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Basal forebrain and prelimbic cortex
connectivity is related to behavioral
response in an attention task

Faezeh Tashakori-Sabzevar,2,4,* Robert G.K. Munn,1,4,* David K. Bilkey,3 and Ryan D. Ward3,5,*
SUMMARY

The basal forebrain (BF) is critical for the motivational recruitment of attention in response to reward-
related cues. This finding is consistent with a role for the BF in encoding and transmitting motivational
salience and readying prefrontal circuits for further attentional processing.We recorded local field poten-
tials to determine connectivity between prelimbic cortex (PrL) and BF during the modulation of attention
by reward-related cues. We find that theta and gamma power are robustly associated with behavior. Po-
wer in both bands is significantly lower during trials in which an incorrect behavioral response is made.We
find strong coherence during responses that are significantly stronger when a correct response is made.
We show that information flow is largely monodirectional from BF to and is strongest when correct re-
sponses are made. These experiments demonstrate that connectivity between BF and the PrL increases
during periods of increased motivational recruitment of attentional resources.

INTRODUCTION

The basal forebrain (BF), specifically the nucleus basalis, provides significant cholinergic output to both cortical and subcortical regions,1–3

and is thought to be the most significant source of cholinergic innervation in the mammalian brain.4 It has been shown to have diverse roles

in arousal functions, from the regulation of sleep5 to reward.6 BF has also been shown to exert significant control over behavioral initiation, and

inhibition7 and regulation of attention.8 We have recently demonstrated that BF is critical for the motivational recruitment of attention in

response to reward-related cues,9 consistent with literature showing that the BF is fundamental in encoding and transmitting themotivational

salience of reward-related cues.10–12 How, exactly, this information is relayed and usedby other regions in the frontal cortex to guide behavior,

however, is less clear.

One candidate region to receive this attentional information related to reward is the prelimbic cortex (PrL). The PrL has long been implicated

as a region in control of working memory.13 The PrL receives monosynaptic projections from the hippocampus,14 providing a route via which

long-term consolidated information could be recalled and held ready for use. Lesions of the PrL selectively impair correct action selection based

on changing action-outcome contingencies,15,16 which has been interpreted as a failure to update information about reward cues held in work-

ing memory. DREADD inactivation of PrL attenuates responding in operant tasks17 in a similar fashion to the pharmacological inactivation of

PrL18,19 These findings are in contrast to those from lesions of the nearby infralimbic cortex, which is thought to control habitual stimulus-

response behavior,20 or, more recently, to flexibly allow switching between habitual behavior and other actions.21 In terms of attention, PrL

has been shown both to direct attention toward predictive cues21 and to down-regulate attention toward redundant cues.22 Connections

between the BF and the PFC have been shown to be critical for both cue detection and attentional control (see Sarter & Lustig23 for review).

To examine a putative link between BF and PrL during action selection in an attention task, we used in vivo electrophysiological recordings

to simultaneously record local field potentials in both BF and PrL during behavior in a task that produces the dynamicmodulation of attention

in response to motivationally significant cues. Our previous work has demonstrated that both the BF and medial prefrontal cortex, including

the PrL, are critical for accurate attentional performance during this task.9,24 A rich human EEG literature also suggests that theta oscillations

are critical for the transmission of information held in working memory,25–28 and studies in rats have long shown that theta is central to hip-

pocampal spatial memory, but also suggest a role in working memory specifically29–31 so we anticipated that increased theta power and

coherence between BF and PrL would be observed when animals make a response that leads to reward. We further expected that when an-

imals make an error in responding that this will be accompanied by reduced theta power and coherence between these regions. Moreover,

we expected that information flow would be directed from BF to PrL.
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Figure 1. Spectral power in BF and PrL is concentrated around responses and is greater during correct responses than error responses in BF

(A) Schematic illustrating the behavioral task (top) and the timeline of a typical trial (bottom).

(B) Boxplots showing the distribution of correct (black) and error (red) responses on each of days 1, 4, 8, 10 and 20 of testing. The box illustrates the interquartile

range and the median.

(C) The ratio (and SEM) of correct responses to error responses over days. The points joined by lines show the ratios of individual animals.

(D and E) The mean baseline-subtracted spectral power (in dB/Hz) in BF (A) and PrL (B) for 2 s around each lever press (vertical black dashed lines). Shaded error

bars to the right of each panel show themean and SEMof power collapsed across time in each region. The vertical line in the attached right-hand panels showing

the mean and SEM of power collapsed across time illustrates ‘‘0’’ – the point above which power is greater than the baseline. See also Figure S1 for individual

animal data.
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Figure 1. Continued

(F) The resultant difference in power after subtracting each power spectrum produced from LFP segments recorded from BF from the corresponding spectrum

recorded from PrL. Positive values therefore relate to higher power in BF, and negative values correspond to higher power in PrL. Top and right extensions show

the mean G SEM power collapsed across frequency (top) and time (right).

(G and H) Baseline subtracted power over trials in which a correct response was made (top) and an error response was made (bottom) in BF (G) and PrL (H).

(I and J) Scatterplot showing themean theta (left) and beta (right) power in BF (I) and PrL (J) for each animal in each of the four testing sessions (day 1, 4, 8, and 10)

when animals made correct or error responses. Large red dots connected by a black dashed line illustrate the mean over animals and sessions for correct and

error responses. (***p < 0.001, **p < 0.01, *p < 0.05).
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RESULTS

Animals rapidly make more correct than error responses

Animals (n = 7) consistentlymademore correct than error responses over training (mean correct responsesGSEM= 21.86G 0.95, mean error

responses GSEM = 9.17 G 0.58, F(1,68) = 129.11, p < 0.001, Figure 1B) producing a gradually increasing ratio of correct to error responses

over training (Figure 1C).

Spectral power in both basal forebrain and prelimbic cortex is concentrated around behavioral responses

Webeganour analyses of LFPby examining the spectral power in BF andPrL inwindows around each lever press. In bothBF and PrL, therewas a

strong increase in power between 5 and 15 Hz that persisted across the peri-response windows, with a peak surrounding the response in each

window. To correct for ongoing background activity and isolate changes in power related to each response window, for each 2s section of peri-

response LFP, an unrelated epoch of LFP 8 s before each response was identified, and then subtracted from the peri-response epoch. These

baseline-subtracted spectra are shown in Figures 1D and 1E and reveal a broadband peak of power in both BF and PrL, lasting for around

350–400 ms and centered on each response. Broad-band power above baseline in BF during the 400 ms around each response was greater

than seen in PrL (mean power above baseline �400 ms: 400 ms (dB/Hz) G SEM; BF = 1.77 G 0.28, PrL = 1.45 G 0.23, t(30) = 6.02,

p < 0.001), while power before (mean power above baseline �1000 ms: �400 ms (dB/Hz) G SEM; BF = �0.54 G 0.10, PrL = �0.09 G 0.1,

t(30) = 12.06, p < 0.001) and after this epoch was reduced (mean power above baseline 400 ms: 1000 ms (dB/Hz) G SEM; BF = �0.82 G

0.13, PrL = 0.63 G 0.11, t(30) = 28.0, p < 0.001, Figure 1F).

Periresponse theta and beta power during correct trials is greater than during error trials in the basal forebrain and

prelimbic cortex

We next considered whether there were differences in power in the BF and PrL between trials in which animals made a correct response

compared to when they responded in error (Figures 1G and 1H). In general, there was more broad-band power around the response in

both regions during the correct trials. We then considered the power in specific frequency bands. In the BF, there was substantially more po-

wer in the theta band (5-12 Hz) during correct trials compared to error trials in the 400 ms (�200 to 200 ms) interval around the lever press

(mean baseline subtracted theta power GSEM (dB), correct = 9.29 G 1.51; error = 4.11 G 1.10, F(1,21) = 16.92, p < 0.001) This was also

the case in the PrL (mean baseline subtracted theta power GSEM (dB), correct trials = 7.21 G 1.14; error trials = 4.17 G 0.92, F(1,21) =

6.36, p = 0.020). This pattern was repeated in the beta (13-30 Hz) band; in the BF, correct trials displayed higher power than error trials

(mean baseline subtracted beta power GSEM (dB), correct trials = 6.38 G 1.24; error trials = 1.59 G �0.94, F(1,21) = 13.6, p = 0.001), as

did beta power in the PrL (mean baseline subtracted beta power GSEM (dB), correct trials = 5.02 G 0.98; error trials = 2.51 G 1.04,

F(1,21) = 6.32, p = 0.020).

The difference in power between correct and error trials develops and is greater in the basal forebrain than prelimbic cortex

We next sought to determine if the difference in power between correct and error trials varied as a function of the day of testing. Figure 2A

shows the power difference between correct and error trials in the basal forebrain for 2 s around each lever press for training days one, four,

eight, and ten of training, and this is broken down into mean differences in the theta (5-12 Hz) band, beta (13-30 Hz) band, and gamma (30-

120 Hz) bands. Overall, in BF, there was more power across trials across frequency bands (theta, beta, and gamma) during trials in which an-

imals made a correct response compared to error trials (baseline subtracted power (dB) mean G SEM, correct = 6.10 G 0.43, error =

3.08,G1.19. F(1,6) = 8.250, p = 0.028). This overall difference in power between correct and error trials was true for each frequency band (theta,

t(6) = 2.87, p = 0.028, beta, t(6) = 2.85, p = 0.029, gamma, t(6) = 2.86, p = 0.029). Although there appeared to be a peak in power at day 4, there

was no significant effect of day (F(3,18) = 0.432, p = 0.732, n.s.) or interaction between correct/error trials and day of testing (F(3,18) = 1.206, p =

0.336, n.s.). In PrL, there was an interaction of power in correct/error trials over days of testing (day x correct/error, F(3,18) = 3.43, p = 0.039).

This was driven by power in day onebeing significantly lower than in day four in the correct trials (t(6) = 3.08, p = 0.022). The difference between

correct and error trials was largest on day 4 across frequency bands but the difference across days was largest in PrL (day x frequency x region,

F(6,36) = 2.370, p = 0.049).

Spectral coherence between basal forebrain and prelimbic cortex is centered on lever press and is lower during error trials

When baseline-subtracted spectral coherence between BF and PrL was calculated, a clear maximum was apparent near the lever press, both

when the press was correct (Figure 3A) and, to a lesser degree, when the response was in error (Figure 3B). Broad-band spectral coherence
iScience 27, 109266, March 15, 2024 3



Figure 2. The power difference between correct and error trials changes over days in both BF and PrL

(A) Difference in power between correct and error responses from days (left to right) 1, 4, 8, and 10 of testing. The time of response is illustrated with a black

dashed line.

(B) Mean baseline-subtracted power in correct (blue) and error (red) trials during each day of testing in the theta (left), beta (middle), and gamma (right) bands.

Individual points are themean power for each animal over trials within a day. The solid colored lines and dots illustrate themean values, and the bars at each point

are SEM. A black horizontal dashed line shows the transition from more power in the response epoch (positive values) to more power in the baseline (negative

values) (C), as in (A), but for recordings from the PrL.

(D) As in (B) but for recordings from PrL.
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Figure 3. Spectral coherence between BF and PrL is maximal around responses and is greater in correct trials than error trials

(A and B)Mean baseline-subtracted spectral coherence between BF and PrL during trials with correct responses (A) and trials with error responses (B). The time of

response in each is marked by a white dashed line. The top panel of each shows the mean G SEM coherence over time collapsed across frequency.

(C) The meanG SEM baseline-subtracted coherence for trials in which correct responses were made (black) or error responses were made (red) collapsed across

frequency over each response epoch. Black dashed lines indicate the transition from lower than baseline coherence to higher than baseline (horizontal line) and

the time of response (vertical line).

(D) Mean peri-response (�100ms–100ms) spectral coherence between BF and PrL across frequencies on days 1, 3, 8, and 10 of testing. Coherence in correct trials

(black) and error trials (red) are shown as an average of all the corresponding trials in each session, with the mean for each day GSEM shown as shaded lines.

(E‒G) As in (C), but for coherence collapsed specifically across the theta (5-12 Hz, E), beta (13-30 Hz, F), and slow gamma (30-50 Hz, G) bands.
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was significantly higher during trials in which the correct response wasmade compared to trials in which an error response wasmade, and this

difference varied over days of testing (day x response, F(3,18) = 4.196, p = 0.020). This effect was largely driven by the difference in coherence

between correct and error trials on day four of testing (t(6) = 2.63, p = 0.039). In the theta (5-12 Hz) band, the peak of theta appeared to be

temporally offset from the lever press, but there was no overall difference in coherence between correct and error trials (response, F(1,6) =

1.902, p = 0.217, n.s.). In the beta band (15:30Hz), however, therewas a significant difference in coherence between correct and error trials that

varied over days of testing (day x response, F(3,18) = 3.90, p = 0.026). Again, this was largely driven by the difference in coherence between the

responses on day 4 (t(6) = 3.15, p = 0.020). A similar trend was observed in the gamma (30-120 Hz) band, but this effect did not reach signif-

icance (day x response, F(3,18) = 2.844, p = 0.067, n.s.).

Phase of activity during the task

In both the theta (Figure 4A) and beta (Figure 4B) bands, BF and PrL are in phase most strongly at lags during which BF leads PrL slightly

(Example theta segment, Figure 4C; mean difference (theta) = �0.988 ms, sign-rank difference from zero test, Z = 4.61, p < 0.001; mean dif-

ference (beta) = �0.48 ms, sign-rank difference from zero test, Z = 6.06, p < 0.001). There was no change in the resultant vector length that

described the magnitude of this offset as the animals proceeded through training.

Previous studies have demonstrated that LFP phase synchronization can occur between regions in conditioning tasks, and that this syn-

chronization can organize local activity.32–34 When LFP was time-locked to the lever press and averaged across trials, it was apparent that the
iScience 27, 109266, March 15, 2024 5



Figure 4. BF phase leads PrL, and is theta phase reset at responding in both the BF and PrL

(A and B) Themean resultant phase vector produced from the phases of LFP bandpassed in the theta (A) and beta (B) bands in BF and PrL, with PrL lagged against

BF by�100 ms–100ms. Each row (top to bottom) are single trials from early in training (top) to later in training (bottom). Vector lengths are z-scored in each trial.

The white lines indicate the position of the peak in mean vector length in milliseconds. Each panel has been smoothed by rows to aid easy visualization.

(C) An example of theta-band filtered LFP (500 ms of data shown) from BF (black) and PrL (red). Blue lines indicate the peak to peak lead of BF ahead of PrL. The

vertical dashed black line denotes the time of response.

(D and E) The peak mean resultant vector for each trial (individual points) bandpassed in the theta (D) and beta (E) bands on days 1, 4, 8, and 10 of training.

(F) Segments of theta (top row) and beta (bottom row) for each response in the BF (left column) and PrL (right column). Solid red lines show themean phase over all

response segments, while the vertical dashed line indicates the time of response. Polar histograms show the distribution of phase angles at the time of response.
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lever press tended to occur near the trough of the theta-frequency LFP in both the BF and the PrL (Figure 4F Rayleigh test, BF; Z = 9.35,

p < 0.001, PrL; Z = 9.57, p < 0.001). The same phase synchrony did not, however, occur in either region in the beta band (Rayleigh test,

BF; Z = 136.65, p = 0.1, n.s., PrL; Z = 133.50, p = 0.50, n.s.).

Activity in the basal forebrain leads prelimbic cortex in both the theta and beta bands

To examine the directionality of connectivity between BF and PrL during the behavioral task, we first examined lagged cross correlations be-

tween segments of LFP from the regions around each response. The mean cross correlation over sessions from early in training to late in

training is illustrated in Figures 5A (theta band) and 5B (beta band). Overall, the BF leads the PrL in the theta band (mean peak lag -1 ms,

signed rank difference from zero; Z = 4.61, p < 0.001) and the beta band (mean peak lag �0.45 ms, signed rank difference from zero; Z =

6.05 p < 0.001). When broken down into correct and error trials, it becomes apparent that BF did not lead PrL in the theta band during correct

trials (Figure 5C, mean peak lag =�0.04 ms, signed rank difference from zero; Z = 0.4, p = 0.69, n.s.). By contrast, BF led PrL in the theta band

quite consistently during error trials (mean peak lag =�1.84 ms, signed rank difference from zero; Z = 4.46, p < 0.001). There was a significant

difference in lead/lag between correct and error trials in the theta band (Z = 4.91, p < 0.001). In the beta band, BF led PrL during both correct

and error trials (Figure 5D, correct mean peak lag = �0.47 ms, signed rank difference from zero; Z = 4.90, p < 0.001; error mean peak

lag =�0.40ms, signed rank difference from zero; Z = 3.20, p = 0.0014) with no difference between trial type (Z = 0.82, p = 0.41, n.s.). However,

there was a larger lead betweenBF and PrL during correct trials compared to error trials (Z = 2.73, p = 0.006). To determine if there was specific

directionality between the regions during trials, spectral granger causality was computed between each region for trials in which the correct

response occurred and for trials in which error responses occurred (Figures 5E and 5F). During correct trials, granger causality from BF to PrL

and fromPrL to BF peaked at approximately the time the lever was pressed, although the granger causality in the BF to PrL directionwasmuch

higher than the contraflow direction (signed-rank test, Z = 2.72, p = 0.0065). In both directions, there was lower granger causality when errors
6 iScience 27, 109266, March 15, 2024



Figure 5. Information flows from BF to PrL during correct but not error trials

(A and B) The mean cross-correlation between BF and PrL for LFP is filtered in the theta (A) and beta (B) bands, as PrL is lagged against the BF by�500 to 500 ms.

Data for sessions are stacked vertically from the beginning of testing (top) to the end (bottom). The black lines in each denote the position of the peak correlation

over sessions. The extent of the black line shows the SEM for this measure. The vertical white dashed line shows the point of 0 lag between the two LFP segments.

Data are z-scored and smoothed vertically for ease of viewing.

(C and D) The time that the peak correlation between BF and PrL occurred in the theta (C) and beta (D) bands as training progressed, split into trials where a

correct response was made (black lines) and when an error response was made (red lines). Trials are ordered from ‘‘early’’ to ‘‘late’’ sequentially. The

horizontal dashed line denotes the point of 0 lag between regions.

(E) Themean spectral granger causality from BF to PrL from 1 s prior to, to 1 s after each response. The top panel shows granger causality from correct trials, while

the bottom shows granger causality for error trials.

(F) As in (E), but showing granger causality from PrL to BF.
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were made, but this difference was more pronounced for BF to PrL granger causality than granger causality in the opposite direction. Taken

together, these findings suggest a directional flow of information from BF to PrL during responses. Correct responses are associated with a

stronger connectivity between BF and PrL, while error responses are associated with overall lower connectivity between the regions. More-

over, the directionality differences demonstrate that it is unlikely that the synchrony between these regions can be explained by volume con-

duction alone.

DISCUSSION

In these experiments, we demonstrate a striking peri-response increase in theta and beta-band power in both the BF and PrL as animals com-

plete each trial, with the difference in power between correct and error trials beingmore pronounced on day 4 compared to subsequent days.

We also observe that the peri-response power in BF (but not PrL) is lower in these frequency bands during trials in which animals make an error

response compared to trials in which they respond correctly. Critically, spectral coherence between BF and PrL is also maximal around each

response and is concentrated in the high theta to beta range and the gamma range. Again, we observe relatively high coherence between BF

and PrL during trials in which animals made correct responses, while there was relatively less spectral coherence between these structures

during error trials. Over several measures, we observe activity in the BF leading the PrL; lagged correlations of segments of LFP showed

maximal correlations more often when PrL was advanced relative to BF, suggesting activity in the PrL most resembled activity in BF from

several milliseconds prior. Granger causality analysis also suggested robust BF to PrL flow, along with a weaker counterflow from PrL to

BF. Of particular note is that the BF to PrL flow was only detected when animals made correct responses; this information transfer appeared

to bemostly absent during trials in which animalsmade error responses. Taken together, these findings are strongly suggestive of information

being passed fromBF to PrL during an operant attention task requiring action-outcome evaluation, with theta and beta bands being themost

prominent contributors to this information transfer. Furthermore, these findings support previous results showing a specific role for the BF

cholinergic system in tasks that require the dynamic modulation of attention. Finally, the directionality results suggest that cholinergic input

in response to attentional demand is processed by PrL in preparation for optimal responding depending on the task requirements.

The prominence of the theta band in our findings is perhaps not surprising since the BF is home to the major cholinergic output in the

mammalian brain and is a driver of the dominant theta rhythm characteristic of the hippocampus and entorhinal cortex. The observation that

changes in the beta band are also a central feature of our findings is less expected. Previous work has demonstrated that beta-band oscillations

in the BF are associated with object-cued reinforcement learning.35 Beta-band power during exploration in the hippocampus has also recently

been shown to be associated with successful recall.36 Perhaps of most relevance to our findings, beta power has also been associated with the

use of a cue to guide motor output.37 The peri-response organization of beta power we observe may fulfill a similar function. Beta oscillations

have been attributed to cognition and attention, and in PrL they have been shown to be readily induced through cholinergic agonism,38 sug-

gesting cholinergic output from BF to PrL may drive the transfer of information between these regions. While our data do not explicitly confirm

a necessary role for BF-PrL connectivity in the performance of the present experimental task, our prior work indicating a critical role for both the

BFand the PrL in this task strongly suggests that this connection is crucial to adaptiveperformance. Futurework is needed to clarify if and how the

circuitry and oscillation patterns identified here are required or causal to the outcomes observed. Moreover, while our results suggest an impor-

tant role for the transfer of information from BF to PrL during reward-motivated attention, recent work has indicated that both the specific char-

acter of firing of neural ensembles and location-specific projections from PrL play a dynamic role in the processing of reward-associated cues

during learning and in both activating and inhibiting the resulting behavioral outputs.39,40 It will be important for future work to determine

the specific nature and function of downstream signaling from PrL (perhaps to the striatum), which contributes to performance in our task

and other paradigms that involve dynamic changes in cue-induced reward-motivated attention and other cognitive processes.

The observation that there was less theta and beta band power during error responses compared to correct responses is largely consistent

with previous literature. Esmaeili & Diamond41 demonstrate significantly fewer units in PrL encoded a tactile discrimination stimulus during

error trials compared to trials in which animals made a correct response and were significantly less coherent with theta phase during error

trials. In a study examining anterior cingulate and medial prefrontal coordination in Macaques, Voloh et al.42 demonstrated significant

theta/gamma phase amplitude coupling in correct response but not error response trials, along with a similar theta/gamma phase reset

related to cue. In humans, a task involvingworkingmemory showed higher theta power in the prefrontal cortex during correct trials compared

to error trials.26 The more pronounced difference in power across bands between correct and error responses on day 4 is consistent with an

interpretation based on increased attention during the initial exposure to the dynamic modulation of reward probabilities. Previous work has

demonstrated increased power in the initial phases of an unpredictable or dynamic learning task, which decreases with increased exposure in

both rats35 and humans43 Thus, it is possible that the increased differentiation between correct and error responses reflects increased atten-

tion to the task during the initial exposure to the dynamic and unpredictably changing reward probabilities.

Limitations of the study

It remains unclear if the changes we observe in power and coherence are the cause of the difference in performance (that is, an error response is

produced from a failure to effectively transmit information from working memory to action selection) or whether these changes could be attrib-

uted to behavioral changes. For example, it is feasible that error responses result in less robust motor output, resulting in a lever press with less

force than a correct trial. Future research combining behavioral tracking and lever force recording could disentangle these possibilities. One

further possibility is that the differences in power and coherence are not causative of errors in performance, but reflective of differences in

the strengthof an input upstreamofBF that is instead reflectiveof the strength of a ‘‘certainty’’ mechanismof an already selectedmotor program.
8 iScience 27, 109266, March 15, 2024
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Further information and requests for resources and reagents should be directed to andwill be fulfilled by RyanWard (ryan.ward@otago.ac.nz).

Materials availability

This paper does not report any unique reagents or engineered organisms.

Data and code availability

� This paper does not report any standardized data.
� Data reported in the paper will be shared with other investigators upon request to the lead contact
� Any additional information or code required to reanalyze the data reported in this paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All experimental procedures were reviewed and approvedby the University ofOtagoAnimalWelfareOffice and conducted in accordance with

New Zealand animal welfare legislation (under ethics approval code AUP-49-14). Seven male Long Evans rats (obtained from the University of

Otago’s Hercus-Taieri Resource Unit) aged between 3 and 4 months old and weighing between 350 and 450 g were used in this study. The

animal housing room temperature was kept between 21�C and 23�C and the light maintained on a 12-h, light-dark (6 a.m.–6 p.m.) cycle. All

experimentation and training occurred during the 12-h light phase. For two weeks after their arrival, rats were given daily handling, regularly

weighing, and free access to water and food pellets. After those free-feeding periods, they were food-deprived of standard rat chow to no less

than 85% of their free-feeding weight to motivate them during test phases. They continued to have ad libitum access to water. Sweetened

condensed milk was used throughout the training as a reward in the operant chambers.

METHOD DETAILS

Med-Associates operant chambers

Eight identical operant chambers (controlled through Med-Associates, St. Albans, VT: model ENV-008w) were used for the preliminary

training of the rats. Each operant box was equipped with cue lights above each of two levers, house light and a liquid dipper. Each operant

chamber was housed in a light and sound-attenuating chamber. Experimental events were controlled, and data recorded using a dedicated

computer running MedPC IV programs and software.

Custom-built operant chamber

A custom-built operant box (with internal dimensions of 24.5 cm length3 24.5 cmwidth3 23.0 cm height) controlled through anArduino LLC,

Somerville, MA, USA microcontroller, was used for the electrophysiology recording procedure during the behavioral task. The grid floor,
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ceiling, the walls, and the waste pan were constructed of stainless steel while the hinged door was made from clear polycarbonate. The op-

erant box was equipped with two levers situated under cue lights, a house light, and a sipper tube. A fixed reward (0.5 mL of condensed milk)

was delivered through a sipper tube dispensed condensed milk. The delivery procedure was controlled by a custom-built peristaltic pump

(Adafruit, New York, NY, USA) which was placed outside of the chamber to reduce noise and interference during the recording. A sipper tube

was used to deliver reward and was flanked by a nose poke feeder door, which was activated when the rats placed their head in the feeder

hole. The chamber was placed inside a light and sound-attenuating cabinet. The holes on top of the operant chamber and the external

cabinet allowed us to attach the cable through which electrophysiological signals were passed to connect to the rat’s head and did not

impede the rat’s movement. All experimental procedures were controlled and recorded using a dedicated computer running the dacq

USB multichannel recording system (Axona Ltd) (which was used for recording local field potentials).

Surgery

A custom-built electrode assembly was used for local field potential recording. Each implanted electrode group consisted of a ground, a

reference and two LFPwires. The tip of the LFP electrodeswas freshly cut before implantation. All stereotaxic surgeries were performed under

aseptic conditions and conducted in accordance with animal care guidelines. Each animal was anesthetized with isoflurane (4–5% induction,

1–2% maintenance) and stereotaxically implanted in the BF (AP: 0.6 mm, ML: 2.25 mm, DV: �7.6 mm from the dura) and PrL (AP: 3 mm, ML:

0.8 mm, DV: -3 mm from the dura) with a non-moveable 75 mm diameter, Teflon coated insulated stainless-steel wire. BF coordinates were

adapted from Paxinos & Watson, (2007). Wires were led to a connector that was fastened to the rat’s skull with screws and acrylic dental

cement.

Rats were given one-week recovery time following surgery, and they were housed individually in their cages with ad libitum access to food

and water. After that period, food intake was decreased to maintain the rats’ weight at 85%–90% of their free-feeding weight to optimize the

behavior of the rats during the experiment. The rats were kept under food deprivation during the experiment. Once the rat’s weights reached

85%–90% of their base weight behavioral training commenced.

Behavioral procedures

On two consecutive days before training began, rats were given 0.5 mL condensed milk in their home cages. On the following day, rats were

trained to consume condensed milk. Rats were first taught to press the lever for a reward. In these sessions, either a left or right lever press

resulted in reward delivery. In the next session (single cue-single lever training) the cue light above either the left or right lever was illuminated,

and rats were required to press the cued lever for reward. Following the third day of single cue-single lever training in which all rats pressed the

cued lever on at least 65 out of 68 trials, the choice training sessions were initiated.

In choice-training, either the left or right lever was cued for 5s. A response on to the cued lever was rewarded. Rats received three sessions

each of 50, 75, and 100% choice trials, the remaining trials were single-cue single-lever as described above. During this training phase, incor-

rect responses initiated a correction procedure in which the trial was repeated with the same cue location until it was completed correctly.

Next, rats received three sessions of 100% choice trials with no correction. The cue duration was then reduced from 5s to 1s over the course

of 7 sessions. All the above trials took place in the Med-Associates Inc. operant chambers. When all rats were responding correctly on 95% of

trials, the custom-build operant chamber was introduced to rats for the recording phase of the study. The number of trials was reduced to 36

during this phase of the study, and themean intertrial interval was decreased from 45s to 20s (range 3s–90s). The probability of reward for the

correct response was signaled the house light (on = 1.0, off = 0.1) for the duration of each trial. The local field potential was recorded simul-

taneously from the target areas on the first, fourth, eight, tenth and last session (session twenty). A schematic of the behavioral task is shown in

Figure 1.

QUANTIFICATION AND STATISTICAL ANALYSIS

LFP data analysis

Data were analyzed in MATLAB (version 2022a, Mathworks, MA) using a combination of custom-written scripts. Some functions relied on the

Signal Processing Toolbox and the Circular Statistics Toolbox.44 LFP power across frequencies was computed using a continuous wavelet

transform of the unfiltered LFP signals in 2.5-second-long windows around each response. The wavelet transform was accomplished using

the cwt function from the Signal Processing Toolbox in MATLAB using a morse wavelet with symmetry 3 and a time-bandwidth parameter

of 60. Baseline subtraction was performed for each LFP window associated with each lever press by selecting a 2.5 s period of LFP 20 s prior

to each response as a ‘‘baseline’’. Power in the baseline period was determined as for the period of interest and the power in the baseline

period was subtracted from the corresponding period of interest. Coherence between channels was computed as the magnitude-squared

wavelet coherence using the function wcoherence from the Signal Processing Toolbox in MATLAB using 12 voices per octave.

Phase synchrony between LFP streams was determined by bandpass filtering the LFP at theta (5-12 Hz) beta (3-30 Hz) and gamma (25-

50 Hz) frequencies and obtaining phase information of the Hilbert-transformed signals using the hilbert and angle functions. Phase-phase

locking was computed as the mean resultant length (MRL) as

1

N

XN
n = 1

��exp �
jqðt;nÞ��
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Where qðt;nÞ is the difference in phases between the signals (41ðt;nÞ � 42ðt;nÞ) after Lachaux et al.39 The resultant MRL values therefore

took on values from 0 (no locking) to 1 (perfect locking). Directionality was computed as a function of lag between BF and PrL LFP from�100 to

100 ms centered around each response. Correlation between the filtered streams of LFP was calculated using the xcorr function in MATLAB.

The signals were normalized such that the autocorrelations at 0 lags were set at 1. This was computed for lags from�500 to 500 ms centered

on each response.

To further determine directionality, we computed spectral granger causality between the signals. Spectral granger causality was

computed in a similar manner to Protopapa et al.40 Briefly, data were temporally downsampled from 4800 to 225 Hz, using a time window

of 400 ms and an order of 15. Stationarity between the signals was improved through subtraction of the ERP for all segments of LFP. Autor-

egressive models using the LWRmethod45 were fit to each channel of LFP and to the joint data. Granger causality between signals x and y at

each frequency was calculated by the equation

GCy/xðuÞ = ln

�
1 +

HxyðuÞsyyH�
xyðuÞ

HxxðuÞsxxH�
xxðuÞ

Where H is the inverse of the transfer matrix of themodel coefficients and sxx and syy are the diagonal elements of the covariancematrix of

residuals. This was computed for each time window for each frequency.

All data was interrogated for parametricity using an Anderson-Darling test (results not shown). If data conformed to normality, they were

compared using either repeated-measures ANOVA followed by Tukey post-hoc comparisons or a two-tailed t-test where appropriate.

Nonparametric data were compared using a Wilcoxon signed-rank test. Angular data was tested for phase clustering using a Rayleigh’s

test. All analyses used a = 0.05.
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