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SUPPLEMENTAL MATERIALS 

 

No effects of recording day or group on characteristics of the electrophysiological 

recordings 

Waveform amplitude and number of recorded neurons  

Analyses performed on the average amplitude of neural waveforms with reward (nicotine versus 

sucrose) and recording day (i.e., habituation, 3rd and 23rd days of initial SA and 1st, 3rd, and 7th 

days of re-exposure) as factors showed no significant effect of either reward (F(1,729) = 0.76; NS) 

or recording day (F(5,729) = 0.43; NS), and no significant interaction between reward and 

recording day (F(5,729) = 0.27; NS) (Supplemental Materials Fig. 1A-B). Additional analyses 

performed on the number of recorded neurons per animal showed no significant effect of either 

reward (F(1,96) = 1.67; NS) or recording day (F(5,96) = 0.55; NS), and no significant interaction 

between reward and day (F(5,96) = 1.40; NS) (Supplemental Materials Fig. 1C-D). The findings 

demonstrate that the neural recordings were comparable between the nicotine and sucrose groups 

and stable throughout the experiment.  

 

Prevalence of core versus shell neurons 

A three-way ANOVA performed on the percentage of recorded neurons with reward (nicotine 

versus sucrose), recording day (i.e., habituation, 3rd and 23rd days of SA and 1st, 3rd, and 7th days 

of re-exposure) and sub-territory (core versus shell) as factors showed no significant effect of 

reward (F(1,192) = 1.07; NS), no significant effect of recording day (F(5,192) = 0.61; NS) and no 

significant effect of sub-territory (F(1,192) = 0.46; NS) (Supplemental Materials, Fig. 2A-B). 

Moreover, there was no significant two-way interaction either between reward and sub-territory 
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(F(1,192) = 0.24; NS) or between recording day and sub-territory (F(4,192) = 0.08; NS). There was 

also no three-way interaction among reward, recording day, and sub-territory (F(5,192) = 0.35; 

NS). There was thus no significant difference between the proportion of core and shell neurons 

between the nicotine and sucrose groups. Moreover, the percentage of core and shell neurons 

was stable across the experiment in both groups.  

 

Further analysis of the firing of task-non-activated neurons   

Burst analysis 

Plasticity in neuronal activity can involve changes in non-rate codes such as clustering of spikes 

in bursts. To examine this possibility, we determined the effects of repeated nicotine SA sessions 

on spontaneous bursting activity during the pre-session baseline period.  Procedures used in this 

analysis were the same as those previously described by (Homayoun and Moghaddam, 2006). A 

burst was defined as an action potential discharge of at least two spikes with an interspike 

interval of less than 40 ms, and burst termination was defined as an interspike interval of greater 

than 80 ms (Cooper and White, 2000).  

 

Nicotine group  

For the nicotine group, a one-way ANOVA with recording day (i.e., habituation, 3rd and 23rd 

days of SA and 1st, 3rd, and 7th days of re-exposure) as a factor showed that for all recorded 

neurons combined, there was a significant effect of recording day on the percentage of all spikes 

that occurred within bursts during the baseline period (F(5,461) = 2.25; p < 0.05) (Supplemental 

Materials, Fig. 3A). Post-hoc analysis revealed that the overall bursting significantly decreased 

between the habituation day and the 23rd day of initial nicotine SA (p < 0.05), as well as during 
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re-exposure (R1 versus R3, p < 0.05; R1 versus R7, p < 0.01). After 30 days of abstinence (i.e., 

on day 1 of re-exposure), the percentage of spikes in bursts returned to that observed in drug-

naïve animals (i.e., equaled average baseline firing rate observed during the habituation 

recording session). Additional analyses with recording day (i.e., 3rd and 23rd days of SA and 1st, 

3rd, and 7th days of re-exposure) and activation (task-activated versus task-non-activated) as 

factors revealed a significant effect of activation (F(1,356) = 19.36; p < 0.001) and a significant 

interaction between day and activation (F(4,356) = 2.65; p < 0.05). Separate one-way ANOVAs 

showed that the task-non-activated neurons exhibited a significant decrease in bursting activity 

across recording days (F(4,239) = 3.25; p < 0.05), whereas the task-activated neurons showed no 

significant change in the percentage of spikes in bursts (F(4,82) = 0.06; NS). There was no effect 

of recording day on other burst parameters, including, average burst duration (F(5,461) = 1.86; NS) 

and mean spikes in bursts (F(5,461) = 1.22; NS) (data not shown). 

 

Sucrose group  

In the sucrose group, for all recorded neurons combined, a one-way ANOVA revealed no effect 

of recording day (i.e., habituation, 3rd and 23rd days of SA and 1st, 3rd, and 7th days of re-

exposure) on the percent of spikes in bursts during the pre-session baseline period (F(5,329) = 0.60; 

NS) (Supplemental Materials, Fig. 3B). Moreover, neither the task-activated neurons (F(4,24) = 

0.67; NS) nor the task-non-activated neurons (F(4,216) = 0.88; NS) exhibited a significant change 

in bursting activity.    
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Effect of initial SA, abstinence, and re-exposure on the average firing rate of task-non-

activated neurons during particular behavior 

We tested for a contribution of behavior to the decrease in the average SA firing rate of task-non-

activated neurons. To carry out this test, calculation of average SA firing rate during each session 

was limited to two behavioral periods, the -0.5 to 0 sec period pre-press, during which animals 

completed the lever press and the 0 to +1.0 sec post-press period, during which animals 

locomoted away from the lever. Average firing rates were calculated separately for each of the 

two behavioral periods. A two-way ANOVA with recording day (i.e., 3rd and 23rd days of SA 

and 1st, 3rd, and 7th days of re-exposure) and behavior (i.e., press versus locomotion) as factors 

revealed a significant effect of recording day (F(4,239) = 2.67; p < 0.05), but no significant effect 

of behavior (F(4,239) = 0.20; NS), and no significant interaction between recording day and 

behavior (F(4,239) = 1.08; NS) (Supplemental Materials, Fig. 4). Post-hoc analysis showed that 

during both behavioural periods, average firing rate during the two behaviours was decreased on 

the 23rd day relative to the 3rd day of nicotine SA (p < 0.05), and during the 3rd and 7th days of re-

exposure relative to day 1 of re-exposure (p < 0.05). These results demonstrate that the between-

session decrease in firing rate of the task-non-activated neurons is not attributable to between-

session differences in behavioural feedback to the recorded neurons.  

 

Progressive and persistent net increase in average firing time-locked to the nicotine-

reinforced lever-press but not to the sucrose-reinforced lever-press  

We repeated the signal and background analysis of the nicotine group described in RESULTS 

after re-defining the background period as the -12 to -9 sec pre-press. Average signal and 

background firing rates are shown in Supplemental Fig. 5A. A one-way ANOVA analysis of 
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signal:background ratio, with recording day (i.e., 3rd and 23rd days of SA and 1st, 3rd, and 7th days 

of re-exposure) as a factor showed that there was a significant effect of recording day (F(4,342) = 

4.32; p < 0.001). Post hoc analyses showed that the signal:background ratio was significantly 

increased on all re-exposure days relative to the 3rd day of nicotine SA (i.e., SA3 versus R1 p < 

0.05; versus R3, p < 0.01; versus R7, p < 0.001). It was also greater on the 7th day of re-exposure 

relative to the 23rd day of nicotine SA (p < 0.05) (Supplemental Materials, Fig. 5B). In contrast, 

there was no effect of day on signal:background ratio (F(4,316) = 0.30; NS) in the sucrose group 

(Supplemental Materials, Fig. 5C-D). 

 

No difference in the between-session plasticity exhibited by neurons located in the core 

versus the shell of the NAc 

Nicotine group 

Phasic firing patterns time-locked to the nicotine-reinforced lever press  

Separate two-way ANOVA analyses of the percent and magnitude of phasic firing patterns were 

performed with recording day (i.e., 3rd and 23rd days of initial nicotine SA and 1st, 3rd, and 7th 

days of re-exposure) and sub-territory (i.e., core versus shell) as factors. The analysis of the 

percentage of phasic-increase firing patterns time-locked to the nicotine-reinforced lever-press 

(i.e., the prevalence of task-activated neurons) showed a significant effect of recording day 

(F(4,90) = 3.38; p < 0.05) no significant effect of sub-territory (F(1,90) = 2.39; NS), and no 

significant interaction between sub-territory and recording day (F(4,90) = 0.10; NS) (Supplemental 

Materials, Fig. 6A-B). The analysis performed on the percentage of task-non-activated neurons 

showed no effect of sub-territory (F(1,90) = 1.99; NS), and no interaction between recording day 

and sub-territory (F(4,90) = 1.40; NS) (Supplementary Materials, Fig. 6C-D). The analyses 
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performed on the magnitude of the phasic firing patterns time-locked to the lever press showed a 

significant effect of either recording day (F(4,77) = 3.50; p < 0.01) or sub-territory (F(1,77) = 9.16; p 

< 0.01), but no significant interaction between day and sub-territory (F(4,77) = 1.17; NS) 

(Supplemental Materials, Fig. 6E-F).  

 

Average baseline and SA firing rates 

 A three-way ANOVA analysis of average baseline and SA firing rates was performed with sub-

territory (i.e., core versus shell), recording day (i.e., habituation day, 3rd and 23rd days of SA and 

1st, 2nd, and 7th days of re-exposure) and session phase (i.e., baseline versus SA) as factors. The 

analysis revealed a significant effect of day (F(5,455) = 6.52; p < 0.001) and session phase (F(1,455) 

= 22.19; p < 0.001), but no effect of sub-territory (F(1,455) = 1.18; NS), no interaction between 

sub-territory and recording day (F(5,455) = 1.22; NS), and no 3-way interaction among recording 

day, sub-territory and session phase (F(5,455) = 1.56; NS) (Supplemental Materials, Fig. 7A-B). 

Similar analyses were conducted separately for the task-activated and task-non-activated 

neurons. For the task-activated neurons, there was no significant effect of either recording day 

(F(4,68) = 2.01; NS) or session phase (F(1,68) = 0.18; NS), and no significant effect of sub-territory 

(F(1,68) = 0.73; NS) (Supplemental Materials, Fig. 7C-D). Moreover, there was no significant 

interaction between session phase and sub-territory (F(1,68) = 1.31; NS), and no significant three-

way interaction among session phase, recording day, and sub-territory (F(4,68) = 0.71; NS). For 

the task-non-activated neurons there was a significant effect of recording day (F(4,220) = 2.95; p < 

0.05) and session phase (F(1,220) = 132; p < 0.001), but no significant effect of sub-territory 

(F(1,220) = 0.28; NS) (Supplemental Materials, Fig. 7E-F). Moreover, there was no significant 
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interaction between session phase and sub-territory (F(1,220) = 0.63; NS) and no significant three-

way interaction among session, recording day, and sub-territory (F(4,220) = 1.26; NS).  

 

Sucrose group 

Phasic firing patterns time-locked to the nicotine-reinforced lever press  

A two-way ANOVA analysis performed on the magnitude of the phasic firing patterns time-

locked to the reinforced press with recording day (i.e., 3rd and 23rd days of initial nicotine SA and 

1st, 3rd, and 7th days of re-exposure) and sub-territory (i.e., core versus shell) as factors showed 

no significant effect of either day (F(4,20) = 0.09; NS) or sub-territory (F(1,20) = 1.31; NS), and no 

significant interaction between sub-territory and recording day (F(4,20) = 0.33; NS). A similar 

analysis performed on the percentage of phasic-increase firing patterns showed no significant 

effect of either recording day (F(4,58) = 0.14; NS) or sub-territory (F(1,58) = 0.01; NS), and no 

interaction between sub-territory and day (F(4,58) = 0.15; NS). A two-way ANOVA performed on 

the percentage of task-non-activated neurons showed no effect of recording day (F(4,70) = 0.32; 

NS), no effect of sub-territory (F(1,70) = 1.90; NS), and no interaction between day and sub-

territory (F(4,70) = 0.11; NS) (data not shown). 

 

Average baseline and SA firing rates 

In the sucrose group, a three-way ANOVA analysis of average baseline and SA firing rates 

performed with sub-territory (i.e., core versus shell), recording day (i.e., habituation day, 3rd and 

23rd days of SA and 1st, 2nd, and 7th days of re-exposure) and session phase (i.e., baseline versus 

SA) as factors showed no significant effect of recording day (F(5,380) = 0.23; NS), session phase 

(F(1,380) = 0.62; NS), or sub-territory (F(1,380) = 1.11; NS). There was also no significant 
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interaction between sub-territory and day (F(5,380) = 0.37; NS) and no significant three-way 

interaction among day, session phase, and sub-territory (F(5,380) = 0.76; NS) (data not shown).  
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FIGURE LEGENDS 

 

Figure 1: Average neural waveform amplitude and average number of neurons recorded 

per animal during all recording sessions for the nicotine and sucrose groups. Top row: A-

B: Average waveform amplitude is plotted for the nicotine (A) and sucrose (B) groups as a 

function of recording day (Hab = habituation; SA3, SA23 = day 3 and 23 of initial SA session; 

R1, R3, and R7 = days 1, 3, and 7 of the re-exposure stage). Bottom row: Average number of 

neurons recorded per animal in the nicotine (C) and sucrose (D) groups plotted as a function of 

day.  

 

Figure 2: Prevalence of core and shell neurons recorded in the nicotine and sucrose groups 

across different recording days. For the nicotine (A) and sucrose groups (B) average 

percentage of core and shell neurons (i.e., per animal), which exhibited a phasic-increase firing 

pattern time-locked to the nicotine-reinforced lever-press (i.e., prevalence %) is plotted as a 

function of recording day (i.e., Hab; SA3, SA23 of initial SA session; and R1, R3, and R7 of re-

exposure).  

 

Figure 3: Percent of action potentials (spikes) that occurred within bursts in the nicotine 

and sucrose groups. A-B: Average percent of spikes that occurred within a burst is plotted for 

all recorded neurons, all task-activated neurons and all task-non-non-activated neurons. The 

average percent of spikes within a burst is plotted as a function of recording day (i.e., Hab; SA3, 

SA23 of initial SA session; and R1, R3, and R7 of re-exposure) for the nicotine group (A) and 

the sucrose group (B). 
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Figure 4: Average firing of task-non-activated neurons during particular behavioral 

periods. Average firing rate [i.e., average log10(x+1), abbreviated log Hz] during the -.5 to 0 s 

before completion of the press and the 0 to +1.0 s after completion of the press is plotted as a 

function of recording day (i.e., SA3, SA23 of initial SA session; and R1, R3, and R7 of re-

exposure). The symbol * denotes a significant difference relative to SA3 (p < 0.5).  

 

Figure 5: A net increase in firing rate time-locked to the nicotine-reinforced press relative 

to SA background firing was observed in the nicotine group but not in the sucrose group. 

A: For the nicotine group, average signal and background firing rates of all recorded neurons is 

plotted as a function of recording day (i.e., SA3, SA23 of initial SA session; and R1, R3, and R7 

of re-exposure). Signal firing rate is average peak firing rate [i.e., average log10(x+1), 

abbreviated log Hz] time-locked to the nicotine-reinforced operant (see RESULTS). 

Background firing rate is average firing rate [i.e., average log10(x+1), abbreviated log Hz] during 

the -12 to -9 s pre-press. B: For the nicotine group, average signal:background ratio is plotted as 

a function of recording day (i.e., SA3, SA23 of initial SA session; and R1, R3, and R7 of re-

exposure). Signal and background firing rate were calculated as for panel A of this figure.  C: 

For the sucrose group, average signal and background firing rates exhibited by all recorded 

neurons are plotted as a function of recording day (i.e., SA3, SA23 of initial SA session; and R1, 

R3, and R7 of re-exposure). D: For the sucrose group, average signal:background ratio is plotted 

as a function of recording day (i.e., SA3, SA23 of initial SA session; and R1, R3, and R7 of re-

exposure). Signal and background firing rates were calculated as for panel A of this figure.  
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Figure 6: No significant core versus shell effect on between-session changes in phasic-

increase firing patterns in the nicotine group. A-B: Average percentage of core and shell 

neurons (i.e., per animal), which exhibited a phasic-increase firing pattern time-locked to the 

nicotine-reinforced lever-press (i.e., prevalence %) is plotted as a function of recording day (i.e., 

SA3, SA23 of initial SA session; and R1, R3, and R7 of re-exposure) for the shell (A) and the 

core (B). C-D: Average percentage of task-non-activated neurons plotted as a function of 

recording session (i.e., SA3, SA23 of initial SA session; and R1, R3, and R7 of re-exposure) for 

the shell (C) and the core (D). E-F: Average magnitude of phasic-increase firing patterns plotted 

as a function of recording session (i.e., SA3, SA23 of initial SA session; and R1, R3, and R7 of 

re-exposure) for the shell (E) and the core (F).  

 

Figure 7: No significant difference in the between-session changes in average baseline and 

SA firing rates exhibited by core versus shell neurons in the nicotine group. A-B: Average 

baseline and SA firing rates [i.e., average log10(x+1), abbreviated log Hz] of all recorded neurons 

in the nicotine group plotted as a function of recording day (i.e., SA3, SA23 of initial SA 

session; and R1, R3, and R7 of re-exposure) for shell (A) and core (B).  C-D: Average baseline 

and SA firing rates [i.e., average log10(x+1), abbreviated log Hz] of task-activated neurons 

plotted as a function of recording day (i.e., SA3, SA23 of initial SA session; and R1, R3, and R7 

of re-exposure) for shell (C) and core (D). E-F: Average baseline and SA firing rates [i.e., 

average log10(x+1), abbreviated log Hz] of task-non-activated neurons plotted as a function of 

recording day (i.e., SA3, SA23 of initial SA session; and R1, R3, and R7 of re-exposure) for 

shell (E) and core (F). 
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Supplemental Materials Fig. 1 
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Supplemental Materials Fig. 2 
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Supplemental Materials, Fig. 3 
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Supplemental Materials, Fig. 4 
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Supplemental Materials, Fig. 5 
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Supplemental Materials, Fig. 6 
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Supplemental Materials, Fig. 7 

 

 

 

 

 

 

 

 


