS25 shutter (Vincent Associates) under through-the-lens control. Measured light 

intensity at the slice was approximately 1 mW cm−2. Data were collected with a 

MultiClamp 700B amplifier (Molecular Devices) and ITC-18 A/D board (HEKA) 

using IGOR PRO 6.0 software (Wavemetrics) and custom acquisition routines 

(mafPC, courtesy of M. A. Xu-Friedman). Current-clamp recordings were filtered 

at 10 kHz and digitized at 40 kHz; voltage-clamp recordings were filtered at 2 kHz 

and digitized at 10 kHz. Electrodes were made from borosilicate glass (pipette 

resistance, 2–4 MΩ). 
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CHAPTER 4 

 

Optogenetic activation reveals focal inhibitory and  

global excitatory control of locomotion by basal ganglia output 

 

 Basal ganglia research over the past twenty years has been guided by the 

so-called classical model3. In this scheme, the direct and indirect pathways 

bidirectionally regulate firing in the basal ganglia output nuclei (in the rodent, 

primarily the SNr) to achieve roughly opposite behavioral effects. The direct 

pathway, via a monosynaptic inhibitory connection from the striatum, is posited to 

inhibit SNr firing, thereby disinhibiting thalamocortical circuitry and promoting 

movement. In contrast, the indirect pathway is hypothesized to increase SNr 

firing by STN-mediated excitation, which inhibits firing in downstream circuitry, 

and suppresses movement. The related action-selection model17 expanded on 

these hypotheses, suggesting that selective inhibition of SNr cells promotes the 

execution of specific motor programs, while broad excitation suppresses 

competing motor programs. These models have had considerable heuristic value 

in the interpretation of experimental data, but the validity of their basic 

assumptions has not been tested in behaving animals. 

A number of studies have attempted to link changes in firing rate and 

pattern of SNr neurons to motor behavior, but they have been limited by the 

inability to probe the mechanistic basis of such activity, and to determine whether 

patterns of activity are causally related to behavior.  The most well established 
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role for SNr in motor behavior comes from work done in primates, primarily by 

Hikosaka and colleagues29-32. In primates, it is thought that SNr activity heavily 

influences the generation of eye saccades via a monosynaptic connection to 

superior colliculus (SC). In a number of studies, it was shown that there are SNr 

neurons that undergo a dramatic decrease in firing time-locked to saccade 

behavior, likely in order to disinhibit SC neurons that preferentially fire in the 

direction of the saccade.  

While the primate GPi likely controls most basal ganglia processing 

related to body and limb movements, the rodent homolog of the GPi (EP) is 

relatively far smaller7 and SNr likely subserves these functions in addition to its 

role in oculomotor processing. In rodents, a handful of studies have investigated 

the role of SNr in motor function.  Gulley et al. found that approximately 20% of 

SNr neurons are inhibited, while 80% are excited around points of locomotor 

initiation33.  Interestingly, several other studies in rodents have also found a 

predominance of neurons that increase firing during motor preparation and 

execution34-37. These findings may be consistent with the idea that a small 

number of inhibited SNr neurons select the motor programs to be executed, while 

a larger number of excited SNr cells suppress all other competing motor 

programs17. These results support the premise of the action selection model, but 

fail to identify the basal ganglia circuitry underlying this effect. 

Using cell type-specific targeting of ChR2, we are now able to selectively 

activate the origins of the direct and indirect pathways in order to examine how 

they modulate both SNr activity and locomotor behavior. We previously showed 
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that direct pathway activation promotes locomotion, while indirect pathway 

activation suppresses movement16. Recordings performed under anesthesia 

suggest that direct pathway indeed decreases SNr firing, while indirect pathway 

increases firing, consistent with anatomical predictions. However, it is unclear 

whether these simple changes in firing rate could account for the behavioral 

effects we observed. For that reason we developed a system in which we could 

simultaneously optically activate either direct or indirect pathway striatal MSNs, 

while recording SNr neural activity and monitoring locomotor behavior through 

video tracking.  

Using this approach we tested the classical model prediction of SNr 

inhibition concomitant with locomotion initiation and SNr excitation with 

movement suppression. We found evidence that these pathways do produce 

firing rate changes in the predicted directions for a subset of neurons. However, 

we find that direct pathway activation excites an even more numerous class of 

neurons, recapitulating the observations made by others during spontaneous 

locomotor initiation. These results suggest that direct pathway activation alone 

likely has the capacity for both action selection and suppression. Furthermore, 

we find that the firing rates of inhibited cells, but not excited cells, differentiate 

between behavioral trials in which locomotion is initiated, versus those in which it 

is not, underscoring the importance of this class of cells for promoting movement. 

In contrast to our results for direct pathway, we find that net SNr excitation 

predicts the capacity for indirect pathway activation to suppress movement. 

These results suggest that SNr promotes movement through focal inhibitory 
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signaling, but suppresses movement via global excitation. This work provides 

insight into the normal operation of the basal ganglia, and should aid in 

understanding how circuit function is disrupted in movement disorders such as 

Parkinson’s disease and Huntington’s disease. 

 

Simultaneous striatal optogenetic activation and single-unit  

SNr recording in behaving mice 

 In order to identify the behaviorally-relevant effects of direct and indirect 

pathway stimulation on basal ganglia output, we recorded SNr single-unit and 

local field potential (LFP) activity in mice during bilateral optical activation of 

ChR2-expressing direct pathway MSNs (dMSNs) or indirect pathway MSNs 

(iMSNs) (Fig. 8A, B). This system enabled us to obtain high-quality recordings in 

both baseline and laser ON conditions (Fig. 8C, D), while simultaneously 

monitoring the locomotor effects of pathway activation as mice freely behaved in 

the open field.  

Short activations of direct and indirect pathways oppositely  

regulate locomotion 

 It was previously shown that direct pathway activation for tens of seconds 

promotes locomotion, while indirect pathway activation on the same timescale 

suppresses movement16. While pathway activations for such long durations are 

useful in eliciting robust behavioral effects, they could also engage circuit 

mechanisms that are epiphenomena of our stimulation paradigm, and not strictly 

necessary for the behavioral effects of interest. In order to simplify the joint 
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analysis of behavioral and neural data, we sought to determine whether much 

briefer pathway activations were sufficient to drive similar behavioral changes. 

This approach has the advantage of being more likely to identify the features of 

SNr activity that are essential for driving changes in locomotor behavior.  We 

found that direct pathway activation for 1 s was sufficient to substantially increase 

the average center-point velocity of the animal (Fig. 9A), as well as increase 

ambulation starts (Fig. 9B, p<.05, rank sum test, n=5 mice). 100 ms illumination 

was less effective in provoking a change in velocity (Fig. 9A). Consistent with our 

previous results, 1 s indirect pathway illumination induced a strong decrease in 

velocity (Fig. 9C), with a concomitant increase in immobility starts (Fig. 9D, 

p<.01, rank sum test, n=4 mice). Indirect pathway activation for 100 ms also 

provoked a decrease in velocity with a similar onset timecourse to that for 1 s 

illumination (Fig. 9C). These results suggest that both direct and indirect 

pathways operate on a rapid timescale, and that neural activity occurring in less 

than 1 s can drive strong behavioral effects. For these reasons, we chose to 

analyze single-unit and LFP data on these short timescales, with the goal of 

determining how direct and indirect pathway modulation of SNr activity regulates 

locomotion.  
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Figure 8. Experimental Design. (A) Schematic showing placement of optical 

fibers in dorsomedial striatum with 16 channel recording array in SNr. (B) 

Photograph of a D1-Cre mouse with bilateral implantation of fiber optic ferrules in 

the striatum along with a 16-channel microwire array in the SNr.  (C) Average 

waveforms of a well-isolated SNr single-unit in control (black) and laser ON 

(blue) conditions.  Note the rapid timecourse of the action potential and the 

overlapping waveforms under both conditions.  (D) Two-dimensional principal 

components analysis (PCA) projection of the unit waveform shown in (C). Clear 

separation from the noise band cluster is an indicator of high-quality isolation. 
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Figure 9.  Short activations of direct and indirect pathways oppositely 

regulate locomotion.   (A) Timecourses of mouse open-field velocity increases 

in response to 100 ms or 1 s direct pathway activation (denoted by blue bars) 

(n=3 mice for 100 ms, n=5 mice for 1 s).   (B) 1 s direct pathway activation 

increases the number of ambulation starts per bin relative to baseline (* p<.05, 

Wilcoxon rank-sum test, Pre (2 s prior to laser onset) vs. Laser (2 s after laser 

onset) in 200 ms bins).  (C) Indirect pathway activation for 100 ms or 1 s 

decreases the average velocity of the mouse relative to baseline (n=4 mice for 

each condition). (D) 1 s indirect pathway activation increases the number of 

immobility starts per bin relative to baseline (** p<.01, rank-sum test, Pre (2 s 

prior to laser onset) vs. Laser (2 s after laser onset) in 200 ms bins). 
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Direct pathway activation strongly inhibits a subset of rapidly firing SNr 

cells and entrains them to low frequency oscillations 

 The classical model of basal ganglia function predicts that direct pathway 

activation should achieve its prokinetic effects by inhibiting basal ganglia output 

neurons3. However, the majority of studies in rodents that have analyzed the role 

of SNr in motor behavior have found that the majority of neurons increase their 

firing around points of locomotor initiation, while a smaller subset exhibit 

decreases in firing rate33-37. One appealing explanation for these apparently 

conflicting results is that direct pathway activation inhibits a subset of SNr 

neurons that are responsible for engaging the appropriate motor programs in 

downstream circuitry, while more complex effects give rise to excitation in other 

neurons that suppress competing motor programs17. The circuit effects 

underlying such excitation could include activation of the indirect pathway or 

hyperdirect pathway34,35, or lateral inhibition with the SNr itself38,39 but there is 

little evidence supporting a primary role for any of these putative mechanisms.   

Interestingly, we find that direct pathway activation (for 1 second duration) alone 

is sufficient to produce robust inhibition of a subset of SNr neurons (n= 11 of 27 

neurons), along with excitation of a somewhat more numerous class of cells 

(n=15 of 27 neurons). Figs. 10A and 10B show perievent rasters and histograms 

for an inhibited neuron, and an excited neuron, respectively, demonstrating 

robust firing rate modulation both within and across trials.  In total, 26 of 27 

recorded SNr neurons had a significant change in firing rate in response to laser 

stimulation, suggesting that our stimulation conditions were strongly modulating 
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SNr output.  The group mean firing rate response  (measured in spikes/s) for all 

neurons during direct pathway stimulation (Fig. 10C) shows that inhibited cells 

dominate the overall average response, even though inhibited cells were 

somewhat less prevalent than excited cells. Consistent with this result, we found 

that inhibitory effects tended to be stronger than excitatory effects, with a 71% 

median decrease in FR for inhibited cells, but only a 25% median increase in FR 

for excited cells (Fig. 10E, inhibited Pre median FR 20.7 Hz, ON median FR 6.0 

Hz, p<.001, signed rank test, n=11 neurons; excited Pre median FR 10.2 Hz, ON 

median FR 12.7 Hz, p<.001, signed rank test, n=15 neurons). How might direct 

pathway activation produce such divergent firing rate responses? Relief of lateral 

inhibition within the SNr is the simplest explanation, as it requires less elaborate 

circuit mechanisms than do activation of either the indirect pathway or 

hyperdirect pathway. Indirect or hyperdirect pathway activation would most likely 

require SNr modulation of motor thalamus and subsequent activation of cortical 

afferents to striatal indirect pathway MSNs or STN neurons. In contrast, relief of 

SNr lateral inhibition requires only nigronigral synapses, which have been shown 

to exist anatomically and functionally38,39. If excited cells are, at baseline, 

tonically inhibited by neighboring SNr neurons, then we expect that they should 

have lower baseline firing rates than inhibited neurons. Consistent with this 

prediction, excited neurons had significantly lower Pre period mean firing rates 

than inhibited neurons (Fig. 10D, inhibited Pre median FR 20.7 Hz, excited Pre 

median FR 10.2 Hz, p<.01, rank sum test). They also exhibited a trend towards 

longer response latencies, suggesting that while direct pathway-mediated 
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inhibition is a monosynaptic effect, excitation is probably di- or polysynaptic 

(inhibited median latency = 20 ms, n = 11 neurons, excited median latency = 60 

ms, n= 15 neurons, p = .069, rank sum test).  

In addition its effects on SNr firing rates, we were interested in whether 

direct pathway activation imposes particular firing patterns on SNr neurons. Burst 

firing, or firing at particular frequencies, are mechanisms for information transfer 

to downstream regions that could be relevant to processing in this circuit. 

Because we activated dMSNs with constant, low-level (1.5 mW), illumination we 

predicted that we were most likely increasing the gain on incoming synaptic 

signals to the striatum, and therefore were not imposing pattern on these 

neurons.  However, we hypothesized that it could be possible that dynamics at 

striatonigral synapses or within the SNr itself could lead to patterned firing. In 

order to assess this hypothesis, we generated Pre and ON ISI histograms for 

both inhibited and excited cells (Fig. 10F). Induction of burst or frequency-

dependent firing by direct pathway would be apparent in the ON ISI histogram as 

peaks at low ISIs, or at ISIs corresponding to the periods of favored frequencies, 

respectively. We could discern neither. Rather, comparison of the Pre and ON 

histograms indicates that the ISI distribution retains its overall shape during laser 

stimulation, suggesting that the primary effect of direct pathway stimulation is 

indeed on firing rate, rather than patterning. We were also interested in whether 

more subtle forms of patterned activity could be discerned by investigating how 

SNr firing was influenced by oscillations in the local field potential (LFP).  

Oscillatory entrainment has been proposed as a fundamental mechanism for 
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coordinating activity between transmitting and receiving brain regions, as 

particular frequency ranges can act as distinct channels for information transfer40. 

To assess whether SNr firing was locked to LFP oscillations before and during 

illumination, we computed the spike-field coherence for each neuron, a measure 

of how strongly entrained firing is to the LFP41.  Interestingly, we found that 

inhibited cells exhibited a ~7-fold increase in SFC in the 5-9 Hz frequency band, 

while excited cells had no change in SFC (Fig. 10G, H, inhibited Pre median 5-9 

Hz SFC = .025, ON median 5-9 Hz SFC = .17, p<.05, signed rank test, n=10 

neurons; excited Pre median 5-9 Hz SFC = .031, ON median 5-9 Hz SFC = .031, 

p = .46, signed rank test, n = 13 neurons). Entrainment to this frequency by 

inhibited neurons may be important for activation of appropriate motor programs 

in downstream regions such as thalamus. In contrast, the finding that excited 

neurons were not entrained to this oscillation may indicate that suppression of 

competing motor programs does not depend on this effect. In the future, paired 

recordings of SNr and motor thalamus may aid in elucidating the functional 

relevance of 5-9 Hz entrainment. 

Indirect pathway activation rapidly excites one population of SNr cells 

 and slowly inhibits another 

 In contrast to the direct pathway, the indirect pathway has been 

hypothesized to work as brake on motor behavior via STN-mediated excitation of 

basal ganglia output42-44. Consistent with this prediction we observe a population 

of SNr cells that are strongly and rapidly excited by 1 s indirect pathway 

activation (n=12 neurons).  Perievent rasters and histogram for a strongly excited 
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neuron are depicted in Fig. 11A, demonstrating the rapid onset and large 

magnitude of excitation.  In addition to cells with excitatory responses, we also 

observed a class of neurons that are inhibited by indirect pathway activation (Fig. 

11B, n=13 neurons).  Overall, relatively fewer SNr neurons responded to indirect 

pathway stimulation (25/33) than to direct pathway stimulation (26/27), possibly 

because direct pathway activation occurs via a monosynaptic connection, while 

indirect pathway activation is filtered through GP and STN before reaching SNr. 

In contrast to the sustained average response of SNr neurons to direct pathway 

activation (Fig. 10C), the group mean response of all cells to indirect pathway 

stimulation (Fig. 11C, n=33 neurons) shows a biphasic response with rapid 

excitation followed by slow inhibition. This average response is due to the 

depressing timecourse of excitatory responses (data not shown), as well as the 

significantly shorter latencies of excited cells, as compared to inhibited cells (Fig. 

11D, excited median latency = 60 ms, n=12 cells; inhibited median latency = 180 

ms, n= 13 cells; p<.05, rank sum test). Averaged over the 1 s duration of the 

laser pulse, inhibitory effects tended to be about as strong as excitatory effects 

(Fig. 11E, excited Pre median FR 18.7 Hz, ON median FR 24.7 Hz, p<.001, 

signed rank test, n=12 neurons; inhibited Pre median FR 17.3 Hz, ON median FR 

10.5 Hz, p<.001, signed rank test, n=13 neurons), explaining why both types of 

effects can be discerned in the group mean response. The difference in latency 

between excitatory and inhibitory effects suggests that while excitation occurs by 

activation of the canonical circuit (striatum -> GP -> STN), inhibition is more likely 

to be due to enhancement of lateral inhibition in the SNr, or more complex effects 
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involving recurrent circuitry between GP and STN7. Interestingly, in contrast to 

our results for direct pathway activation, excited and inhibited cells did not have 

significantly different Pre period firing rates (Fig. 11D, excited Pre median FR = 

18.7 Hz, n=12 cells; inhibited Pre median FR = 17.3 Hz, n=13 cells; p = .77, rank 

sum test). This is consistent with the idea that while direct pathway can relieve 

tonic inhibition present in the Pre period, indirect pathway activation simply 

enhances lateral inhibition during the ON period. 

 As both direct pathway activation and indirect pathway activation elicit 

excitatory and inhibitory responses in SNr, an obvious question is how these 

systems produce roughly opposite behavioral effects. One possibility is that the 

order of inhibition and excitation is important. Excitation tends to occur later than 

inhibition for direct pathway activation, while the opposite is true for indirect 

pathway activation. Indirect pathway-mediated early excitation may influence 

downstream circuitry in such a way that is not permissive for action selection 

even if SNr cells that can normally perform this role are later inhibited. We also 

hypothesized that a type of patterned SNr firing that is selectively induced upon 

indirect pathway activation could be important for the differing behavioral effects. 

However, similar to our observations for direct pathway stimulation, Pre and ON 

ISI histograms for inhibited and excited cells (Fig. 11F) showed a simple scaling 

of the ISI distribution during pathway activation, suggesting again that the 

primary effect of indirect pathway stimulation is on firing rate, rather than 

patterning.  However, unlike the case for direct pathway stimulation, indirect 

pathway activation did not significantly entrain either the population of inhibited or 
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excited cells to 5-9 Hz oscillations, suggesting that entrainment is pathway-

specific (Fig. 11G, H, excited Pre median 5-9 Hz SFC = .013, ON median 5-9 Hz 

SFC = .014, p = .74, signed rank test, n=12 neurons; inhibited Pre median 5-9 Hz 

SFC = .024, ON median 5-9 Hz SFC = .026, p = .43, signed rank test, n = 13 

neurons). An intriguing possibility is that only direct pathway neurons engaged in 

action selection (i.e. inhibited neurons) are entrained to this oscillation while other 

neurons involved in action suppression are not.  

Focal SNr inhibition predicts locomotor activation 

Direct pathway activation for 1 s elicits, on average, an increase in 

ambulation initiation. However, the ability of a particular stimulation trial to elicit 

an ambulation start is variable.  We exploited this variability to identify features of 

SNr activity that could distinguish between trials that elicited an ambulation start 

(a success trial), and those that did not (failure trials).  Because direct pathway 

stimulation elicits a variety of effects, including inhibition, excitation, and 

oscillatory synchronization, we hypothesized that this approach could help to 

separate the aspects of SNr activity with a causal relationship to locomotor 

initiation from those that may be important for other processes. By analyzing 

differences in single-unit activity between trial types, we identified cells that had 

differing responses to direct pathway activation for failures and successes.  

Figures 12A and 12B show perievent rasters and histograms for a SNr neuron 

that is more strongly inhibited for success trials.  The group mean for success 

trials (n=27 cells) shows less firing in both the Pre and ON periods (Fig. 12C), as 

compared to that for failure trials, suggesting that increased inhibition may drive 
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ambulation initiation.  The ISI histogram for success trials is also significantly 

shifted downward, as compared to that for failure trials, reflecting an increase in 

inhibition (Fig. 12D, n=27 cells, p<.001, χ2 test). 

We hypothesized that decreases in firing rate could be a population-wide 

effect, in which all cells fired less for success trials, or that decreased firing could 

be limited to either the subset of inhibited cells or excited cells. In order to 

determine whether there are population-wide decreases in firing rate for success 

trials versus failure trials, we compared ON firing rates for all cells in these two 

trial types.  The difference in firing rate between trial types was not statistically 

significant (median success/failure change in FR = 1%, n = 27 neurons, p = .59, 

signed rank test). However, in a scatterplot of Success Mean FR versus Failure 

Mean FR, we noted a tendency of inhibited cells to fall below the identity line, 

suggesting that decreased firing during success trials may be limited to neurons 

inhibited by direct pathway stimulation. Indeed, we found that inhibited cells fired 

significantly less during success trials than during failure trials (Fig. 12E, median 

change in FR = -17%, p<.05, signed rank test, n=11 neurons), while excited cell 

firing did not change between trial type (Fig. 12E, median change in FR = 9%, p 

= .21, signed rank test, n = 15 neurons). While it is possible that excited cells do 

influence ambulation initiation, these results suggest that firing in inhibited cells is 

more strongly related to trial outcome. This result is intriguing, as it implies that 

inhibited cell activity is causally related to movement initiation, while excited cell 

activity may be more important for fine-tuning of movement, or other aspects of 

basal ganglia function. Because the group mean response for success trials also 
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showed less firing during the Pre period, we sought to determine whether there 

was a population-wide difference in FR prior to illumination for success versus 

failure trials. Evidence for lower Pre period FR for success trials would imply that 

the SNr is “primed” for an ambulation start even before illumination begins.  

Similar to our result examining ON period FR, there was not a significant 

population-wide difference for Pre period FR in success trials (median change in 

FR = -3%, p = .42, signed rank test, n = 27 cells).  We also compared average 

Pre period FR for inhibited and excited cells across trial type.  Although inhibited 

cells exhibited a stronger trend towards lower Pre period FR, neither group had a 

significantly different Pre period FR across trial types (Fig. 12F, inhibited median 

change in FR = -8 %, p = .18, signed rank test, n = 11 cells; excited median 

change in FR = .4 %, p = .80, signed rank test, n = 15 cells).   

Inhibited cells are selectively entrained by direct pathway to 5-9 Hz LFP 

oscillations, and so we hypothesized that enhanced entrainment may act to more 

efficiently transmit prokinetic signals to downstream areas during success trials. 

However, we found that 5-9 Hz SFC was unchanged between failure and 

success trials (Success median SFC = .09, Failure median SFC = .14, p=.77, 

signed rank test, n = 11 cells). This result suggests that entrainment may be 

unrelated to locomotor initiation. Alternatively, this effect may be important for 

transmitting SNr firing rate changes, but our stimulation conditions do not 

significantly modulate its strength between trial types.  
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Figure 10. Direct pathway activation strongly inhibits a subset of rapidly 

firing SNr cells and entrains them to low frequency oscillations. (A) Raster 

plot and perievent histogram for a SNr neuron strongly inhibited by 1 s direct 

pathway activation (blue bar). (B)  Raster plot and perievent histogram for a SNr 

neuron excited by 1 s direct pathway activation (blue bar). (C) Average 

timecourse of all SNr single-unit firing rates, demonstrating an overall inhibitory 

response to 1 s direct pathway activation (n=27 neurons). (D) (Left) Median 

latencies to a significant change in firing rate for both inhibited and excited cell 

populations. (Right) Median Pre-laser firing rates for inhibited and excited cells. 

Excited cells have a significantly lower median baseline firing rate than inhibited 

cells (** p<.01, rank sum test). (E) Changes in mean FR from Pre to ON 

conditions for inhibited cells (left) and excited cells (right). Individual cells are 

shown in gray, and the group medians (±IQR) are shown in black. Both cell 

populations have significant changes in median firing rate (***p<.001, Wilcoxon 

signed rank test).  (F) ISI histograms for cells in Pre (black) and ON (blue) 

conditions (Left, inhibited cells; Right, excited cells).  (G) Spike-field coherence 

(SFC) as a function of frequency in Pre (black) and ON (blue) conditions for a cell 

strongly entrained to 5-9 Hz oscillations by direct pathway activation.  (H) (Left) 

Total 5-9 Hz SFC in Pre and ON conditions for inhibited (cyan) and excited (pink) 

cells.  Note that inhibited cells tend to be strongly entrained to this oscillation by 

direct pathway activation.(Right) Median (±IQR) 5-9 Hz SFC for inhibited cells 

and excited cells.  Inhibited cells have significantly higher SFC in ON conditions 

(**p<.01, paired t-test). 
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Figure 11. Indirect pathway activation rapidly excites one population of SNr 

cells and slowly inhibits another. (A) Raster plot and perievent histogram for a 

SNr neuron strongly excited by 1 s indirect pathway activation (blue bar). (B)  

Raster plot and perievent histogram for a SNr neuron inhibited by 1 s indirect 

pathway activation (blue bar). (C) Average timecourse of all SNr single-unit firing 

rates, demonstrating a rapid excitatory response that decays over 1 s of indirect 

pathway activation (n=33 neurons). (D) (Left) Median latencies to a significant 

change in firing rate for both inhibited and excited cell populations. Excited cells 

have a significantly shorter response latency than inhibited cells (*p<.05, rank 

sum test) (Right) Median Pre-laser firing rates for inhibited and excited cells, 

showing no difference in baseline firing rates. (E) Changes in mean FR from Pre 

to ON conditions for inhibited cells (left) and excited cells (right). Individual cells 

are shown in gray, and the group medians (±IQR) are shown in black. Both cell 

populations have significant changes in median firing rate (***p<.001, Wilcoxon 

signed rank test).  (F) ISI histograms for cells in Pre (black) and ON (blue) 

conditions (Left, inhibited cells; Right, excited cells).  (G) Spike-field coherence 

(SFC) as a function of frequency in Pre (black) and ON (blue) conditions for a 

typical cell, showing lack of strong entrainment to 5-9 Hz oscillations.  (H) (Left) 

Total 5-9 Hz SFC in Pre and ON conditions for inhibited (cyan) and excited (pink) 

cells. (Right) Median (±IQR) 5-9 Hz SFC for inhibited cells and excited cells.  

Neither cell group has significantly higher SFC in ON conditions. 
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Figure 12. Focal SNr inhibition predicts locomotor activation. (A) Raster plot 

and perievent histogram for a SNr neuron for trials in which 1 s direct pathway 

activation (blue bar) does not elicit an ambulation start (failures). (B) Raster plot 

and perievent histogram for the same SNr neuron for trials in which 1 s direct 

pathway activation (blue bar) does elicit an ambulation start (successes). This 

cell is more strongly inhibited during direct pathway activation for success trials. 

(C) (Left) Group mean FR for all cells for failures (red) and successes (green) 

elicited by 1 s direct pathway stimulation. The mean FR curve for success trials is 

shifted downward compared to that for failure trials. (Right) ON period ISI 

histograms for all cells in failure trials (red) and success trials (green).  The 

histogram is shifted downward for successes (n=27 cells, p<.001, χ2 test). (D) 

Scatterplot of ON period success mean FR versus failure mean FR for all cells 

(inhibited, cyan; excited pink; unmodulated, grey).  Firing rates for failures and 

successes are not statistically different for the population of cells as a whole 

(n=27, p=.589, Wilcoxon signed rank test).  (E) Mean ON period firing rates for 

failures (F) and successes (S), for the subpopulations of inhibited cells and 

excited cells.  Inhibited cells fire significantly less for successes than failures 

(n=11 cells, p<.05, Wilcoxon signed rank test).  Excited cells exhibit no difference 

(n=16 cells, p>.05, Wilcoxon signed rank test).  (F) Mean Pre period firing rates 

for failures and successes, for the same subpopulations.  There are no 

statistically significant differences across different types of trials for either 

subpopulation, although there is a trend for lower FR in inhibited cells. 
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Global SNr excitation predicts entry into the immobile state 

We performed a similar success/failure analysis on our indirect pathway 

activation dataset. Because indirect pathway suppresses movement, we defined 

success trials as those that elicited an immobility start, and failure trials as those 

that did not. The average indirect pathway response (Fig. 11C) is rapid, and 100 

ms indirect pathway activation produces a robust decrease in movement (Fig. 

9C, so we focused our analysis on 100 ms intervals at the start of (and 

immediately prior to) 1 s indirect pathway activation trials. Similar to the case for 

direct pathway activation, we were able to identify cells that had activity patterns 

that differentiated between trial types. Figures 13A and 13B show perievent 

rasters and histograms for a SNr neuron that is more strongly excited for success 

trials. The group mean for success trials shows higher firing rates in both the 100 

ms Pre and 100 ms ON periods (Fig. 13C, n = 33 neurons), as compared to that 

for failure trials, suggesting that increased excitation may drive immobility 

initiation.  The success trial ISI histogram is also significantly shifted upward with 

respect to the failure ISI histogram, demonstrating an increase in firing for 

successes (Fig. 13D, n=33 cells, p<.001, χ2 test).  In order to determine whether 

there are population-wide increases in firing rate for success trials versus failure 

trials, we compared ON mean (over 100 ms) firing rates for all cells in these two 

trial types. Because excitatory responses exhibit a depressing timecourse, we 

also compared peak firing rates (binned at 10 ms) in order to better resolve the 

maximal effects of indirect pathway stimulation. In contrast to our results for 

direct pathway, the difference in both mean and peak firing rate between trial 
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types was statistically significant (Fig. 13D, median change in peak FR = +14%, 

p <.01, signed rank test, n=33 neurons; median change in mean FR = + 7%, 

p<.05, signed rank test, n=33 neurons).  In a scatterplot of success FR versus 

failure FR, nearly all cells fall above the identity line, indicating that increased 

firing for success trials is a general feature of SNr activity. Even cells that are, on 

average, slowly inhibited by 1 s stimulation exhibit increased firing in this brief 

100 ms ON window for success trials. These results imply that whereas success 

trials for direct pathway stimulation depended on focal inhibition, global excitation 

of SNr influences the capacity of indirect pathway to induce immobility.  

Furthermore, unlike our results for direct pathway, Pre period mean FR 

was significantly increased for success trials as compared to failure trials (Fig. 

13E, median change in FR = +11%, p<.05, signed rank test ), demonstrating that 

SNr is primed for immobility initiation prior to pathway activation. How much does 

this priming effect account for increased ON period firing rates? A simple linear 

regression of ON (success FR/failure FR) versus Pre (success FR/failure FR) is 

highly significant, with r2 = 0.49 (Fig. 13F). Fully 49% of the variance in success 

trial ON period FR enhancement is due to Pre period increases in FR, indicating 

a very strong influence of fluctuations in net SNr excitation on subsequent 

illumination-evoked changes in neural activity and behavioral outcome.  
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Figure 13. Global SNr excitation predicts entry into the immobile state. (A) 

Raster plot and perievent histogram for a SNr neuron for trials in which 1 s 

indirect pathway activation (blue bar) does not elicit an immobility start (failures). 

(B) Raster plot and perievent histogram for the same SNr neuron for trials in 

which 1 s indirect pathway activation (blue bar) does elicit an immobility start 

(successes). This cell is more strongly excited during indirect pathway activation 

for success trials. (C) (Left) Group mean FR for all cells for failures (red) and 

successes (green) elicited by 1 s indirect pathway stimulation. (Right) ON period 

ISI histograms for all cells in failure trials (red) and success trials (green).  The 

histogram is shifted upward for successes (n=33 cells, p<.001, χ2 test). (D) 

Scatterplot of both mean and peak FR for all cells during the first 100 ms of the 

ON period for successes versus failures (Peak FR, orange, Mean FR, grey). 

Nearly all peak and mean points fall above the identity line, demonstrating the FR 

is higher for success trials across the entire population of cells. Increases in both 

mean FR and peak FR are statistically significant (mean FR, p<.05, Wilcoxon 

signed rank test; peak FR, p<.01, Wilcoxon signed rank test). (E) Scatterplot of 

mean FR for all cells during the 100 ms immediately preceding the ON period. 

Again, nearly all the points fall above the identity line.  Increased mean Pre 

period FR for success trials is statistically significant (p<.05, Wilcoxon signed 

rank test). (F) ON Success/Failure mean FR fold change versus Pre 

Success/Failure mean FR fold change. Linear regression of ON fold change 

versus Pre yields an r2 = 0.49, suggesting that indirect pathway modulation of 

SNr firing is strongly regulated by the ongoing brain state. 



58 
 

Methods 

Subjects 

BAC transgenic mouse lines that express Cre recombinase under control 

of the dopamine D1 receptor (D1-Cre) and adenosine A2A (A2A-Cre) regulatory 

elements were obtained from GENSAT.  Mice were surgerized at 6-10 weeks of 

age.  All procedures were approved by the UCSF Institutional Animal Care and 

Use Committee. 

Viral expression of DIO-ChR2–YFP 

We used DIO constructs to express ChR2–YFP fusion protein in Cre-

expressing neurons. The DIO constructs virtually eliminate recombination in cells 

that do not express Cre recombinase. The double-floxed reverse ChR2–YFP or 

YFP cassette was cloned into a modified version of the pAAV2-MCS vector 

(Stratagene) carrying the EF-1α promoter and the WPRE to enhance expression. 

The recombinant AAV vectors were serotyped with AAV1 coat proteins and 

packaged by the viral vector cores at the University of North Carolina and the 

University of Pennsylvania. The final viral concentration was 4 × 1012 to 3 x 1013 

viral particles per milliliter. 

Stereotaxic surgery 

Anaesthesia was induced with a mixture of ketamine and xylazine (100 mg 

ketamine plus 5 mg xylazine per kilogram of body weight i.p.) and maintained 

with isoflurane through a nose cone mounted on a stereotaxic apparatus (Kopf 

Instruments). The scalp was opened and holes were drilled in the skull bilaterally 
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(+0.8 mm AP, 1.5 mm ML from bregma). DIO-ChR2–YFP virus (1 μl) was injected 

bilaterally into dorsomedial striatum (−2.8 mm DV from top of brain) through a 33-

gauge steel injector cannula (PlasticsOne) using a syringe pump (World 

Precision Instruments) that infused the virus over 5 min. The injection cannula 

was left in place for 10 min following the injection and then slowly removed.  

Bilateral ferrule-housed optical fibers were then implanted such that the fiber tips 

were located at the same coordinates as the viral injection.  Additionally, a SNr 

craniotomy was drilled at the following coordinates: −3.4 mm AP, 1.1	mm ML 

from bregma, and a 16 channel microwire array (35-μm tungsten wires, 150-μm 

spacing between wires, 200-μm spacing between rows; Innovative 

Neurophysiology) was lowered into the SNr -4.5 mm DV from the brain surface. 

Dental adhesive (C&B Metabond, Parkell) was used to fix the fiber optic ferrules 

in place and coat the surface of the skull. The ferrules and recording array were 

then cemented in place with dental acrylic (Ortho-Jet, Lang Dental).  After the 

cement dried, the scalp was sutured shut. All surgical procedures were 

performed under aseptic conditions. To allow time for viral expression, animals 

were housed for at least two weeks following surgery before any recording or 

behavioural experiments were initiated. 

Histology 

Following experiments, an electrolytic lesion was made at the electrode 

sites by passing 25 μA of current through the microwires for 10 s. The location of 

this lesion was verified to be in the SNr through post hoc histological analysis. 

Animals were killed with a lethal dose of ketamine and xylazine (400 mg 
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ketamine plus 20 mg xylazine per kilogram of body weight i.p.) and transcardially 

perfused with first PBS and then 4% paraformaldehyde. Following perfusion, 

brains were left in 4% paraformaldehyde for 16–24 h and then moved to a 30% 

sucrose solution in PBS for 2–3 days. Brains were then frozen and cut into 30-

μm sections (either coronal or sagittal) with a sliding microtome (Leica 

Microsystems, model SM2000R) equipped with a freezing stage (Physiotemp). 

Analysis of behavioral data 

After laser-coupled optical fibres were coupled to the chronically implanted 

optical fibers, each mouse was placed in a square activity chamber (41 cm 

diameter) and video-monitored from above. The positions of the nose, tail and 

centre of mass of each mouse were tracked using ETHOVISION 7.1 software 

(Noldus). Animals were recorded for a 10-min baseline period before any laser 

illumination. Then the laser (473 nm, 1.5 mW power at each fiber tip - measured 

with a PM100D optical power meter with an S120C sensor, Thorlabs) was 

activated in a series of 200 trials. Each of the first 100 trials consisted of 1 s laser 

ON periods followed by 9 s off.  The second 100 trials consisted of 100 ms laser 

ON periods followed by 9 s off.  Ambulation was defined as periods when the 

velocity of the animal’s centre point averaged more than 2 cm s−1 for at least 

0.5 s. The accuracy of this definition was validated by two observers, and it 

excluded other movements such as rearing and sniffing. Immobility was defined 

as continuous periods of time during which the average pixel change of the entire 

video image was less than 2% for at least 1 s. This definition was very strict, such 

that any movement of the head, limbs or tail would not be scored as immobility. 
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The center-point velocity of the animal, and the initiation of ambulation and 

immobility periods were calculated using ETHOVISION 7.1. Center-point velocity 

was computed in 50 ms bins, and ambulation and immobility starts binned at 200 

ms. Because changes in locomotion persisted for ~1 s after the laser ON period 

ended, we compared the number of ambulation and immobility starts in a 2 s 

period following the start of illumination to the 2 s immediately prior to 

illumination. All behavioral data was collected concurrently with the neural 

recordings. 

Analysis of neural recordings 

Voltage signals from each microwire were band-pass-filtered, such that 

activity between 0.7 and 300 Hz was analysed as LFPs and activity between 150 

and 8,000 Hz was analysed as spiking activity. Both types of data were amplified, 

processed and digitally captured using commercial hardware and software 

(Plexon). Single units were discriminated with principal component analysis 

(OFFLINE SORTER 3.0.1, Plexon).  All analysis of neural data was derived from 

1 s laser illumination trials. For characterization of direct and indirect pathway 

SNr responses, we computed group mean firing rate curves by simply averaging 

all single unit firing rates (in Hz) over the time window -1 to +2 s for 1 s laser 

pulses starting at time 0.  Latency to a significant change in firing rate elicited by 

illumination was calculated by binning the firing rate of an individual unit at 20 ms 

over the interval -1 to +1 s. The time of the first ON period bin exceeding the 

99.5% confidence interval computed from the binned Pre period firing rate was 

considered to be the response latency. Even using this conservative criterion, 
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28/29 direct pathway and 25/33 indirect pathway neurons had significant 

changes in firing rate due to illumination.  Pre period mean firing rates were 

calculated as the average firing rate over the entire 1 s period immediately 

preceding illumination. Changes in mean firing rate from Pre to ON conditions for 

inhibited and excited cells were compared with the Wilcoxon signed rank test 

using average firing rates during the 1 s Pre and 1 s ON periods.  ISI histograms 

for Pre and ON conditions were generated by binning ISI’s from 5 to 105 ms in 5 

ms bins.  Spike-field coherence for Pre and ON conditions was calculated from a 

subset of spikes in the windows -800 ms to -200 ms (relative to illumination at 

t=0) for the Pre period and +200 ms to +800 ms for the ON period. The LFP 

segment in the range ±200 ms flanking each spike was then used for the 

computation. Although spikes at the beginning and end of the Pre and ON 

periods were excluded from analysis, this approach allowed us to only consider 

LFP data that was completely contained only within either the 1s Pre period or 1 

s ON period. LFP power was calculated using the multitaper method, and spike-

field coherence computed using the definition in Fries et al.41. The depicted 

spike-triggered waveform averages were generated using the same ±200 ms 

LFP segments bandpass filtered at 5-9 Hz and smoothed with a 5 point Gaussian 

filter. The Wilcoxon signed rank test was used for comparison of 5-9 Hz SFC in 

Pre and ON conditions. For direct pathway success/failure analysis, behavioral 

trials were separated into failures in which there was no ambulation start 

occurring 2 s after the beginning of illumination, and successes in which an 

ambulation start occurred. Group mean firing rate curves for success and failure 
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trials were calculated using all single-unit data in 50 ms bins. ISI histograms for 

successes and failures were normalized for number of trials and generated by 

binning ISI’s at 5 to 105 ms in 5 ms bins. Binned data was compared using the χ2 

test. Mean firing rates (over the 1 s Pre and 1 s ON periods) in failure versus 

success trials were compared using the Wilcoxon signed rank test. For indirect 

pathway success/failure analysis, behavioral trials were separated into failures in 

which there was no immobility start occurring 2 s after the beginning of 

illumination, and successes in which an immobility start occurred. Group mean 

firing rate curves for success and failure trials were calculated using all single-

unit data in 10 ms bins. ISI histograms for successes and failures were 

normalized for number of trials and generated by binning ISI’s at 5 to 50 ms in 5 

ms bins over the first 100 ms of the ON period. Binned data was compared using 

the χ2 test. Mean and peak firing rates (over the 100 ms Pre and 100 ms ON 

periods; peak firing rates in 10 ms bins) in failure versus success trials were 

compared using the Wilcoxon signed rank test.  The influence of Pre period 

success/failure FR fold change on ON period success/failure FR fold change was 

assessed by simple linear regression. All analysis was performed using 

NEUROEXPLORER 4.091 (Nex Technologies), Excel 2010 (Microsoft), MATLAB 

(MathWorks), and SigmaPlot 11.2 (Systat Software). 
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CHAPTER 5 

Discussion 

 We have utilized recent advances in optogenetic technology to investigate 

the contributions of direct and indirect pathways to basal ganglia circuit function. 

We found that we were able to express ChR2 at high levels in striatal MSNs and 

that illumination of ChR2-expressing cells elicited large increases in spiking both 

in vitro and in vivo. Under anesthesia, activation of direct pathway inhibited SNr 

spiking, while indirect pathway activation increased SNr spiking, consistent with 

classical model predictions.  Behaviorally, direct pathway activation elicited 

locomotor activation, while indirect pathway activation strongly suppressed 

movement. While these results appeared to support the hypothesis that direct 

and indirect pathways bidirectionally regulate SNr firing to achieve their 

locomotor effects, we had no direct evidence that this was the case in awake 

behaving mice.  Rather, the existence of two parallel pathways converging on the 

SNr, one of which has substantial anatomical complexity (indirect pathway), 

suggested to us that there was likely much more sophisticated processing 

occurring.          

 We sought to address this question by recording SNr activity in awake 

behaving mice during direct and indirect pathway stimulation. Direct pathway 

activation, on average, induced a decrease in SNr single-unit firing rate 

(measured in spikes/s).  However, we found that this response was due to strong 

inhibition in a subset of neurons and relatively weaker excitation in a different 
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subset of cells.  Interestingly, excited neurons had lower pre-stimulation firing 

rates than inhibited cells and a tendency towards longer response latencies, 

suggesting to us that lateral inhibition within the SNr likely accounts for this 

effect. SNr neurons have been shown to form synapses within the SNr, providing 

evidence for this possibility38,39. While lateral inhibition within the SNr is an 

attractive explanation for these results, it is possible that other circuit effects 

could be at play within the striatum, SNr, or complex loops involving multiple 

basal ganglia nuclei. Regardless of the mechanism for direct pathway-mediated 

SNr excitation, it is intriguing that direct pathway activation alone is capable of 

recapitulating the observations of a number of groups that excited cells are more 

prevalent at points of movement initiation. This is true in rodent SNr33-36, as well 

as the primate GPi45-49, suggesting that this is a common pattern of activity in 

basal ganglia output across vertebrates. 

Our observation that ISI distributions for both inhibited and excited cells 

scaled in size, without a dramatic change in shape, suggested that the primary 

effect of direct pathway stimulation is on firing rate, not patterning. We expected 

that this would be the case because of our constant illumination paradigm of 

pathway activation. Even in the absence of a clear change in firing pattern from 

our ISI analysis, we found that direct pathway stimulation selectively entrained 

inhibited cells to low-frequency LFP oscillations in the frequency range 5-9 Hz. 

Excited cells exhibited no change in entrainment, demonstrating that entrainment 

is a population-specific effect.  Although little is known about the role of 

oscillations under normal (non-diseased) conditions in the basal ganglia, it is 
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likely that LFP entrainment is important for transmitting information to 

downstream nuclei40.  Because cells inhibited by direct pathway stimulation are 

particularly important in controlling locomotor initiation, it is possible that 

synchronization at 5-9 Hz between SNr and motor thalamus (for example) 

enhances prokinetic signaling. One intriguing possibility is that signaling in this 

frequency band interacts with activity locked to hippocampal theta oscillations 

(also in this frequency range) to coordinate movement and navigation through 

the environment50.      

Indirect pathway stimulation induced SNr single-unit activity distinct from 

that observed for direct pathway stimulation.  On average, 1 s indirect pathway 

activation produced a biphasic change in FR characterized by rapid excitation 

followed by slow inhibition. This average response was primarily due to the rapid 

excitation of a subset of neurons, followed by slower-onset inhibition in a different 

population of cells.  The median latency for inhibited cells was threefold greater 

than that for excited cells, suggesting that SNr excitation is a direct effect of STN 

excitation, while inhibition is a slower effect that occurs due to lateral inhibition 

within the SNr or elsewhere within the basal ganglia.  In contrast to our 

observations for direct pathway, there was no difference in pre-stimulation firing 

rates for excited and inhibited cells, possibly because indirect pathway 

stimulation may enhance, not relieve, lateral inhibition within the SNr. We found 

from our analysis of ISI histograms that, similar to the case for direct pathway, 

indirect pathway activation modulates firing rates with little effect on patterning. In 

contrast to the strong direct pathway entrainment of inhibited cells to 5-9 Hz LFP, 
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indirect pathway activation failed to produce any change in entrainment in this 

frequency range for inhibited or excited cells, possibly suggesting that this 

oscillation is important for promoting particular motor programs but has no role in 

motor suppression. 

 Given the diverse effects of pathway activation on SNr activity, we next 

sought to determine what particular elements of this activity were causally 

associated with behavioral effects. Because direct and indirect pathway 

activation elicited discrete behavioral events (either ambulation or immobility 

starts) with trial-to-trial variability, we analyzed our SNr data for features that 

corresponded to failure trials or success trials. This approach allowed us to 

discern which aspects of SNr activity were necessary for behavior and which 

resulted from circuit effects that may be important for other types of processing. 

Interestingly, we found that we could identify features of SNr activity for both 

direct and indirect pathway activation that differentiated between failure and 

success trials.     

For direct pathway activation, we found that the firing rates of inhibited 

cells, but not excited cells, were predictive of trial outcome. More specifically, for 

inhibited cells, lower firing rates occurred during success trials. Interestingly, Sato 

and Hikosaka obtained an analogous result in a study of primate saccade 

behavior, in which SNr cells that decreased their firing predicted saccade 

direction, but cells that increased their firing did not51. These findings are 

consistent with the prediction made by Mink17 and others that focal inhibition is 

responsible for action selection in basal ganglia output. Anatomically, the direct 
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pathway projection from striatum to basal ganglia output is highly convergent52,53, 

making this circuit well-suited for focal inhibition of particular SNr target cells, and 

activation of specific motor programs in downstream regions.     

In contrast, for indirect pathway activation we found that stronger 

excitation of the entire population of SNr neurons occurred for success trials. 

This effect is highly robust, and a window as short as 100 ms after the beginning 

of indirect pathway activation was sufficient to detect it.  We found that single-unit 

activity in the 100 ms immediately prior to laser stimulation exhibited a similar 

effect, suggesting that brain state-dependent fluctuations in net SNr excitation 

create a bias towards immobility initiation.  A regression of ON versus Pre 

changes in firing rate confirmed that this was indeed the case, with Pre period 

success trial firing rate increases accounting for ~50% of the variance in ON 

period success trial firing rate increases. On the whole, these results indicate that 

motor suppression results from global increases in SNr excitation. Anatomical 

divergence in the indirect pathway circuit may explain this result, as individual 

STN neurons have been shown to extensively arborize in basal ganglia output 

nuclei, suggesting that they provide widespread excitation to multiple target 

cells52,54-57.          

 In summary, we have identified focal inhibition and global excitation as key 

determinants of action selection and motor suppression in the SNr. Going 

forward, we hope to further dissect the individual contributions of indirect 

pathway nuclei (globus pallidus and subthalamic nucleus) to the effects we 

observe.  The recent development of inhibitory neuron-specific Cre driver lines58 
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should also allow for direct optogenetic manipulation of projection neurons within 

the SNr, providing further insight into the way in which this circuit operates. A 

deeper understanding of how basal ganglia circuitry operates under normal 

conditions should allow more targeted investigation of how circuit mechanisms 

are disrupted in hypokinetic disorders such as Parkinson’s disease1, and 

hyperkinetic disorders such as Huntington’s disease2 or Tourette syndrome59. 

Specifically, these results imply that there are likely two main therapeutic 

strategies that could be pursued by manipulating basal ganglia circuitry: 

modulating the overall propensity for movement by regulating net SNr excitation 

via the indirect pathway, or by regulating selection of particular motor programs 

by modulating focal direct pathway inhibition.        

A logical next step in these studies would be to apply our combined 

stimulation/recording approach to animal models of movement disorders such as 

the 6-OHDA model of Parkinson’s disease60. Because the circuitry underlying 

these disorders is conserved across mammals from mice to humans61, we expect 

that we should be able to uncover principles underlying the pathogenesis of 

these devastating diseases, and possibly aid in improving some of the currently 

used therapies, such as deep brain stimulation62.  
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