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Abstract

Electrophysiological changes in basal ganglia neurons are hypothesized to underlie motor 

dysfunction in Parkinson’s disease (PD). Previous results in head-restrained MPTP-treated non-

human primates have suggested that increased bursting within the basal ganglia and related 

thalamic and cortical areas may be a hallmark of pathophysiological activity. In this study, we 

investigated whether there is increased bursting in substantia nigra pars reticulata (SNpr) output 

neurons in anesthetized and awake, head-restrained unilaterally lesioned 6-OHDA mice when 

compared to control mice. Confirming previous studies, we show that there are significant changes 

in the firing rate and pattern in SNpr neuron activity under urethane anesthesia. The regular firing 

pattern of control urethane-anesthetized SNpr neurons was not present in the 6-OHDA-lesioned 

group, as the latter neurons instead became phase locked with cortical slow wave activity (SWA). 

Next, we examined whether such robust electrophysiological changes between groups carried over 

to the awake state. SNpr neurons from both groups fired at much higher frequencies in the awake 

state than in the anesthetized state and surprisingly showed only modest changes between awake 

control and 6-OHDA groups. While there were no differences in firing rate between groups in the 

awake state, an increase in the coefficient of variation (CV) was observed in the 6-OHDA group. 

Contrary to the bursting hypothesis, this increased CV was not due to changes in bursting but was 

instead due to a mild increase in pausing. Together, these results suggest that differences in SNpr 

activity between control and 6-OHDA lesioned mice may be strongly influenced by changes in 

network activity during different arousal and behavioral states.
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Introduction

Parkinson’s disease is the second most common neurodegenerative disease, affecting nearly 

1% of the population (Huse et al., 2005; Tanner and Goldman, 1996). The disease is 

typically diagnosed when several dopamine-dependent motor signs are present, such as 

bradykinesia, muscle rigidity, and resting tremor. Current hypotheses of the neurological 

mechanisms underlying these motor deficits implicate changes in the electrical activity 

patterns of basal ganglia neurons after dopamine depletion, specifically increased oscillatory 

firing in the beta band, increased neural synchronization, and abnormally increased bursting 

(Galvan and Wichmann, 2008; Rubin et al., 2012).

Electrophysiological studies have suggested that abnormal bursting may play a role in the 

pathophysiology of PD (reviewed by (Lobb, 2014)). Several studies in MPTP-treated non-

human primates have found an increase in the percentage of ‘bursty’ basal ganglia neurons 

or the proportion of spikes in bursts in the internal segment of the globus pallidus (GPi) and 

the subthalamic nucleus using a variety of burst detection methods. However, inconclusive 

results have been found with neurons in the external segment of the globus pallidus 

(Bergman et al., 1994; Boraud et al., 1998; Boraud et al., 2000; Sanders et al., 2013; Soares 

et al., 2004; Wichmann et al., 1999). Increased bursting has also been seen in human PD 

patients during neurosurgical procedures targeting the STN and globus pallidus (Starr et al., 

2005; Steigerwald et al., 2008; Tang et al., 2005; Tang et al., 2007) in comparison to 

recordings from other neurological diseases (e.g. dystonia, essential tremor, and 

Huntington’s disease).

One of the most widely used animal models of parkinsonism is the unilaterally 6-

hydroxydopamine (6-OHDA)-lesioned rodent (Schwarting and Huston, 1996a, b). Basal 

ganglia neurons recorded in vivo under anesthesia undergo significant changes in firing 

pattern after a 6-OHDA lesion, developing a strong preference to fire in-phase or anti-phase 

with cortical SWA (Belluscio et al., 2003; Hollerman and Grace, 1992; MacLeod et al., 

1990; Magill et al., 2001; Mallet et al., 2012; Murer et al., 1997; Seeger-Armbruster and von 

Ameln-Mayerhofer, 2013; Tseng et al., 2005; Tseng et al., 2001a; Tseng et al., 2001b; 

Walters et al., 2007; Zold et al., 2007). Several studies in awake rodents have demonstrated 

that the spike trains of SNpr neurons in 6-OHDA-lesioned rats can become entrained to 

movement-related episodes of high beta in the local field potential (LFP) (Avila et al., 2010; 

Brazhnik et al., 2012; Brazhnik et al., 2014); however, these studies have not addressed the 

hypothesis of whether there is an abnormally increased baseline level of bursting in rodent 

parkinsonism. To investigate this hypothesis, we recorded basal ganglia output neurons in 

the SNpr in control and unilaterally 6-OHDA-lesioned, behaviorally impaired mice. SNpr 

neurons were recorded in both the anesthetized and the awake state of head-restrained mice. 

We found that the SNpr neuron firing in 6-OHDA lesioned but not control anesthetized mice 

was heavily influenced by cortical SWA activity. In contrast, in awake, head-restrained 

mice, SNpr neurons had a single-spiking pattern in both control and 6-OHDA groups, with 

no change in the firing rate, and only subtle changes in the firing pattern including increased 

coefficient of variation and pausing metrics.
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Materials and Methods

All experiments were performed in accordance with protocols reviewed and approved by the 

Animal Care and Use Committee of Emory University. A full description of many of the 

methods employed here has been previously published (Lobb et al., 2013). A total of 37 

adult mice (14 non-injected controls, 7 saline-injected controls, 16 6-OHDA-injected mice; 

all C57BL/6J and non-infected Slc32a1tm2(Cre)/Lowl/J on a C57BL/6J background) were 

used in this study. After accommodating mice to handling, behavioral testing (see below for 

details) was conducted and then either saline or 6-OHDA administered. The behavior of the 

mouse was reassessed 4 weeks later. No effect of saline injections was seen when compared 

to the non-injected hemisphere (0.86 ± 3.11 % loss of striatal TH, n = 6). Therefore, non-

injected and saline-injected mice were pooled. Of the 16 6-OHDA-injected mice, 2 died 

after surgery and one had an insufficient lesion (only 40% striatal TH loss). The remaining 

animals had successful lesions (> 80%; average of 94.0 ±1.69% loss in striatal TH staining, 

n = 13, see below). The animals were used either in the anesthetized or in the awake state. 

Recordings were made acutely from anesthetized (15; 8 controls, 7 6-OHDA) or awake (19; 

13 controls, 6 6-OHDA) mice. At the end of the final recording session, mice were perfused 

transcardially with a 4% paraformaldehyde solution in phosphate-buffered saline, and the 

brains removed for histological processing.

Saline/6-OHDA Administration—Lesions in the nigrostriatal dopamine system were 

made using standard methods (Cenci and Lundblad, 2007). Briefly, 1 μl of 6-OHDA (3.0 

mg/ml free base 6-OHDA prepared in saline containing 0.02% ascorbic acid) or saline (also 

containing 0.02% acetic acid) was injected into the medial forebrain bundle (MFB) of the 

right hemisphere (bregma: −1.2 mm AP, +1.1 mm ML, 4.75 mm DV (Franklin and Paxinos, 

2008) of isoflurane-anesthetized mice. Mice were fed chocolate Pediasure daily until they 

recovered their pre-surgical weight.

Behavioral Testing

Open-Field Test—Mice were placed in a 20 × 12 × 9.5 inch white plastic rectangular box 

for 5 min and were videotaped throughout. Automated behavioral analysis was carried out 

with a custom Matlab script (adapted from (Gomez-Marin et al., 2012)). The mouse was 

detected as an elongated shape using the Matlab ‘regionprops’ command and tracked across 

successive video frames. The distance traveled and number of rotations in 5 min were 

measured.

Electrophysiological Recordings

Recordings in the anesthetized state—Recordings were performed as previously 

described (Lobb et al., 2013). Mice were anesthetized with urethane (1.7 g/kg) and placed in 

a stereotaxic apparatus. A craniotomy was made over the SNpr recording site (bregma: −3.2 

mm AP, 1.6 mm ML). Additionally, a depth LFP wire (100–200 kΩ) was implanted into the 

primary motor cortex (+1.1 mm AP from bregma, 1.2 mm ML, 0.8 mm DV) to record 

cortical LFP signals. Next, glass pipettes (tip size, approximately 3 μm) filled with 1 M 

NaCl and 1% pontamine sky blue were lowered into the SNpr (3.9 – 4.5 mm DV). 

Monopolar recordings were then made in the SNpr with reference to a silver chloride wire 
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placed under the scalp near the temporal musculature. The final recording site for each 

mouse was marked by iontophoretic ejection of pontamine sky blue (−10 to −15 μA, 20–25 

min).

Awake, head-fixed recordings—During surgical preparation, mice were anesthetized 

with isoflurane and placed in a stereotaxic apparatus. A craniotomy was made over the 

future SNpr recording site and covered with Kwik-cast (WPI Inc.). The dura was left intact. 

A custom headpost weighing 1–2 g was implanted on the skull with dental cement (RelyX 

Unicem 2, 3M). In some experiments, skull screws were used to enhance the fixation of the 

implant to the skull. The mice were allowed at least 3 days to recover.

After recovery, the mice were given 3 days to acclimate to being head-fixed (one session per 

day, 60 min per session) to a custom-made head-fixation apparatus. The apparatus consisted 

of a plastic hemitube (1 5/8″ OD, 1 3/8″ ID, 3.5″ long) with head holder bars that allowed 

the wing-like headpost to be secured and a detachable flat top to ensure that the mouse 

stayed in the tube. The size of the tube was large enough that although the mouse was not 

immobilized, it could not turn or contort its body. Once the head was stabilized, mice 

showed no overt signs of stress and appeared relaxed. During recording sessions mice were 

maintained on a fixed interval reward paradigm (FI 60 s, 10% sucrose via a lick spout) to 

encourage quiet wakefulness during most of the session. Since mice in both the normal and 

lesioned groups generally drank almost all of liquid provided, this indicates that mice 

remained awake for the entire session.

Following acclimation, mice were head-fixed and the Kwik-cast cover over the craniotomy 

was removed. Glass pipettes (as above) were lowered into the SNpr. We found that the 

pipettes penetrated the dura without causing damage to the dura or the pipette. Monopolar 

recordings were then made in the SNpr with reference to a second glass pipette (~20 μm tip 

size which is too large to pick up single units) placed just underneath the dura in the 

craniotomy. For final recording sessions, the site of the recordings was marked by 

iontophoretic injection of pontamine sky blue as before. After each session, the craniotomy 

was covered with Kwik-cast. After completion of the recording sessions, the mouse was 

perfused with PBS followed by perfusion with 4% paraformaldehyde and 15% sucrose. The 

brain was then removed and transferred to a 4% paraformaldehyde / 30% sucrose solution 

for later histological processing.

Histological Verification, TH Immunohistochemistry and Densitometry—
Coronal sections of fixed brains (50 μm thick) were cut on a microtome and mounted onto 

slides. Sections with blue recording dots were counterstained with Neutral Red (Lobb et al., 

2013). Every sixth section was stained for tyrosine hydroxylase (TH), scanned with an 

Aperio ePathology microscope (Leica Biosystems), and analyzed for TH staining intensity 

with ImageJ (Lobb et al., 2013).

Data Analysis

Spiking-LFP relationship—To determine if spiking activity occurred at a preferred 

phase of an oscillation, circular analysis was performed (Lobb et al., 2013). Briefly, the 

ranked distribution of the Hilbert-transformed instantaneous phase (low-pass filtered at 1.5 
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Hz) at each spike time was tested for statistical significance using the Omnibus test. Data 

from individual cells are presented with first-order circular plots using the Matlab package 

CircStat (Berens, 2009). Group data are presented with second-order circular plots.

Burst/Pause analysis—Bursts were detected with the Poisson (PS) method (Legendy 

and Salcman, 1985) and the Robust Gaussian Surprise (RGS) method (Ko et al., 2012). The 

PS method detects bursts as consecutive inter-spike intervals (ISIs) that are highly 

unexpected from a Poisson process which would produce spikes at a rate that is given by the 

mean firing rate of a given spike train. The RGS method (similar to the Rank Surprise 

method of Gourevitch and Eggermont (2007)) allows for non-Poisson spiking behavior, uses 

a moving window to reflect local changes in rate, and simultaneously detects pauses. Both 

methods employ the use of seeds to determine prospective bursts and pauses. Burst seeds in 

the PS method were determined as all ISIs that are 50% of the average ISI of the spike train. 

Burst/pause seeds in the RGS were determined as outliers (5% / 95%, respectively) of a 

lognormal ISI distribution based on pooled ISIs from each group. Doublets were excluded. 

A surprise value of 3 was used with both methods. Surprise is measured as the negative 

logarithm of the probability of seeing a certain number of spikes in a specified time interval 

assuming a given ISI distribution (Legendy and Salcman, 1985).

Spectral analysis—Power spectra and spectrograms were created using the Matlab 

package Chronux (http://chronux.org) using a pass-band of 10–80 Hz and 5 tapers (Mitra 

and Bokil, 2008). A time window of 0.5 s moved every 0.1 s was used for spectrograms.

Statistics—Statistics were performed in Graphpad Prism 6.0. Changes in behavior metrics 

were determined by using a 2-way RM ANOVA. Differences in all other metrics between 

control and 6-OHDA-treated mice were determined by unpaired t-tests or Mann-Whitney U 

tests, depending on whether the distributions were normal (determined with the D’Agostino-

Pearson omnibus normality test). Outliers that were detected with the nonlinear regression 

method ‘ROUT (Q = 1%) were removed (Motulsky and Brown, 2006). All data are 

presented as means ± SEM unless otherwise stated. Significance is illustrated with asterisks 

(*, p < 0.05; **, p < 0.01; ***, p < 0.001). Proportion data was transformed with an arcsin 

function prior to statistical testing.

Results

Parkinsonism was induced by an acute unilateral injection of 6-OHDA into the MFB (Figure 

1). Administration of 6-OHDA produced a near complete lesion of the nigrostriatal 

dopaminergic system on the injected hemisphere of the brain (saline: 0.86 ± 3.11 % loss, n = 

6; 6-OHDA: 94.0 ±1.69 % loss in striatal TH staining, n = 13). An example is shown in 

Figure 1A–B. This was accompanied by significant changes in the behavior of a sample of 

6-OHDA-injected mice when measured 4 weeks post-lesion. 6-OHDA-lesioned mice (n = 6) 

moved a significantly shorter distance in the arena (2-way RM ANOVA; interaction: F1,11 = 

8.71, p = 0.013) with a tendency to rotate ipsiversively (i.e. towards the lesioned 

hemisphere; 2-way RM ANOVA; interaction: F1,11 = 20.7 p = 0.0008) when compared to 

control mice (n = 7) (Figure 1C).
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In vivo recordings in the anesthetized state

Under urethane anesthesia, LFPs recorded in the motor cortex and SNpr showed robust 

SWA around 0.5 Hz (data not shown). There was no significant difference in peak 

frequency of SWA (Ctrl: 0.488 ± 0.10, 6-OHDA: 0.570 ± 0.07; p > 0.05) between LFPs 

recorded in control and 6-OHDA-lesioned mice, as determined with spectral analysis. No 

significant peaks in the beta frequencies were seen in either group (data not shown) during 

SWA.

During SWA, control SNpr neurons fired with a mean firing rate of 23.6 Hz (mean inter-

spike interval (ISI) of 42.4 ± 4.2 ms; median: 41.1 ± 4.0 ms; n = 14) and exhibited a regular 

firing pattern (coefficient of variation (CV): 0.386 ± 0.043). In contrast, SNpr neurons 

recorded from the lesioned side in 6-OHDA-lesioned mice showed a severalfold decreased 

mean firing rate compared to controls (3.5 Hz; mean ISI: 288 ± 55.8 ms, p < 0.001 ; median: 

76.9 ± 13.4 ms, p < 0.01 ; n = 15) and had a much less regular firing pattern (CV: 1.51 ± 

0.20, p < 0.001). Representative examples of SNpr neurons from control and 6-OHDA-

lesioned mice are shown in Figures 2A and 2D, respectively.

Additionally, all 6-OHDA SNpr neurons had a significant preference to fire in-phase with 

cortical SWA (i.e. the cortical UP state; n = 15, p < 0.05, Rayleigh test; sample grand mean 

1.05π where π corresponds to the peak negativity of the LFP at this depth), whereas this was 

seen in only 1 SNpr neuron in the control group of animals (n =12; Figure 2B–C,E–F), 

consistent with previous studies (Belluscio et al., 2003; MacLeod et al., 1990; Magill et al., 

2001; Mallet et al., 2012; Sanderson et al., 1986; Walters et al., 2007).

An analysis of bursts (transient increases in spiking) and pauses/decelerations (transient 

decreases in spiking) was then performed on control (example in Figure 3A) and 6-OHDA 

(example in Figure 3B) SNpr spike trains using the RGS and PS methods. The profound 

difference in the ISI distributions of the two groups (Figure 2A vs. 2D) had a significant 

impact on burst detection results with the Poisson method finding that the interburst rate was 

significantly increased but bursts were weaker in intensity (intraburst ISI) in the 6-OHDA-

lesioned group and the RGS method finding that the interburst rate significantly decreased 

while the intensity (intraburst ISI) remained unchanged (Figure 3C–D). However, both 

methods found that the number of spikes per burst increased (Figure 3E). These differences 

predominately arise from the strong impact of the long ISIs (often pause spikes) on the 

definition of a burst in the mean ISI-based PS method but not in the median ISI-based RGS 

method. These findings demonstrate that methodological details of burst detection can have 

a significant qualitative impact on the results and should be carefully considered to avoid 

conflicting interpretations (see Discussion).

Pauses detected by the RGS method were also analyzed. Neither the interpause rate (control: 

0.282 ± 0.070 Hz, 6-OHDA: 0.302 ± 0.063 Hz, p = 0.831 UTT) or spikes per pause (control: 

2.56 ± 0.139, 6-OHDA: 2.71 ± 0.173, p = 0.526 UTT) were changed in the 6-OHDA-

lesioned group; however, the mean ISI of the pause was more than 10 times longer (control: 

98.8 ± 12.0 ms, 6-OHDA: 1150 ± 0.238 ms, p < 0.0001 MWU).
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Awake In Vivo Recordings

Single-unit and LFP recordings were made in the SNpr from awake, head-restrained control 

and 6-OHDA-lesioned mice (from the lesioned hemisphere) during periods of quiet rest 

between free rewards spaced at 60s intervals (see Methods). Periods in which the mouse 

shifted its body around inside the tube could not be analyzed due to the presence of large 

artifacts and were excluded. A spectral analysis performed on LFPs revealed no significant 

differences between control and 6-OHDA-lesioned mice, including a lack of a clear peak in 

the beta range (Figure 4; total power, control: 6.16 × 10−8 ± 1.03 × 10−8 V2/Hz, n = 9; 6-

OHDA: 6.08 × 10−8 ± 6.47 × 10−9 V2/Hz, n = 5; p > 0.05, Mann-Whitney U test).

Next, the spiking activity of SNpr neurons was analyzed in both control and 6-OHDA 

groups (Figure 5). Representative examples are shown in Figure 5A and 5B, respectively. 

There was no difference in the mean firing rate of SNpr neurons between groups (57.1 Hz in 

controls and 47.4 Hz in 6-OHDA-lesioned mice; mean ISI control: 17.5 ± 0.879 ms, n = 30, 

6-OHDA: 21.1 ± 1.52 ms, n = 32, p = 0.0752, Mann-Whitney U test; median control 16.7 ± 

0.806 ms, 6-OHDA: 18.2 ± 1.14 ms, p > 0.05, Mann-Whitney U). However, there was a 

modest but significant increase in the CV in the 6-OHDA group as compared to controls 

(control: 0.456 ± 0.015, 6-OHDA: 0.572 ± 0.038, p = 0.019, Mann-Whitney U).

We next analyzed whether the higher CV in the 6-OHDA treated animals could be due to 

changes in increased bursting/pausing (Figure 6) as found above in the anesthetized state. 

We found that bursting of SNpr neurons was largely unchanged in control and 6-OHDA-

lesioned mice, with the only significant result being that the bursts detected by the Poisson 

Surprise method were weaker, not stronger, in intensity as measured by mean intraburst ISI 

duration (control: 6.90 ± 0.295 ms, n = 26, 6-OHDA: 8.75 ± 0.550 ms, n = 29, p < 0.008, 

Mann-Whitney U). No significant effects were found with the RGS method.

However, significant changes were noted in pausing with the RGS method. The number of 

pauses per second (interpause rate) was increased by 41% in 6-OHDA-lesioned mice 

(control pauses/s: 0.708 ± 0.063, 6-OHDA: 1.00 ± 0.125, p = 0.041, unpaired t-test). While 

there was no significant change in the intrapause ISI, pauses were significantly longer 

(control spikes/pause: 3.07 ± 0.130, 6-OHDA: 3.69 ± 0.205, p = 0.014, unpaired t-test). 

These results suggest that the increased irregularity of spiking in the SNpr spike trained 

from the 6-OHDA-lesioned animals was due to increased pausing.

Discussion

We investigated the electrical activity of SNpr neurons in control and unilateral 6-OHDA-

lesioned mice, in both the urethane-anesthetized and awake, head-restrained states. In 

anesthetized mice during < 1 Hz SWA, we confirm and extend previous observations that 

there is a fundamental change in spiking after 6-OHDA lesioning: the regular activity of 

SNpr neurons becomes highly irregular and phase-locked to cortical SWA (Belluscio et al., 

2003; MacLeod et al., 1990; Magill et al., 2001; Mallet et al., 2012; Sanderson et al., 1986; 

Walters et al., 2007). In the awake, head-restrained state where cortical SWA is absent, 

SNpr neurons fired at a much higher firing rate than during SWA in the anesthetized state. 

However, there was no difference in rate between control and 6-OHDA SNpr neurons. 
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There was an increase in the irregularity of spiking as measured from the CV in the 6-

OHDA treated animals, which was likely due to an increase in pausing. Contrary to the 

increased bursting hypothesis, bursting appeared to be largely similar in both groups in the 

awake state.

The effect of anesthesia on basic SNpr spiking properties

Our results agree with previous studies that anesthesia can have a strong impact on SNpr 

spiking dynamics. In this study, we only investigated SNpr spiking during < 1 Hz cortical 

SWA. We did not look at any other brain states that can be found at different stages of 

urethane-anesthetized rats (Friedberg et al., 1999), although the firing rate and pattern of 

SNpr neurons may change in such different brain states (Belluscio et al., 2003). During 

SWA, we found that accompanying this dramatic change in the firing pattern was a 

reduction in the mean firing rate of the neuron. Previous studies in 6-OHDA lesioned rats 

only showed non-significant trends towards a reduced firing rate (Belluscio et al., 2003; 

MacLeod et al., 1990; Walters et al., 2007). This may be due to long pauses in our spike 

train data and their effect on the mean rate calculation (see below), which may be a result of 

anesthetic depth or species differences.

Two observations from our data regarding the effect of anesthesia on SNpr spiking are 

readily apparent. First, the firing rate of SNpr neurons was increased two-fold in the awake, 

head-restrained state (control mean ISI of 17.5 ms or 57 Hz vs. 6-OHDA mean ISI of 21.1 

ms or 47 Hz; note that there was no significant difference between groups) when compared 

to urethane anesthesia (control mean ISI of 42.4 ms or 24 Hz vs. 6-OHDA mean ISI of 288 

ms or 3.5 Hz). The in vivo firing rates seen here are faster than the ~10–20 Hz firing rate 

which SNpr neurons display in isolated brain slices (Atherton and Bevan, 2005; Lee and 

Tepper, 2007; Lee et al., 2011; Zhou et al., 2009; Zhou et al., 2006) suggesting that afferent 

input is responsible for these increased rates. Furthermore, the firing rate of SNpr neurons 

may depend on the behavioral state or recording technique, as previous recordings of rodent 

SNpr neurons with chronically implanted microwires have observed a substantially lower 

firing rate (Avila et al., 2010; Barter et al., 2014; Chang et al., 2006). Our finding that SNpr 

neurons recorded from head-fixed quietly attentive mice fire near 50 Hz is more in line with 

studies in head-fixed monkeys or humans, where electrodes are also acutely advanced to the 

target (Benedetti et al., 2009; Boraud et al., 1996; Cleary et al., 2013; Wichmann et al., 

1999). These differences point out that the detailed impact of head-fixation and electrode 

types on recorded firing rates should be carefully assessed in future studies.

Secondly, non-surprisingly the activity pattern of SNpr neurons after 6-OHDA was 

markedly different under cortical slow-wave anesthesia than in the awake state. During 

cortical SWA, SNpr neurons receive convergent in-phase inhibitory inputs from the 

striatum, anti-phase inhibitory inputs from the globus pallidus, and in-phase excitatory 

inputs from the subthalamic nucleus (Walters et al., 2007). Since lesion of the STN 

regularizes SNpr spiking (Burbaud et al., 1995; Murer et al., 1997), it is likely that the in-

phase activity of the SNpr may be caused by excitatory input from the STN, although this 

input may be depressed after dopamine depletion (Yamawaki et al., 2012). This agrees with 

in vivo studies that show that after nigrostriatal dopamine depletion phasic STN activity is 
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enhanced (Magill et al., 2001; Walters et al., 2007) and in vitro studies showing a loss of 

long-term depression at corticostriatal (Calabresi et al., 1992) and subthalamonigral 

synapses (Dupuis et al., 2013). In the awake state when the cortex is relatively 

desynchronized and SWA is suppressed, these changes in synaptic plasticity may be 

expressed in a less time-locked fashion and therefore expressed more through an increase in 

CV as observed here. A similar increase in irregularity was recently described as an increase 

in entropy in SNpr recordings from awake rats after unilateral 6-OHDA lesioning, and a 

regularization of spiking was observed with STN-DBS, possibly contributing to the 

therapeutic effect (Dorval and Grill, 2014). These findings can be explained by a constant 

synaptic high-conductance state in awake conditions (Destexhe et al., 2003) that is based on 

network interactions that dominate over the intrinsic activity of participating neurons. Under 

a barrage of excitatory and inhibitory inputs increased irregularity of spiking is observed 

when more synchronicity is present between inputs (Gauck and Jaeger, 2003) while at the 

same time an increased background of synaptic activity partly shunts the effect of any one 

specific pathway (Chance et al., 2002). The synaptic conductances controlling spiking will 

be strongly varying with behavioral conditions and critically depend on the strength of 

participating synapses, which is shaped by plasticity.

Beta Oscillations and Bursting

In this study, we did not find an increase in the beta power in the SNpr LFP in the lesioned 

hemisphere of the 6-OHDA-lesioned mouse. This was surprising considering that it has been 

observed in recent studies in the freely moving, 6-OHDA-lesioned rat (Avila et al., 2010; 

Brazhnik et al., 2012; Brazhnik et al., 2014). The lack of beta oscillations in our awake mice 

could be due to differences in recording techniques, species (rat vs. mice), or behavioral 

state. With respect to differences in the recording technique, we recorded LFPs with a glass 

electrode located in the SNpr with respect to a second glass electrode located just under the 

dura in the visual cortex. In the experiments of Walters and colleagues, the LFP was 

recorded by one microwire with reference to a low-impedance 9th wire located in the same 

bundle penetrating the substantia nigra. Thus, the LFP recorded in those experiments is 

much more localized. Although we cannot with certainty identify the origin of a given LFP 

signal (i.e. cortex or nigra), a beta signal should have been seen with our setup. However, it 

is possible, although unlikely, that a synchronous beta oscillation in the visual cortex and 

nigra would have been canceled by the recording method employed here. With this caveat in 

mind, we do not believe that the absence of an increase in beta band power is due to 

differences in recording methodology.

Another possibility is that beta band oscillations are not prominent in the head-restrained 

state in rodents. Enhanced high-frequency beta within the SNpr has recently been shown to 

be highly dependent on behavioral state and can be linked to individual steps in locomotor 

movements (Brazhnik et al., 2014). It is possible that the similar but weaker high-beta 

frequency oscillation observed in alert non-locomoting rats was dependent on the training 

history of the rat, and may reflect cognitive processes related to task memory and would 

thus not be observed in naïve rats. This would be analogous to the replay of neural activity 

due to training that has been seen in the hippocampus in the quiet awake state (Jadhav et al., 

2012; Wikenheiser and David Redish, 2013) and also has been found in the ventral striatum 
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(Pennartz et al., 2004). Head-fixation per-se would not be expected to abolish beta band 

oscillations, since enhanced beta oscillations can be seen in head-restrained monkeys and 

human patients placed in a stereotaxic frame during surgical procedures, although the peak 

of these oscillations does vary with species (Avila et al., 2010; Brown et al., 2001; Kuhn et 

al., 2009; Mallet et al., 2008; Raz et al., 2000).

Finally, these results do not support the idea that the presence of beta is simply antikinetic 

(Brown, 2006), since we would expect activity related purely to the inhibition of movement 

to be enhanced in the head-restrained state. It may be that beta may have more of a role in 

changes in movement or flexible behaviors (Leventhal et al., 2012) that were discouraged by 

our interval-based free-reward paradigm promoting habitual licking with each reward.

Bursts in Rodent Parkinsonism

This study tested the hypothesis that bursting was increased in rodent parkinsonism, as 

modeled with unilateral nigrostriatal dopamine depletion from 6-OHDA administration to 

the MFB. It is worth noting that a variety of burst metrics exist and, unfortunately, there is 

no consensus on what counts and what does not count as a burst, particularly when neural 

activity is strongly modulated by an oscillatory input (Lobb, 2014). This can be seen in our 

anesthetized recordings which clearly showed a significant change in the firing pattern but 

generated conflicting results between burst detection methods: the commonly used PS 

method finding a significantly increased rate of weaker intensity bursting and the RGS 

method finding a significantly decreased rate of bursting of a similar intensity. Why do these 

surprise methods disagree with one another? In control conditions, the RGS method detects 

more bursts than the PS method (e.g., Figure 3A), possibly due to its greater sensitivity (Ko 

et al., 2012). In the 6-OHDA group, the ISI distribution is significantly positively skewed 

due to the presence of many long ISIs (many of which are pauses). These long ISIs can have 

a substantial impact on burst determination. Both methods employ a threshold ISI (or seed) 

to signal that a prospective burst may have occurred. For the PS method, this value is set 

based on the mean ISI, which is sensitive to these long ISI outliers. The presence of these 

long ISIs in the PS method caused the ISI burst seed threshold used to identify burst 

intervals (set to twice the mean ISI in the PS method) to be much longer (17.9 ms in control 

to 65.0 ms in 6-OHDA). This explains why the method detects many more, albeit weaker 

intensity bursts. One of the statistical advances of the RGS method is that bursts and pauses 

are detected simultaneously as outliers from the median of the lognormal ISI distribution. 

Thus for the RGS method, the threshold ISI value is less sensitive to these long ISI outliers 

since it is closer to the mode of the ISI distribution. Fewer but longer bursts are then 

detected. Furthermore, results using a median-based threshold rather than a mean-based 

threshold in the PS method qualitatively mirror the RGS method (i.e. interburst rate 

decreases with no change in the mean intraburst ISI; data not shown). Thus, in general, we 

recommend the use of median-based statistics rather than mean-based statistics when 

describing and detecting events from ISI distributions (which are typically positively-

skewed with a longer tail to the right). Furthermore, these results illustrate the need for burst 

detection methods that explicitly account for the presence of an oscillation and associated 

ISI variability. Given the statistical caveats of different burst detection methods, a more 
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rigorous approach towards a consistent definition of bursts and bursting needs to be pursued 

in order to avoid conflicting results just based on burst detection methods used.

Using a variety of burst methodologies (Lobb, 2014), previous studies in MPTP-treated 

monkeys have shown that bursting is enhanced in the traditional basal ganglia output nuclei 

of the globus pallidus internal segment and the SNpr (Bergman et al., 1994; Boraud et al., 

1998; Wichmann et al., 1999; Wichmann and Soares, 2006) suggesting that abnormally 

increased bursting could drive motor dysfunction in Parkinson’s disease. In our study, SNpr 

neuron activity in awake, head-restrained mice was significantly more regular than in the 

anesthetized 6-OHDA condition. Under these awake conditions, neither the PS nor the RGS 

method detected a significant change in bursting activity, with the exception of a weakening 

intensity of PS-detected bursts. However, it must be emphasized that synaptic inputs to SNpr 

neurons (reflected in the LFP) may change significantly depending on the behavioral state of 

the rodent (Brazhnik et al., 2014), especially during task initiation and execution (Leventhal 

et al., 2012). For example, an increase in the number of epochs of oscillatory inputs such as 

what would be produced by increased beta or gamma band oscillations that can entrain SNpr 

neuron firing may enhance or decrease bursts or pauses in activity. This suggests that 

bursting may be a highly behavioral state-dependent aspect of basal ganglia activity.

Furthermore, it is also likely that different neural dynamics will occur in parkinsonian mice 

with a bilateral dopamine neuron lesion since those mice would display a non-circling 

behavioral phenotype and both hemispheres would be affected. Because neural dynamics 

could be influenced by symmetric or asymmetric interhemispheric interactions, it is unclear 

whether bursting or pausing would be similarly changed with a bilateral lesion. It will be 

important in future work to establish a high-quality bilateral dopamine lesion model of mice 

for a more direct comparison with PD patients.

In this study, we confirm previous studies showing that there are robust changes in rodent 

parkinsonism in the firing rate and pattern in SNpr neuron activity under urethane 

anesthesia. A significant difference in firing rate was seen in the awake state when compared 

to the anesthetized state. Comparing control and 6-OHDA groups within the awake state the 

only significant difference consisted of a modest increase in CV. Contrary to the bursting 

hypothesis, this increase in CV was due to a mild increase in pausing not bursting. Overall, 

our results suggest that bursting and other changes in the firing pattern in SNpr neurons may 

be strongly influenced by the arousal and behavioral states of the mouse.
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Highlights

• Changes in rate and pattern of SNpr spiking in anesthetized, 6-OHDA-treated 

mice

• No significant change in bursting in awake, head-restrained 6-OHDA-treated 

mice

• Enhanced beta were not seen in either anesthetized or awake states in 6-OHDA 

mice

• Statistical assumptions of burst detection methods can impact burst 

identification
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Figure 1. Induction of Parkinsonism by intracranial administration of 6-OHDA
A–B. TH immunostaining in the striatum after unilateral administration (marked with an 

asterisk) of saline (A) or 6-OHDA (B) into the MFB, demonstrating striatal dopamine 

depletion on the 6-OHDA-lesioned side. This resulted in significant behavioral deficits as 

shown in the open-field test (C). 6-OHDA-lesioned mice spontaneously rotated in the 

ipsiversive direction (side of the lesion) and traveled a shorter distance in the arena as 

compared to control mice. For each group, behavioral measures collected before and after 

injection for each mouse are shown as connected data points. *, p < 0.05; ***, p < 0.001
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Figure 2. Changes in the firing pattern of SNpr neurons in urethane anesthetized 6-OHDA-
lesioned mice
Recordings of SNpr neurons were made in control (A–C) and 6-OHDA-lesioned (D–F) 

mice. Example recordings along with their respective ISI histograms (bottom, 2 ms bin 

width; note the different time scales) are shown in A (control mouse) and D (6-OHDA 

lesioned hemisphere). A simultaneously recorded LFP from the motor cortex at a depth of 

0.8 mm is shown above the spiking neuron. SNpr neurons from 6-OHDA-lesioned mice 

showed a significant firing preference with respect to the cortical SWA phase extracted from 

the LFP as a Hilbert transform (see Methods). The example in D was chosen to illustrate the 

periodic nature of the firing; however, cells typically did not fire as robustly on every cycle 

(e.g. Figure 3A). First-order polar plots of the cells shown in A and D are shown in B and E 

respectively. Second-order polar plots depicting the mean preferred phase for all SNpr 

neurons in each group are shown in C and F for control and 6-OHDA-lesioned mice, 

respectively. A significant grand mean for 6-OHDA cells in F is shown with a black line. 

Only cells with statistically significant phase preferences (Rayleigh test, p < 0.05) are 

shown.
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Figure 3. Bursting in the SNpr in anesthetized control and 6-OHDA-lesioned mice
Representative raster plots (30 s total, 1 s/row) of control and 6-OHDA SNpr neurons are 

shown in A and B, respectively. Single spiking events are shown as gray bars. Burst spikes 

detected by both the PS and RGS methods are depicted with open red ovals. Burst spikes 

detected by the PS method but not the RGS method are depicted with red crosses. Burst 

spikes detected by the RGS method but not the PS method are depicted with red pluses. C–E 
Summary data for the burst rate (C, number of bursts divided by the total duration; RGS: 

control: 0.389 ± 0.099 Hz, n = 12 6-OHDA: 0.089 ± 0.022 Hz, n = 15, p = 0.003 unpaired t-

test (UTT); PS: control: 0.027 ± 0.011, 6-OHDA: 0.351 ± 0.049, p < 0.0001 Mann-Whitney 

U test (MWU)), mean intraburst ISI or intensity (D, mean ISI in a burst averaged across 

bursts; RGS: control: 18.6 ± 2.03 ms, 6-OHDA: 30.52 ± 5.167 ms, p = 0.075 MWU; PS: 

control: 13.8 ± 1.38 ms, 6-OHDA: 45.4 ± 5.05 ms, p < 0.0001 UTT) and burst length, (E, 

number of spikes per burst; RGS: control: 3.43 ± 0.051, 6-OHDA: 4.82 ± 0.515, p = 0.022 

UTT; PS: control: 3.04 ± 0.023, 6-OHDA: 5.71 ± 0.350, p < 0.0001 UTT) are shown. *, p < 

0.05; **, p < 0.01; ***, p < 0.001.
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Figure 4. Lack of increased beta oscillations in the SNpr in the awake, head-restrained mouse
A–B. Spectrograms of the holding period between rewards (at t = 10s) recorded in the 

control (A) and 6-OHDA (B) SNpr. C. Summary power spectra for control and 6-OHDA 

SNpr recordings. No difference in beta power was seen between groups (D, p > 0.05, Mann-

Whitney U test). Peak at 60 Hz was due to AC line artifacts.
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Figure 5. SNpr neurons in the awake, head-restrained mice
A–B. Representative 1s traces of single SNpr neurons recorded in the awake state of a 

control mouse (A, mean ISI = 13.0 ms, CV = 0.395; 2 ms bin width) or from the lesioned 

hemisphere of a 6-OHDA-lesioned mice (B, mean ISI = 21.8 ms, CV = 0.643; 2 ms bin 

width). C. There was no significant change in mean ISI between groups (p > 0.05, Mann-

Whitney U test); however, there was a significant increase in CV (p = 0.019, Mann-Whitney 

U test).
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Figure 6. Bursts and pauses of SNpr neurons in awake, head-restrained mice
Representative raster plots (1 s per row) of control and 6-OHDA SNpr neurons are shown in 

A and B, respectively. Single spikes are colored gray. Burst spikes detected by both the PS 

and RGS methods are depicted with open red ovals. Burst spikes detected by the PS method 

but not the RGS method are depicted with red crosses. Burst spikes detected by the RGS 

method but not the PS method are depicted with red pluses. C–F Summary data for the 

interburst rate (C, RGS: control: 1.06 ± 0.103 Hz, 6-OHDA: 0.862 ± 0.080 Hz, p = 0.135 

UTT; PS: control: 0.607 ± 0.079, 6-OHDA: 0.804 ± 0.110, p = 0.158 UTT), mean intraburst 

ISI (D, RGS: control: 7.19 ± 0.417 ms, 6-OHDA: 7.69 ± 0.360 ms, p = 0.260 MWU; PS: 

control: 6.90 ± 0.295, 6-OHDA: 8.75 ± 0.550, p = 0.008 MWU), pause rate (E, control: 

0.708 ± 0.063 Hz, 6-OHDA: 1.00 ± 0.125 Hz, p = 0.041 UTT) and mean intrapause ISI (F, 

control: 42.8 ± 1.99 ms, 6-OHDA: 55.4 ± 5.33 ms, p = 0.243 MWU) are shown.*, p < 0.05; 

**, p < 0.01.

Lobb and Jaeger Page 22

Neurobiol Dis. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


