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Abstract

Cerebellar Purkinje cells (PCs) and cerebellar pathways are primarily affected in many autosomal 

dominant cerebellar ataxias. PCs generate complex spikes (CS) in vivo when activated by climbing 

fiber (CF) which rise from the inferior olive. In this study we investigated the functional state of 

the CF-PC circuitry in the transgenic mouse model of spinocerebellar ataxia type 2 (SCA2), a 

polyglutamine neurodegenerative genetic disease. In our experiments we used an extracellular 

single-unit recording method to compare the PC activity pattern and the CS shape in age-matched 

wild type mice and SCA2-58Q transgenic mice. We discovered no alterations in the CS properties 

of PCs in aging SCA2 mice. To examine the integrity of the olivo-cerebellar pathway we applied 

harmaline, an alkaloid that acts directly on the inferior olive neurons. The pharmacological 

stimulation of olivo-cerebellar circuit by harmaline uncovered disturbances in SCA2-58Q PC 

activity pattern and in the complex spike shape when compared with age-matched wild type cells. 

The abnormalities in the CF-PC circuitry were aggravated with age. We propose that alterations in 

CF-PC circuitry represent one of potential causes of ataxic symptoms in SCA2 and in other SCAs.
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Introduction

Spinocerebellar ataxia type 2 (SCA2) is an incurable hereditary polyglutamine 

neurodegenerative disease. Cerebellar Purkinje cells (PCs) are primarily affected in this 

disorder, atrophy of the cerebellum and brainstem is observed, also other parts of the brain 

involved in motor activity are affected such as the inferior olive (IO), pontocerebellar fibers, 

and pontine nuclei. These data were obtained by MRI visualization (1) and via post mortem 
examination of SCA2 patients (2, 3). Previous experiments on ataxia mouse models 

demonstrated that electrophysiological activity of aged PCs in various models of ataxia were 
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disturbed compared with that of PCs from age-matched wild type (WT) mice. These 

findings were observed in the studies with cerebellar slices from ataxia mouse models of 

episodic ataxia type 2 (4, 5), SCA1 (6), SCA2 (7–9), SCA3 (10), and SCA6 (11) and also 

with in vivo recordings of PC activity from anesthetized SCA2-58Q mice (12), from ataxic 

mice containing mutations in voltage-gated calcium channels (13, 14) and in mice 

expressing two different versions of CACNA1A calcium channel carboxy-terminal tail (11). 

However, in further experiments it was shown that neuronal dysfunction in ataxias was 

caused not only by PC activity dysfunction, but also by abnormalities in the climbing fiber – 

PC circuitry.

PC generates two types of spikes: simple spikes (SS) and complex spikes (CS). These 

different types of spikes are produced via two main types of afferent fibers in the 

cerebellum, the mossy fibers (MF) and climbing fibers (CF). MF originate from neurons in 

the spinal cord and brain stem and transport information from the periphery and cerebral 

cortex to PCs through granular cells axons forming parallel fibers (PF). CF originate in the 

IO nucleus and send information from the cortex to PCs by making numerous synaptic 

contacts with proximal dendrites of PC. CF carry excitation that makes PC generate a CS: an 

initial large-amplitude action potential followed by a high-frequency burst of potentials with 

smaller amplitude (also called spikelets). At the same time PC generates SS responding to 

excitatory potentials produced by PF (15–17).

Experiments conducted by Llinás and Volkind showed that harmaline administration 

provokes the activation of PCs via CF afferents from the inferior olive through the olivo-

cerebellar system (18). Harmaline represents an alkaloid of Peganum harmala that induces a 

high frequency tremor in mammals. Llinás and Volkind also showed that harmaline acts 

directly on the IO neurons. They also demonstrated that harmaline-evoked PC replies have a 

synaptic nature (18). It was also demonstrated that systemic injections of the indole alkaloid 

harmaline can drive cells in the IO into higher frequency oscillations (19), thus increasing 

the excitatory impulse transmitted by CF to PC. Presumably, the harmaline effect on neurons 

of the IO is determined by attenuating voltage-sensitive calcium currents in these neurons 

(20). The increase of CF activity leads to the reduction of the simple spikes generation by a 

PC (21) due to the CF-mediated plasticity (22).

Abnormalities in the CF-PC circuitry were detected in experiments with SCA1-82Q and 

SCA1-30Q transgenic mice models via flavoprotein autofluorescence optical imaging and 

extracellular field potential recordings (23). It was demonstrated that electrical stimulation 

of the contralateral inferior olive (CIO) leads to the reduced response in the cerebellar cortex 

in transgenic mice, while responses to PF stimulation were relatively normal. 

Immunostaining of vesicular glutamate transporter type 2 and calbindin demonstrated a 

reduction in the terminals of the CF in SCA1-82Q mice (23). The disruption of the olivo-

cerebellar circuit was also observed in the cell-selective mouse mutant which has a lack of 

functional large-conductance voltage- and calcium-activated potassium channels (BK 

channels) specifically in the PCs and shows a deficiency in motor coordination (24). In these 

mice the silencing of CS activity was observed. The rescue of CS activity in these transgenic 

mice was reached by harmaline intraperitoneal (IP) injections and by increasing inhibition in 

the deep cerebellar nuclei (DCN) via applying GABAA receptor agonists (24). However, in 
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vivo recordings of PC activity before and after IP injections of harmaline have not been 

previously performed in mouse models of polyglutamine-expansion disorders. In the present 

study the approach of pharmacological activation of the neurons in the IO was used for the 

evaluation of the climbing fiber – Purkinje cell circuit functional state in the SCA2-58Q 

transgenic mouse model.

Materials and methods

Mice breeding and genotyping

Experiments were conducted with transgenic SCA2-58Q mice and their wild type (WT) 

littermates. SCA2-58Q mice (25) were kindly provided to us by Dr. Stefan Pulst (University 

of Utah, Salt Lake City, Utah, USA) and were crossed to the FVB background. The genome 

of SCA2-58Q mice contains the insert of human mutant ataxin-2 protein, which has 58 CAG 

repeats. This transgene is driven by a L7/pcp2 promoter high specifically related to PCs 

(25). Mice were bred the following way: male hemizygous SCA2-58Q mice were crossed 

with female WT mice to generate mixed litters. The genotyping was done via PCR for 

ATXN2 transgene as previously described (8, 9, 12). The volume of one PCR sample was 25 

ul. The PCR mix per one sample contained: 2.5 ul 10× buffer for Taq polymerase, 0.5 ul 

10mM dNTP, 1,5 ul 25mM MgCl2, 0.125 ul 20 uM primers (forward and reverse), 0.25 ul 

Taq polymerase, 2 ul DNA, and 18 ul dH2O. The sequence of the forward primer is: 5′-

GCGAACACAAAGAGAAGGACCTGGA-3′. The sequence of the reverse primer is: 5′-

GCCCTTGCTTCCCGTTTTAA-3′. The PCR product has 232 bp. The animals were kept in 

groups of two to six in vivarium. The temperature was held 22–24°C including 12 daylight 

hours. The mice had access to standard food and water ad libitum. All procedures were 

approved by principles of European convention (Strasburg, 1986) and the Declaration of 

International medical association about humane treatment of animals (Helsinki, 1996).

Extracellular single-unit recordings in vivo

The method for extracellular recording of PCs activity in vivo was adapted from a published 

report (13) and was performed as previously described (12). To summarize, the mice were 

anesthetized with urethane with an initial concentration of 1200 mg/kg. Then in 40 minutes 

this concentration was increased to 1800 mg/kg. The PCs activity was recorded from 1 to 6 

hours after the last injection with anesthetic. It is known, that the duration of anesthesia 

effect is short in case of the majority of commonly used injectable anesthetic agents such as 

pentobarbital or ketamine/xylazine cocktail and consists 20–40 min, while the anesthesia 

effect of urethane may last up to 8 hours and even more, that allowed us to perform long 

recording sessions. After anesthetic effects were achieved, the mice were immobilized using 

stereotaxic apparatus (RWD Life Science, CA). A feedback-controlled heating pad (Harvard 

Apparatus, MA) maintained the body temperature of the mice at 37°C. Next, the scalp under 

cerebellum area was taken away and a small burr hole was bored into the skull under 

lambdoid suture. Extracellular recordings of PCs activity were performed from IV – V 

cerebellar lobules using borosilicate glass pipettes (1,5 mm outer diameter, 0,86 mm inner 

diameter, Sutter Instruments, CA) filled with 2,5 M NaCl and resistance of 3–10 MΩ. The 

pipettes were advanced into the cerebellum using a one-axis oil hydraulic micromanipulator 

(Narishige Group, Japan) and electrical activity was continuously recorded. To establish a 
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baseline firing rate, neuronal pattern was observed for 5–30 min before intraperitoneal (IP) 

15 mg/kg harmaline injection. The PC firing signal was identified by means of the complex 

spike occurrence (Fig. 1). Complex spikes are caused by climbing fiber activation that 

involves the generation of calcium-mediated action potentials in the dendrites, whereas 

simple spikes are activated synaptically by the parallel fibers otherwise known as the axons 

of the granule cells (17). Electrical recordings were amplified using an AC/DC Differential 

Amplifier (A-M Systems. Inc, WA), filtered (100 Hz high pass and 10 kHz low pass filters), 

digitized via analog-to-digital converter NI PCI-6221 (National Instruments, TX) and were 

stored for off-line computer analysis. For data acquisition and analysis, the program 

Bioactivity Recorder v. 5.9 was used. Statistical analysis was performed via Origin software.

According to the technique of extracellular single-unit recording in vivo the measurement of 

a single Purkinje cell’s spike discharge is carried out with the help of a microelectrode 

placed in close proximity to a single neuron. Thus, the amplitude of the recording signal 

depends on the position of the recording microelectrode – the closer the recording 

microelectrode is to the cell, the higher the amplitude is. Recorded electrophysiological 

traces were turned upside down for off-line analysis and thus presented on the figures. It is 

known, that extracellular potential has opposite polarity compared to the transmembrane 

voltage. Indeed, we observed that recordings with lower amplitude (Fig. 2A) have opposite 

polarity. However, we also observed that recordings with high amplitude have the polarity of 

membrane potential (Fig. 2B). Since the amplitude is comparatively high in these recordings 

we may presume that the tip of the recording microelectrode was very close to the cell 

membrane, probably even forming loose-patch configuration, thus recording the membrane 

potential with its polarity.

Statistical analysis

During the analysis of the statistically significant differences between groups, one-way 

ANOVA/Bonferroni post-test were used. To analyze the electrophysiological properties of 

PC activity patterns, average values of simple spike frequency, complex spike frequency and 

post-CS pause were detected. The post-CS pause was defined as time interval from the end 

of CS to the first SS generation (Fig. 1). To analyze the complex spike shape, average values 

of complex spike duration, spikelet frequency and spikelet number were detected (Fig. 1). 

The obtained data on the electrophysiological phenotype of activity pattern and CS shape in 

WT and SCA2-58Q cerebellar PCs were presented as mean ± SE. The obtained data on the 

pharmacological stimulation of climbing fiber-Purkinje cell circuitry with harmaline IP 

injections in WT and SCA2-58Q PCs were analyzed the following way. The properties of 

SS and CS were calculated for three different segments of the same recording trace before 

injection of harmaline and for three different segments after injection of harmaline and 

averaged for each mouse, and then relative values were calculated for each mouse, and 

afterwards these relative values were averaged for each group and plotted as mean ± SE, 

where SE is the standard error of mean.
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Results

Analysis of CS properties in SCA2-58Q mice at different ages

To analyze the functional state of the CF-PC circuitry in SCA2-58Q transgenic mice we 

performed a series of in vivo extracellular recordings of PC activity from anesthetized 6-, 9-, 

and 12-month-old SCA2-58Q mice and from their age-matched WT littermates. In previous 

experiments using in vivo recordings we demonstrated that aging PCs from SCA2-58Q mice 

on average generate SS with significantly higher firing frequency in comparison with WT 

PCs of the same age (12). However, the other properties of the activity pattern, and the 

features of the CS shape of aging PCs from SCA2-58Q have not been analyzed yet. To 

continue these experiments, we performed a series of in vivo extracellular recordings of PC 

activity using 6-, 9-, and 12-month-old WT mice and age-matched SCA2-58Q littermates 

(Figs 2A and 2B). We discovered that the rate of spontaneous complex spike firing of 

cerebellar PCs is reduced with age in these mice. An average rate of PC complex spike firing 

in WT mice was equal to 309 mHz at 6 months of age and 253 mHz at 12 months of age 

(Fig. 2C). By analyzing these data we further established that CS frequency (Fig. 2C) was 

not significantly different between WT and SCA2-58Q mice at any age (P = 0.47, P = 0.13, 

and P = 0.89 for 6-, 9-, and 12-month-old mice accordingly). We detected statistically 

significant difference in post-CS pause values for 9-month-old mice (P < 0.05, Fig. 2D), 

while for the other age groups this parameter was equal between the groups (P = 0.12 for 6-

month-old and P = 0.44 for 12-month-old mice). We also did not detect any significant 

difference in the CS duration (P = 0.52, P = 0.13, and P = 0.58 for 6-, 9-, and 12-month-old 

mice accordingly, Fig. 2E) or in the spikelet frequency (P = 0.43, P = 0.48, and P = 0.11 for 

6-, 9-, and 12-month-old mice accordingly, Fig. 2F) between WT and SCA2-58Q mice at 

any age. The number of recorded cells and the number of animals studied is given in the 

figure legend. Therefore, our experiments revealed that the basic properties of CS were 

similar in WT and SCA2-58Q mice at all ages tested.

Pharmacological stimulation of olivo-cerebellar circuit with harmaline uncovers 
disturbances in SCA2-58Q PC activity pattern

Next we evaluated the effect of systemic administration of harmaline. Harmaline provokes 

high frequency oscillations of IO neurons leading to CF-PC circuitry stimulation which 

forces PCs to generate complex spikes with higher firing frequency (19). In agreement with 

the previous studies (26, 27), in our experiments IP injections of 15 mg/kg harmaline 

resulted in significant increase of complex spike firing frequency and the disappearance of 

simple spikes from the PC discharge in both WT (Fig. 3A, B) and SCA2-58Q (Fig. 3C, D) 

PCs in 12 months old mice. This reciprocal firing is typical for cerebellar PCs (22, 28) and 

similar reciprocal response was previously observed for the electrical stimulation of the 

inferior olive (21, 29). With some delay, the restoration of simple spikes generation was 

registered as a result of harmaline washout (Fig. 3A, 3B, right; 3C, 3D, right). To quantify 

these data, we calculated the running average firing frequency of SS and CS in WT PC (Fig. 

3A, bottom) and SCA2-58Q PC (Fig. 3C, bottom). Simple spike silent periods and following 

SS restoration were clearly observed in this analysis (Fig 3A and 3C).
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Next, we performed quantitative analysis of CS properties after the IP injection of harmaline 

in 12 months old WT and SCA2-58Q mice during SS silent period (Fig. 4). We defined SS 

silent period as time period that lasted from the cessation of SS until their reappearance (Fig. 

3B, D, middle). We determined that the duration of silent period was significantly longer in 

WT PCs when compared to SCA2-58Q PCs (P < 0.01, Fig. 4A). On average, this period was 

660 ± 78 s for WT PCs (n = 6) and 277 ± 41 s for SCA2-58Q PCs (n = 4; P < 0.01). We also 

analyzed the CS properties during SS silent period, such as complex spike firing frequency, 

CS duration, and spikelet number. All these data were normalized to the same parameters of 

the same cell recorded before injection of harmaline. We discovered that the complex spike 

firing frequency in 12-month-old WT PCs increased 28.6 ± 2.4 times (n = 6) during simple 

spike silent period while the CS firing frequency in SCA2-58Q PCs increased only 16.4 

± 3.6 times (n = 4; P < 0.05) (Fig 4B). We also found out that the average CS duration for 

WT mice was decreased by 33 ± 6% (n = 6) but it was increased by 29 ± 11% (n = 4; P < 

0.01) for the age-matched SCA2-58Q mice during SS silent period (Fig 4C). We detected 

that the average spikelet number for WT mice was decreased by 22 ± 5% (n = 6) but it was 

increased by 11 ± 13% (n = 4; P < 0.05) for the age-matched SCA2-58Q mice during SS 

silent period (Fig. 4D). These results suggested that injection of harmaline resulted in 

opposite changes in PC cell firing in 12 months old WT mice and in age-matched 

SCA2-58Q mice.

Progressive abnormalities in the climbing fiber – Purkinje cell circuitry are observed in 
aging SCA2-58Q mice

To analyze the age-dependent changes in the olivo-cerebellar circuit, we continued in vivo 
extracellular recordings of PC activity after IP injections of harmaline in anesthetized 

SCA2-58Q mice and their WT littermates at the age of 9 months (Fig 5A) and 12 months 

(Fig 5B). In contrast to 12-month-old mice, much less PC cells with simple spike silent 

periods were observed in response to harmaline injections in the 9-month-old WT or 

SCA2-58Q mice (3 PCs out of 13). To quantify these data, we determined the properties of 

SS and CS before injection of harmaline and 40 min after injection of harmaline in each 

group of mice (average of 3 segments for each time point). The values measured at 40 min 

time point were normalized to the same parameters of the same cell recorded before 

injection of harmaline. In this analysis we determined that 40 min after harmaline 

administration the frequency of CS generation was increased 54.2 ± 13.7 times (n = 6 cells) 

in 9-month-old WT PCs and 17.9 ± 6.0 times (n = 7 cells; P < 0.05) in SCA2-58Q PCs of 

the same age (Fig 5C). In 12-month-old WT PCs the complex spike frequency was increased 

25.6 ± 2.8 times (n = 6 cells), while in 12-month-old SCA2-58Q PCs it was increased only 

8.9 ± 4.0 times (n = 5; P < 0.01, Fig. 5C). Injection of harmaline caused similar reduction in 

SS firing frequency in 9 months old WT and SCA2-58Q mice (P = 0.69, Fig 5D). In 

contrast, in 12 months old mice injection of harmaline resulted in 93.4 ± 4.1% (n = 6) 

decrease in the simple spike firing frequency in WT mice and 62.2 ± 13.2% (n = 5; P < 0.05, 

Fig 5D) reduction in SCA2-58Q mice. We also observed the significant difference in relative 

post-CS pause between 9 months old WT and SCA2-58Q mice. Thus, the post-CS pause 

was increased 5.3 ± 1.4 times (n = 6) in 9-month-old WT PCs and 2.12 ± 0.2 times (n = 7 

cells; P < 0.05, Fig. 5E) in SCA2-58Q PCs of the same age. In contrast, no significant 
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difference was observed in relative post-CS pause between 12 months old WT and 

SCA2-58Q mice (P = 0.38, Fig. 5E).

In addition, we analyzed the effect of harmaline IP injection on the CS shape of PCs from 9 

months and 12 months old SCA2-58Q and WT mice (Fig. 6). No significant differences 

between relative complex spike duration, relative spikelet frequency, and relative spikelet 

number were observed for 9-month-old WT and SCA2-58Q PCs after harmaline IP injection 

(P = 0.13, P = 0.15, and P = 0.39 accordingly; Fig. 6). In contrast, in 12 months old mice 

injection of harmaline resulted in 34.5 ± 5.9% (n = 6) decrease in the complex spike 

duration in WT mice and 21.2 ± 15.92% (n = 5; P < 0.01, Fig 6) increase in SCA2-58Q 

mice. No significant difference between relative spikelet frequencies was observed for 12-

month-old WT and SCA2-58Q PCs after harmaline IP injection (P = 0.45, Fig. 6). In 12-

month-old WT PCs the spikelet number was decreased 23.9 ± 4.5% (n = 6 cells), while in 

12-month-old SCA2-58Q PCs it was increased 12.0 ± 8.7% (n = 5 cells; P < 0.01, Fig. 6).

Obtained results suggested progressive disturbances of PC activity pattern and CS shape in 

aging SCA2-58Q PCs which were revealed by pharmacological stimulation of climbing 

fiber – Purkinje cell circuitry with harmaline.

Discussion

Purkinje cells generate simple spikes when activated mostly by the pontocerebellar system, 

but also by other pathways including vestibular nerve and nuclei, the spinal cord, the 

reticular formation, and feedback from deep cerebellar nuclei (30). The complex spikes are 

generated by Purkinje cells in response to an excitation coming by way of the 

olivocerebellar pathway (16). The inferior olive is the exclusive source of climbing fibers to 

the cerebellum. An axon from each olivary neuron terminates in multiple synapses on the 

proximal dendrites of Purkinje cells. When a climbing fiber discharges, it evokes climbing 

fiber responses (called complex spikes) in Purkinje cells (19). The complex spike waveform 

is highly variable. The duration of complex spike, the number and frequency of spikelets are 

varying from cell to cell. This diversity suggests that CS shape could be a significant 

characteristic of olivocerebellar activity. The origin of this variability is not well known (31). 

Interestingly, there is a suggestion that vestibular stimulus lead to the oscillations in complex 

spikes, and that might provide a mechanism by which the vestibule-olivo-cerebellum 

contributes to adaptation to periodic motion (19). In this study we decided to perform 

recordings from anesthetized animals, without any motor activity, to exclude the possibility 

of climber fiber activation in reply to physical stimulants that may affect the vestibular 

system, visuomotor control, and other sources. However, in the future we plan to expand 

these experiments to awake animals.

In previous experiments via extracellular recording in vivo we demonstrated that aging PCs 

from SCA2-58Q mice on average fire more frequently and less regularly than age-matched 

PCs from WT mice (12). In the present study we observed the difference in response to 

harmaline between aging SCA2-58Q and WT PCs. At 9 months of age the increase in CS 

firing frequency was detected for both mouse lines (Fig. 5C), but only few PCs with SS 

silent periods were observed. At 12 months of age injection of harmaline induced SS silent 
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periods in both SCA2 and WT mice (Fig. 3), but in SCA2 mice the mean duration of SS 

silent periods was less than in WT mice (Fig 4A). The observation of SS silent periods may 

be explained by the fact that the climbing fiber stimulation disrupts PC activity (21, 29). It is 

well known that there are at least two forms of CF-mediated plasticity (22). The CF 

activation leads to the potentiation of the synapses between the PF and molecular layer 

interneuron and between the molecular layer interneuron and PC. The simultaneous 

depression of the synapse between the PF and PC is observed (22) that explains the 

abolishment of SS in PC discharge after harmaline injection. The shorter SS silent periods or 

their absence in 12-month-old SCA2-58Q PCs can be explained by the fact that during the 

wash out period the lower harmaline concentration still causes SS inhibition in WT PCs in 

comparison with SCA2-58Q PCs of the same age, that may be explained by the reduced CF 

translocation that was observed previously in SCA1-82Q transgenic mice (23). Presumably, 

the SS silent periods are observed in 12-month-old PCs, but not in younger mice, because of 

the age-related changes in CF-mediated plasticity in these mice. During SS silent period in 

12 months old mice CS frequency was increased in both WT and SCA2-58Q mice, but 

increase in WT mice was more dramatic (Fig 4B). During SS silent periods in 12-month-old 

mice the injection with harmaline led to the shortening of the CS duration (Fig. 4C) and the 

decrease in spikelet number in WT mice (Fig. 4D), while these parameters were increased in 

SCA2-58Q mice of the same age.

We also performed the analysis of data recorded 40 min after harmaline injection. At 9 

months of age the significant difference between the relative CS firing frequency (Fig. 5C) 

and relative post-CS pause (Fig. 5E) in SCA2-58Q and WT mice was detected, but relative 

SS firing frequency was similar (Fig. 5D). At 12 months of age significant difference in the 

relative CS frequency (Fig. 5C) and relative SS frequency (Fig. 5D) was detected between 

WT and SCA2-58Q mice 40 min after injection of harmaline. The increase in CS frequency 

(Fig 5C) and post-CS pause (Fig. 5E) was abated in SCA2 mice when compared to WT 

mice. At 12 months of age, the reduction in SS firing frequency was less dramatic in SCA2 

mice when compared to WT mice (Fig. 5D). Experimental evidences demonstrated that 

spikelets of the complex spikes are formed by dendritic calcium currents (32, 33), but in 

recent studies on parasagittal cerebellar slices via whole-cell patch-clamp recordings it was 

shown that dendritic spikes are not necessary for the generation of the complex spike (16). 

After a complex spike occurrence the post-CS pause is observed. The mechanisms 

underlying the generation and duration of this pause are not well understood. It was 

previously shown that the post-CS pause length depends on the spontaneous simple spike 

firing rate (34). Recently it was shown that the duration of the pause also strongly depends 

on the number of dendritic calcium spikes triggered by climbing fiber input and that might 

occur through the activation of calcium-activated potassium channels (16). Thus, longer 

duration of the post-complex spike pause is observed when there are more climbing fiber 

discharges coming to Purkinje cell. This is consistent with our finding that the relative post-

complex spike pause in 9 months old WT PCs enhanced more than in SCA2-58Q PCs of the 

same age after harmaline injection (Fig. 5E).

In our experiments after IP injection of harmaline the reduction of the complex spike 

duration in WT PCs was observed, while the CS duration in SCA2-58Q PCs was increased 

(Fig. 4C, Fig. 6). It is well known that harmaline drives neurons in the inferior olive into 
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higher frequency oscillations (19) and we assume that these oscillations lead to shorter 

bursts in climbing fibers that explains the reduction in complex spike duration in WT PCs 

after harmaline injection. This assumption might also explain the observed reduction in the 

spikelet number in WT PCs with their increase in SCA2-58Q PCs after harmaline injection 

(Fig. 3D, Fig. 6). We suggest that the increase in CS duration and spikelet number after 

harmaline injection in SCA2-58Q PCs might be explained by the disruption of the CF-PC 

synapse in these transgenic mice that may provoke longer bursts in their CF terminals.

Thus, our findings revealed the progressive dysfunction of the climbing fiber – Purkinje cell 

circuitry in aging SCA2-58Q mice. In our study SCA2-58Q transgenic mice were used. 

Their genome contains the insert of human mutant Atxn2 protein, which has 58 CAG 

repeats. The expression of the Atxn2 transgene is PC-specific in these mice due to the PC-

specific L7/pcp2 promoter (25). Thus, we may conclude that the observed olivocerebellar 

tract defects develop initially in postsynaptic PCs. The evidence suggests that regular PC 

physiology is required for normal CF morphology and function (23). In our previous 

experiments via extracellular recordings in vivo it was shown that the electrophysiological 

activity of PCs is altered in aging SCA2-58Q mice (12) and, therefore, may affect the 

functional state of CF and CF-PC circuitry. Dysfunction of SCA2-58Q PCs may cause the 

loss of synaptic connections between PC dendrites and CF terminals that may lead to the 

impaired LTD in SCA2 mice. The observation of SS silent periods after systemic 

administration of harmaline in 12-month-old mice might be explained by the CF-mediated 

LTD and shorter SS silent periods in SCA2 mice might be caused by the disturbed LTD in 

these mice.

There is also a possibility of developmental causes that may lead to the alterations in the PC 

reply to the harmaline-mediated climbing fiber activation in SCA2-58Q mice. It was 

previously shown that the disruption in the olivocerebellar circuitry leads to severe motor 

deficits (22). The abnormalities in the climbing fiber development have been observed in 

mouse models of SCA1, SCA7, SCA14, and SCA23. These impairments vary from the 

disturbances in climbing fiber formation during ontogenetic development to CF reduction in 

the cerebellum from adult mice (35). In our case we cannot exclude the possibility of a 

developmental component, but basic properties of complex spikes were similar in 

SCA2-58Q and WT mice at different ages (Fig. 2) and only at 12 months of age we 

observed statistically significant difference in the CS shape of SCA2-58Q PCs in response to 

the harmaline administration (Fig. 6). From these results we concluded that developmental 

causes have mild effect on the CF-PC circuitry in SCA2-58Q aging mice. There is evidence 

that in SCAs the neuronal calcium signaling is altered (36–38). Thus, the disturbed calcium 

signaling in PC cells may also contribute to the alterations of the CF-PC circuitry in 

SCA2-58Q transgenic mice.

Our study showed that the properties of the complex spikes were not significantly different 

in aging WT and SCA2-58Q mice. We also demonstrated significant difference in PC 

responses to systemic administration of harmaline in aging WT and SCA2-58Q mice. We 

propose that changes in responses to the olivo-cerebellar pathway stimulation might be 

explained by the alterations in the climbing fiber – Purkinje cell circuitry in SCA2-58Q 

transgenic mice. Climbing fiber input to the cerebellum is thought to instruct associative 
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motor memory formation through its effects on multiple sites within the cerebellar circuit 

(39). Thus, the impairment of motor coordination in aging SCA2-58Q mice might be caused 

by the alterations in PC activity such as simple spike generation (12), but also by the 

disturbances in olivo-cerebellar pathway since the stimulation of this pathway leads to 

different response in aging WT and SCA2-58Q mice (Fig. 3–6).

CF represents one of the major excitatory PC inputs and CF-mediated cerebellar plasticity is 

crucial for normal cerebellar functioning (30). The disruption of the synapse between CF 

and PC may be a common feature among the SCAs (35). It is becoming evident that early 

symptoms of ataxia may result not from PC death but from PC dysfunction and loss of firing 

precision (7–10, 12, 40). The malfunction of CF-PC circuitry that we observed in 

SCA2-58Q transgenic mice might impair the information transfer within olivo-cerebellar 

circuit that could contribute to the disturbance of motor functions detected in these mice, 

eventually leading to ataxic phenotype. However, more functional studies are required to test 

the hypothesis concerning the alterations in CF-PC synapse as a common pathology among 

the SCAs, and a possibility of using this synapse as a therapeutic target.

Conclusion

The climbing fiber originates in the inferior olive and extends to the Purkinje cell proximal 

dendrites. Climbing fiber input triggers the complex spike generation by Purkinje cell. Using 

extracellular single-unit recordings we established that functional state of climbing fiber – 

Purkinje cell circuitry is impaired in aging SCA2-58Q mice. The impairment was more 

dramatic in 12 months old mice than in 9 months old mice. We propose that alterations in 

CF-PC circuitry represent one of potential causes of ataxic symptoms in SCA2 and possibly 

other SCAs.
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Figure 1. The properties of complex spike
Complex spike (CS) duration and post-CS pause are shown on the figure. Spikelets of the 

CS are indicated by numbers from 1 to 4, thus number of spikelets here, n = 4. The spikelet 

frequency is the number of spikelets per the CS duration.
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Figure 2. In vivo recordings of complex spikes generated by Purkinje cells in wild type and 
SCA2-58Q mice at different ages
(A, B) Examples of PC firing activity in 12 month old WT (A) and SCA2-58Q (B) mice. 

Recording traces are 5 s in duration with enlarged 100-ms fragment containing CS is shown.

(C) The average CS firing frequency of PCs for 6-, 9- and 12-month-old WT (n = 33, 32 and 

32 cells; m = 15, 10 and 12 mice) and SCA2-58Q mice (n = 27, 34 and 26 cells; m = 10, 13 

and 14 mice) are shown as mean ± SE. No statistically significant difference was observed.

(D) The average post-CS pause in PCs discharge for 6-, 9- and 12-month-old WT (n = 32, 30 

and 31 cells; m = 15, 10 and 12 mice) and SCA2-58Q mice (n = 26, 25 and 26 cells; m = 10, 

13 and 14 mice) are shown as mean ± SE. *P < 0.05.

(E, F) The average CS duration (E) and spikelet number (F) for WT and SCA2-58Q mice at 

6 months of age (m = 15 and 10 mice), 9 months of age (m = 10 and 13 mice), and 12 

months of age (m = 12 and 14 mice) are shown as mean ± SE. No statistically significant 

difference was observed.
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Figure 3. Changes in activity of Purkinje cells induced by injection of harmaline in 12 months 
old wild type and SCA2-58Q mice
(A) Continuous 30-min recording of PC activity from 12-month-old WT mouse. The time of 

the 15 mg/kg harmaline IP injection is indicated by a horizontal bar above the recording. 

Plots of the running average of simple spike firing frequency (filled circles -●-) and of the 

running average of complex spike firing frequency (open squares -□-) are shown below the 

recording.

(B) 5-s fragments of WT PC activity recordings before injection of harmaline (★), after 

injection during simple spikes silent period (★★) and after simple spike restoration (★★★) 

are shown on the expanded timescale. Complex spikes are marked by filled circles.

(C) Continuous 30-min recording of PC activity from 12-month-old SCA2 mouse. The time 

of 15 mg/kg harmaline IP injection is indicated by a horizontal bar above the recording. 

Plots of the running average of simple spike firing frequency (filled circles -●-) and of the 

running average of complex spike firing frequency (open squares -□-) are shown below the 

recording.

(D) 5-s fragments of SCA2-58Q PC activity recordings before injection of harmaline (★), 

after injection during simple spikes silent period (★★) and after simple spike restoration 

(★★★) are shown on the expanded timescale. Complex spikes are marked by filled circles.
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Figure 4. Analysis of changes in activity of Pukinje cells resulting from injections of harmaline in 
12 months old wild type and SCA2-58Q mice
(A) The average duration of simple spike silent periods in PCs discharge is shown for 12 

months old WT (n = 6 cells; m = 6 mice) and SCA2-58Q mice (n = 4 cells; m = 4 mice). 

Data are means ± SE. **P < 0.01.

(B–D) Relative changes in CS firing frequency (B), CS duration (C), and spikelet number 

(D) during silent period are shown for 12 months old WT (n = 6 cells; m = 6 mice) and 

SCA2-58Q mice (n = 4 cells; m = 4 mice). For each cell the values were normalized to the 

same parameters of the same cell recorded before injection of harmaline. Normalized data 

were averaged and presented as means ± SE. *P < 0.05, **P < 0.01.
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Figure 5. Changes in activity of Purkinje cells induced by injection of harmaline in 9 months old 
and 12 months old wild type and SCA2-58Q mice
(A, B) Examples of PC firing activity 40 min after 15 mg/kg harmaline IP injection in 9 

month old (A) and 12 month old (B) wild type (left) and SCA2-58Q (right) mice. Recording 

traces of 5 sec in duration with enlarged 100-ms fragment are shown. Complex spikes are 

marked by filled circles.

(C–E) Effects of harmaline injection on PC activity pattern in 9 months old and 12 months 

old wild type (n = 6 and n = 6 cells; m = 6 and m = 6 mice accordingly) and SCA2-58Q 

mice (n = 7 and n = 5 cells; m = 7 and m = 5 mice accordingly). The CS firing frequency 

(C), SS firing frequency (D) and post-CS pause (E) for each cell were determined 40 min 

after injection of harmaline and normalized to the same parameters of the same cell recorded 

before injection of harmaline. Normalized data were averaged and presented as mean ± SE. 

*P < 0.05, **P < 0.01.
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Figure 6. Effects of harmaline administration on CS shape properties for aging WT and SCA2 
mice
CS duration, spikelet frequency and spikelet number for each cell were normalized to the 

same parameters of the same cell recorded before injection of harmaline. Analysis was 

performed for 9- and 12-month-old WT (n = 6 and 6 cells; m = 6 and 6 mice) and 

SCA2-58Q mice of the same age (n = 7 and 5 cells; m = 7 and 5 mice). The data were 

averaged and are presented as means ± SE. **P < 0.01.
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