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Abstract
The medial septum (MS) was shown to participate in working memory (WM) processes: MS lesions led to 
deficits in spatial WM performance, and hippocampal theta oscillations, known to depend on the MS, were 
linked to WM maintenance. However, what activity features of the MS may support working memory has not 
been explored. Therefore, we directly compared MS single neuron activity in mice performing a 2-alternative 
forced choice task with and without a WM component. Importantly, we minimized the locomotion component 
of the task to dissociate spatial navigation and WM processes. We found that the dominant response during 
stimulus processing and the subsequent delay period was a suppression of activity. WM engagement was 
characterized by stronger responsiveness of MS neurons compared to control, and especially a stronger firing 
rate suppression in the second half of the delay period. Moreover, we found fewer strongly theta-rhythmic 
neurons in the MS during WM performance, and these neurons were more suppressed during the delay period 
when WM was engaged. Based on these results, the MS may have an enabling rather than an active role in 
hippocampal WM processing.

Introduction

Pharmacological and lesion studies identified the medial septum as an important regulator of WM 1, likely through 
its hippocampal projections1,2. Small MS lesions caused an impairment in WM performance of rats in a spatial 
alteration task, while leaving those tasks that were solvable through reference memory mechanisms intact3. The 
local anesthetic tetracaine, infused locally to the MS, decreased rats’ performance in a T-maze alternation WM 
task, along with a reduction of the hippocampal theta rhythm. Similar effects were caused by infusing either the 
GABAergic agonist muscimol or the cholinergic antagonist scopolamine4. Importantly, the acetylcholinesterase 
inhibitor physostigmine did not rescue WM deficits caused by MS lesions in rats5, suggesting that it was not cho-
linergic mechanisms alone that contributed to MS control of working memory, unlike what was proposed based 
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on human pharmacology studies6. Recently, the dependence of WM mechanisms on MS activity was confirmed 
by optogenetic suppression of the MS in mice7.

The MS is a known regulator of the 4–12 Hz theta oscillation in the hippocampus2,8–13. Specifically, long-range 
projecting GABAergic neurons of the MS expressing parvalbumin (PV)14 and the hyperpolarization-activated 
cyclic nucleotide-gated (HCN) channel15 generate hippocampal theta rhythms16 by rhythmic disinhibition of hip-
pocampal pyramidal neurons via local interneurons1.

Theta oscillations have been associated with WM processes: in rodents, WM deficit was correlated with the dis-
turbance of hippocampal theta during pharmacological manipulations of the MS5, and neuronal phase coupling to 
theta rhythms coded items held in WM in humans17,18. It was proposed that theta-frequency band synchronization 
between the hippocampus and prefrontal cortex19,20, and the modulation of faster gamma oscillation amplitude by 
theta phase (theta-gamma phase-amplitude coupling) are crucial mechanisms of WM maintenance21–23.

Therefore, it is conceivable that the MS participates in WM processes through theta generation mechanisms. 
Indeed, selective GABAergic MS lesion impaired spatial WM in rats24, and chemogenetic inhibition of MS PV-
expressing, but not calbindin-expressing GABAergic neurons impaired spatial WM in mice25.

However, theta oscillations have been strongly linked to exploratory behaviors and spatial navigation as 
well26–28, raising the question to what extent spatial WM deficits were attributable to disturbed navigation in 
standard spatial WM paradigms, where these two processes were interrelated. Optogenetic scrambling of hip-
pocampal theta oscillations by disrupting MS GABAergic activity impaired WM retrieval while leaving hippo-
campal spatial coding largely intact29, suggesting that septo-hippocampal theta mechanisms supporting working 
memory may be dissociated from navigation-related spatial processing, in contrast with earlier lesion studies that 
emphasized a predominant role of the MS in spatial, rather than non-spatial, working memory processes30,31. 
However, how local processing changes in the MS in support of WM processes is not known, since MS neuron 
activity has not been recorded during WM performance.

To fill this knowledge gap, we recorded single neuron activity from the MS while mice performed a delayed 
response spatial working memory task where navigational components were minimized, which was compared to 
a control task that required the same behavioral response but without a WM component. The MS was strongly 
engaged in the WM task with higher firing rates and larger magnitude firing rate responses. Furthermore, the 
WM task was characterized by sustained firing inhibition in the second half of the delay period along with a 
selective inhibition of the strongly theta-rhythmic MS population, suggesting that the MS has an enabling role 
of hippocampal WM processing during the response delay rather than a specific enhancement of rhythmic theta 
generation.

Materials and methods

Animals

Adult (over 2 months) male ChAT-IRES-Cre mice were used. Experiments were performed according to the reg-
ulations of the Hungarian Act of Animal Care and Experimentation (1998; XXVIII, section  243/1998, renewed 
in 40/2013) in accordance with the European Directive 86/609/CEE and modified according to the Directive 
2010/63/EU. Experimental procedures were reviewed and approved by the Animal Welfare Committee of the 
Institute of Experimental Medicine, Budapest and by the Committee for Scientific Ethics of Animal Research of 
the National Food Chain Safety Office of Hungary.

Mice were randomly assigned to the WM or Control task groups prior to training. For the WM task, 11 mice 
were assigned. Four mice died during surgery or the pre-surgical training period, two mice failed to learn the 
task, and one mouse was excluded because of insufficient electrophysiological signal-to-noise ratio, resulting in 
a final sample of four mice included in the analyses (Supplementary Table S1). For the control task, seven mice 
were assigned. One mouse died a few days after surgery, and three mice were excluded because of insufficient 
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electrophysiological signal quality, targeting error, or unsuccessful histological verification, resulting in a final 
sample of three mice included in the analyses (Supplementary Table S1). The final sample sizes are consistent 
with previous electrophysiological studies in this field12,16,32.

Surgery

Mice were anesthetized with a mixture of ketamine and xylazine (83 mg/kg ketamine and 17 mg/kg xylazine, 
dissolved in 0.9% saline) injected intraperitoneally. The scalp was shaved, disinfected (Betadine), and imbued 
with local anesthetic (Lidocaine). The animals were put in a stereotaxic frame (Kopf Instruments), their eyes 
were protected with eye ointment (Corneregel, Bausch & Lomb), their skin was opened, their skull was cleared 
and levelled. A craniotomy was drilled over the MS. Virus injection (AAV2/5.EF1a.Dio.hChR2(H134R)-eYFP.
WPRE.hGH; dorsoventral 3.95, 4.45 and 5.25 mm, 200 nl at each depth) was performed according to standard 
techniques33,34. The fluorophore expression was used for subsequent histological reconstruction (see below), 
while the ChR2 expression was used for conducting optogenetic cell type identification sessions. However, the 
number of identified cholinergic neurons remained low and thus they were not further analyzed. Since the combi-
nation of this mouse line and construct has been used in a large number of studies without any reports of adverse 
effects, in line with our own observations35,36, this did not impact the conclusions of this study. A custom-built 
microdrive33,35 housing 8 tetrodes was lowered into the MS with a 10° lateral angle (MS 10°, antero-posterior + 
0.90 mm, lateral, 0.90 mm) using the stereotaxic arm. Two additional holes were drilled over the bilateral parietal 
plates for placing the ground and reference electrodes. The craniotomies were filled with a silicone elastomer 
sealant (Kwik-Cast, World Precision Instruments) to protect the brain surface, and the implant was secured by 
dental cement (C&B MetaBond, Parkell Inc. and dental acrylic, Lang Dental). Mice received postoperative anal-
gesics (Buprenorphine, 0.1 mg/kg) and local antibiotics (Neomycin). Mice were closely monitored after surgery 
and were allowed 10–14 days of recovery before starting behavioral training.

Behavioral training

We trained mice on a working memory task with minimized navigational component in a freely behaving delayed 
response 2-alternative forced choice paradigm (DR-2AFC WM). Mice were water-restricted according to a stan-
dard water scheduling protocol33,34,37. At the beginning of each training session, mice were placed in a cus-
tom-built sound attenuated recording chamber equipped with precise sound stimulus, water reward and air puff 
punishment delivery systems in three adjacent water ports38. Task events were controlled by a micro-controller-
based behavior control system (BPod, Sanworks, US). An LED light above the central port indicated the avail-
ability of trial initiation. Mice reported in the central port and fixated for a required amount of time. Upon central 
port entry, one of two brief (0.2s) pure tones of different pitch (3–11 kHz at 62dB sound pressure level) predicted 
the availability of reward in the left or right-side port. Switching off the LED light above the central port and 
simultaneously switching on the LED lights above both side ports indicated the end of the fixation period and the 
availability of reward in one of the side ports, after which mice were free to leave the central port and report to 
the side ports. Entering the correct side port triggered the delivery of a small amount of reward (5 µl) through a 
waterspout. After mice finished water consumption, they disengaged from the side port, and the next trial began. 
If mice entered the incorrect side port, they received a brief puff of air from the port that they reportedly per-
ceived as aversive34. During training, the length of the mandatory central port fixation (cue presentation and delay 
period) was gradually increased and reached 0.9–1.5 s before the recording sessions were started. We introduced 
micro-rewards (1.5 µl water from the central port three times during the delay period) to maintain sustained cen-
tral fixation during longer delay intervals. These rewards were substantially smaller than the final reward associ-
ated with correct task completion and served to support engagement during the delay period. We did not observe 
indications that the micro-rewards interfered with task performance or reinforced non-target behaviors. Mice 
could switch between the central and side ports with minimal body movement, thus eliminating any navigational 
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components typically present in WM tasks (e.g. spatial alteration, delayed match to sample, delayed non-match to 
sample39,40. In a part of the sessions (n = 56/111; Supplementary Table S1), an optogenetic tagging protocol pre-
ceded behavioral training. We applied 1 ms laser pulses (473 nm, Sanctity) at 20 Hz for 2 s, followed by 3 s pause, 
repeated 20–30 times. We employed low light intensities, calibrated to preferentially activate neurons within the 
local electrophysiological recording range while minimizing broader network effects using the OPETH plugin41. 
To directly assess possible lingering effects of photostimulation, we aligned neuronal firing to the light pulses and 
found that photostimulation-induced firing changes did not outlast the stimulation period itself. We therefore do 
not expect persistent network or behavioral effects of the tagging protocol on the subsequent recordings.

We trained another cohort of mice in a control task in which the cue tone was on for the entire delay period, but 
training was otherwise the same, including the shaping procedure, reinforcement delivery in the side ports and 
micro-reward delivery in the central port (DR-2AFC Control), thus removing the working memory component 
of the task. This allowed us to directly compare neuronal responses in the delayed response tasks with or without 
engaging working memory.

Electrophysiology recordings

Neuronal activity was recorded with 8 moveable tetrodes twisted from polyimide-coated nichrome wires (12.7 
μm diameter, Sandvik, Stockholm, Sweden). The tetrodes were gold-plated in a solution containing polyethylene 
glycol dissolved in deionized water to 1 g/l concentration (1.125 ml) mixed with gold plating solution (0.375 ml, 
Neuralynx, Bozeman, MT, US; see42 to impedances of 30–100 kΩ measured at 1000 Hz (NanoZ, Neuralynx) 
and dipped in DiI (ThermoFischer Scientific) red fluorescent dye to aid later track reconstruction efforts. The tet-
rodes were connected to a 32-channel connector (Omnetics) via an electrode interface board (Neuralynx) using 
gold pins. Ground and reference wires were inserted into the parietal cortex (30 AWG insulated copper wires). A 
32-channel head stage (RHD2132, Intan) was connected to the Omnetics connector before each recording. Data 
was acquired by a Data Acquisition System (Open Ephys), digitized at 30 kHz. The electrophysiology signals 
were synchronized with behavioral events (cue and feedback) using TTL pulses. The tetrodes were advanced 
40–100 μm after each recording session.

Histology

After the recordings, mice were deeply anesthetized with a mixture of ketamine and xylazine (83 mg/kg ketamine 
and 17 mg/kg xylazine, dissolved in 0.9% saline). An electrolytic lesion was performed to mark the tip of the 
tetrodes (5 uA current for ~5s on 2 leads/tetrode, Supertech IBP-7c). Transcardial perfusion was performed with 
saline for two minutes, followed by 4% paraformaldehyde (PFA) solution for 20 min. Following perfusion, the 
brain was carefully removed and postfixed in 4% PFA overnight. Section (50 μm thick) were cut with a vibratome 
(Leica 2100 S). Special care was taken to section the brain perpendicular to brain surface, so that resulting sec-
tions could be easily aligned with coronal atlas images. The sections were mounted on microscopy slides using 
a mounting medium (Aquamount) and covered with coverslips. Fluorescent images of the sections were taken 
with a Nikon C2 confocal microscope. Green fluorescence marked the cholinergic neurons of the MS and red 
fluorescence indicated the DiI tracks of the electrodes. Atlas images43 were aligned to the light micrographs of the 
brain sections using Euclidean transformations. These alignments were copied to fluoromicrographs taken with 
the same field of view. Coordinates of electrode entry points and deepest points in the brain were marked by DiI 
tracks and the tip of the electrode was localized using small electrolytic lesions (see above). Coordinates of elec-
trode endpoints were read from the atlas image and were used to interpolate the recording locations referenced 
to the atlas coordinates, based on experimental logs of the protrusion of the electrode44,45. Only those recordings 
where the electrodes were localized in the MS were further analyzed.
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Data analysis

Data analysis was performed using Matlab R2023a. Analysis code is available at ​h​t​t​p​s​:​/​/​g​i​t​h​u​b​.​c​o​m​/​h​a​n​g​y​a​b​a​l​a​
z​s​/​M​S​-​W​M​-​a​n​a​l​y​s​i​s​​​​​.​​

Spike sorting and firing rates

The continuous electrophysiology data were band-pass filtered between 600 and 6000 Hz and threshold-dis-
criminated to find spike times. Spike waveforms were then isolated and spike-sorted based on peak-to-valley 
amplitude and waveform energy manually using MClust 3.5 (A.D. Redish). Putative single cells with an isola-
tion distance over 20 and an L-ratio under 0.15 were included (Supplementary Table S1). Auto-correlograms 
were inspected and putative single cell clusters with substantial refractory violations were removed. Firing rates 
were calculated in event-aligned time windows. Correct and error trials were only differentiated when reward- or 
punishment-related firing rate changes were analyzed, since firing rates were similar in the delay period in all 
response categories irrespective of outcome (Supplementary Fig. S12 e–f). Aborted trials were not included in 
the analyses. Distribution of raw firing rates was used to statistically demonstrate absolute firing rate differences 
between the behavioral conditions. Baseline-subtracted firing rate distributions were used to statistically analyze 
changes of neural firing during behavioral trials relative to their individual baseline firing rates. The following 
task phases were defined relative to cue tone onset: [− 1.6 0] s baseline, [0 0.2] cue, [0.2 0.9–1.5] delay; the delay 
period was considered from 0.2 to 1 s for statistical comparisons across WM and control tasks to ensure consis-
tency across tasks.

PETH analysis

We computed event-aligned raster plots and peri-event time histograms (PETHs) for all recorded units, aligned 
to behavioral events. Trials for which the delay period was lower than 0.8 s were excluded. Spike times were 
binned at 1 ms resolution and convolved with a Gaussian kernel (standard deviation = 25 ms) to smooth the firing 
rate estimates. Baseline activity was calculated over a pre-cue window (− 1.6 to 0 s), and individual PETHs were 
z-scored by the mean and standard deviation of this baseline window to normalize firing rates across neurons 
with different baseline activities. In contrast with raw and baseline-subtracted firing rate distributions (see above), 
z-scoring was used to provide visual summary and average firing rate statistics where the representation is bal-
anced over the data set.

Accelerometer data analysis

Mice could potentially express their upcoming choice through subtle body or head movements during the fixation 
period, thereby reducing working memory demands. Therefore, we analyzed accelerometer signals recorded from 
the headstages. Accelerometer channels were resampled to 1 kHz, bandpass-filtered between 0.5 and 20 Hz, and 
combined into a movement-magnitude signal. For each trial, the fixation period (from fixation onset to fixation 
end) was divided into early and late halves, and the root-mean-squared (RMS) movement amplitude was com-
puted for each epoch. We then compared left- versus right-choice trials at the session level using non-parametric 
statistics. In the DR-2AFC WM task, only a relatively small fraction of sessions showed significant left-right dif-
ferences in movement signals during the early fixation period (12/111 sessions, p < 0.05, Mann-Whitney U-test, 
FDR-corrected), whereas such differences were more common in the DR-2AFC Control task (36/112 sessions, 
p < 0.05, Mann-Whitney U-test, FDR-corrected). We performed delay-period firing-rate analyses after excluding 
sessions with significant left-right RMS differences (Supplementary Fig. S5).

https://github.com/hangyabalazs/MS-WM-analysis
https://github.com/hangyabalazs/MS-WM-analysis
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Auto-correlation

Auto-correlograms (ACG) were computed at a 1 ms resolution. Burst index (BI) was calculated as the normal-
ized difference between the maximum ACG value for 0–10 ms lags and the mean ACG value for 180–200 ms 
lags. The normalizing factor was taken as the greater of the two values, resulting in an index bounded between 
− 1 and 136,37.

Theta-index

Theta index was calculated from the ACG as the normalized difference between the mean ACG amplitude around 
the first theta peak (± 25 ms around the peak within 100–200 ms) and the mean ACG amplitude in a window cor-
responding to the trough before the first theta peak (65–85 ms). Normalization was performed by dividing the 
difference by the larger of the two values, yielding an index between − 1 and 1.

LFP analysis

We analyzed local field potential (LFP) signals across different behavioral epochs. LFP signals were downsam-
pled at 1 kHz and low-pass filtered at 100 Hz. Continuous wavelet transformation was performed using Morlet 
wavelet transform, and wavelet power (in decibels) was normalized to a pre-fixation baseline. For each trial, 
wavelet power time-series were aligned to behavioral events, and variable-duration epochs (e.g. Delay) were 
standardized. We averaged wavelet power in the theta frequency band (4–12 Hz) across trials, sessions, and ani-
mals for each task variant.

ROC analysis

ROC analysis was performed to test if the activity during the delay period was different between MS neurons 
recorded in the DR-2AFC WM task and the Control task for each response category. A sliding window approach 
was used, with 50 ms bins shifted every 25 ms across the delay period (0.2 to 1 s after cue onset). For each neu-
ron, spike counts were extracted within each window and normalized by subtracting the mean of baseline activity 
(− 1.6 to 0 s). For each time window and response category, we computed the area under the ROC curve (auROC) 
and statistical significance by bootstrap permutation tests with 5000 resamplings.

Response clustering

We performed k-means clustering of z-scored PETHs aligned to cue onset for all well-isolated neurons recorded 
in the DR-2AFC WM task and we used their cluster centroids to assign each neuron recorded in the Control task 
to the nearest centroid by computing Euclidean distances. Three clusters were defined for each of the task variants 
based on the first 3 principal component of the PETHs restricted to the delay period (0.2 to 1 s after cue onset). 
Z-scored PETHs were sorted by maximum activity during the delay period for visualization in PETH heatmaps 
and were averaged to generate cluster-averaged PETHs.

Spike-shape clustering

We performed k-means clustering (k = 3) of z-scored spike widths to classify well-isolated neurons based on their 
intrinsic electrophysiological properties. Spike width was defined as the interval from the peak to the subsequent 
trough, calculated with sub-sample precision via parabolic interpolation.
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Statistics

Because neurons recorded from the same animal are not fully independent observations, some shared variance 
due to common biological and recording factors may be present. Nevertheless, consistent with common prac-
tice in electrophysiological and large-scale neural recording studies, individual neurons were treated as statisti-
cal units, as within-animal neuronal variability is generally considered sufficiently large to justify neuron-level 
analyses32,46,47.

Since normality of data distributions could not be assumed, we performed non-parametric Mann-Whitney 
U-tests (two-sided, p < 0.05) for comparing central tendencies of two distributions. We performed chi-square 
tests of homogeneity to compare distributions of categorical variables (p < 0.05). Firing rate responses within a 
1-second-long window from cue onset were tested for significant changes compared to a baseline window (− 1.6 
to 0 s). Baseline firing rate was determined by mean firing probability in the baseline window. Next, the time 
course of firing rate decrease or increase was assessed by crossings of the half-distance between the extreme and 
the baseline firing rate before and after the minimum or maximum, respectively. This temporal window of inhibi-
tion or activation was then used to find corresponding intervals around local extremes in the baseline window. 
Spike counts were then compared using Mann–Whitney U-test (due to the asymmetric null hypothesis, one-sided 
p-value was calculated; we used p < 0.01 significance level). To address the hierarchal nature of the data, we 
performed (i) linear mixed-effects models with recording session nested within animal as random effects and (ii) 
analyses based on session-level averages. Matlab built-in functions ranksum.m, signrank.m and fitlme.m were 
used for Mann-Whitney U-test, Wilcoxon signed-rank test and linear mixed-effects model analyses, respectively. 
See Supplementary Table S2 for a summary of statistical comparisons.

Results

Training mice in a non-spatial working memory task

We aimed to test the role of MS neurons in working memory independent of navigation, given the known role 
of the septo-hippocampal system in the generation of the navigation-associated theta rhythm8,9,27. Therefore, we 
trained mice on an auditory delayed response two-alternative forced choice task (DR-2AFC, n = 4 mice; Supple-
mentary Table S1), in which freely behaving mice had to poke in a central port and hold fixation while they heard 
a brief (0.2 s) sound that indicated the availability of reward either in the right or the left side port, depending on 
the pitch of the tone. Mice then had to keep central fixation for an additional delay period (0.7–1.3 s in duration, 
see Methods) while the tone was off, holding the trial information in working memory, after which a binary deci-
sion between the left- and right-side port was made. Correct choices were rewarded by a drop of water, while 
incorrect choices were punished by a puff of air through the port, which mice perceive as aversive34. The three 
ports were placed in close vicinity within a small training chamber, so that mice could switch from center to side 
ports with minimal body movement, thus eliminating any navigational component of the task (Fig. 1a–b).

Mice managed an increasing length of response delay, as indicated by the learning curve in Fig. 1c, showing 
the time difference of fixation end and tone offset. Initial negative values indicate that the tone was still on while 
the mouse disengaged from the central port (no WM component), while increasing positive values corresponded 
to increasing response delays (WM component; Fig. 1c–d). While mice tended to abort a fraction of trials by 
early withdrawal from the center port (mean ± SE in preoperative sessions, 0.171 ± 0.0016), they maintained a 
relatively high performance on completed trials (mean ± SE in preoperative sessions, 0.733 ± 0.0021; Fig. 1e–f, 
Supplementary Fig.S1a–c). Neither the performance nor the fixation dynamics changed significantly with drive 
implantation surgery, whereas the proportion of aborted trials showed a gradual increase throughout training ses-
sions (performance, mean ± SE in postoperative sessions, 0.693 ± 0.0031; fraction of aborted trials, mean ± SE in 
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postoperative sessions, 0.436 ± 0.0025; Supplementary Fig.S1a–c). Nevertheless, behavioral parameters remained 
stable throughout the recording sessions (Supplementary Fig.S1d–g).

We trained another cohort of control mice that performed the same task, but we left the tone on for the entire 
delay period, removing the WM component from the task (Supplementary Fig. S2; n = 3 mice; Supplementary 
Table S1). Mice performed well on this task version, managing an increasing length of central fixation, now with 
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the tone played continuously (Supplementary Fig. S2b). Therefore, we could directly compare MS neuronal 
activity in the delay period, either with or without a WM component.

Recording medial septal single neurons during the working memory task

We recorded n = 539 neurons from the MS of 4 mice (111 sessions; median and IQR of number trials per session: 
314, 179) performing the DR-2AFC WM task (WM mice) and n = 538 MS neurons from 3 mice (112 sessions; 
median and IQR of number trials per session: 225.5, 37.5) performing the DR-2AFC Control task (Control mice) 
using moveable tetrode implants (Fig. 2a–d; Supplementary Table S1). Mice were well-trained by the start of the 
recordings, thus being familiar with task structure and reward contingencies.

We tested if MS neurons were equally active in the task regardless of the presence or absence of a work-
ing memory component. When overall firing rate was considered, we found that MS neurons were on average 
more active in the task that featured a WM component, firing at significantly higher rates (WM mice, mean FR, 
16.136 ± 0.608 Hz; Control mice, 12.961 ± 0.652 Hz, p = 2.497 × 10⁻10, Mann–Whitney U-test; Fig. 3a).

We next assessed whether this firing rate difference was specific to some of the task phases or occurred 
uniformly throughout task performance. We found that increased firing rates during the WM task occurred 
already before fixation (‘baseline’, [-1.6 0] s relative to tone onset, WM mice, 16.338 ± 0.616 Hz; Control mice, 
13.149 ± 0.654 Hz, p = 8.107 × 10⁻10, Mann-Whitney U-test; Fig. 3b) and continued during the cue presentation 
([0 0.2] s relative to tone onset, WM mice, 16.095 ± 0.723 Hz; Control mice, 12.706 ± 0.705 Hz, p = 5.422 × 10−8, 
Mann-Whitney U-test; Fig. 3c), the delay ([0.2 1] s relative to tone onset; WM mice, 14.828 ± 0.592 Hz; Control 
mice, 11.97 ± 0.629  Hz, p = 6.375 × 10−9, Mann–Whitney U-test; Fig.  3d), and the feedback delivery (reward, 
WM mice, 15.147 ± 0.622 Hz; Control mice, 12.029 ± 0.614 Hz, p = 2.586 × 10−8, Mann–Whitney U-test; punish-
ment, WM mice, 16.804 ± 0.678 Hz; Control mice, 14.15 ± 0.749 Hz, p = 1.246 × 10−7, Mann–Whitney U-test; 
Fig. 3e–f).

Conserved response categories of MS neurons during the response delay period

The higher firing rates of MS neurons in the DR-2AFC WM task suggest that they may be more engaged in task 
performance when there is a WM component. However, this can conceal potential diversity of the firing patterns 
of MS neurons throughout the task, which may also depend on the presence of a WM component.

Therefore, we assessed the significant firing rate changes of MS neurons in the delay period of the DR-2AFC 
WM task compared to a pre-stimulus baseline (Fig.  4). Most MS neurons (82.1%, Mann–Whitney U-test, 
p < 0.01) changed their firing rates significantly throughout the behavioral trials, demonstrating a strong engage-
ment of the MS in the task. We found that most MS neurons were inhibited during the delay, and this inhibition 
typically started already at cue onset (54.5%, Fig. 4a–c; Supplementary Fig. S3). Nevertheless, a substantial 
population of MS neurons responded with activation during the delay period (26.7%), while the remaining MS 
neurons showed no significant firing rate change (18.7%). Next, we performed the same analysis for MS neurons 
recorded in the DR-2AFC Control task (Fig. 4b). We found that the above response categories were surprisingly 

Fig. 1  Training mice on a non-spatial working memory task. (a) Schematic of the experimental setup. The animals performed 
the task in a training box with 3 ports: 2 side ports for Reward/Punishment delivery and a central port for fixation, and 2 
speakers for tone delivery. Mouse illustration by Prof. Julie McMurry (Pixabay, CC0). (b) Timeline of the DR-2AFC WM 
task. When mice poked in the central port (‘Fixation start’), a brief cue tone was played indicating the availability of reward 
at the left or the right-side port, while the animal was required to hold central fixation. Once the animal was allowed to poke 
out (‘Fixation end’), it visited one of the side ports and received water reward for correct or air puff punishment for error 
choices. (c) Learning curve for n = 4 mice trained on the DR-2AFC WM task. Progress is indicated by increasing positive 
delays between cue tone offset and fixation end by training days. (d) Average difference between the mandatory fixation and 
the tone duration on the first and last days of training. (e) Performance of mice, aborted, and left choice trials for recording 
sessions. (f) Performance of an example mouse throughout all sessions. Recording sessions are marked with blue stars.
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conserved across the two tasks: we found no significant difference in MS neuron response distributions between 
WM and Control mice (p = 0.217, Chi-square test; Chi-square statistic, 3.056; Degrees of freedom, 2). Response 
strength was larger for longer fixation, suggesting a correlation between MS neuronal responses and WM demand 
(Supplementary Fig. S4a-b), while correct and error trials were associated with similar response distributions 
(Supplementary Fig.S4c-d). An analysis of movement signals derived from accelerometer recordings suggested 
that anticipatory motor strategies were not likely to substantially contribute to the observed response distributions 
(Supplementary Fig. S5). Similarly, additional analyses showed that pre-training photostimulation (see Methods) 
neither had a lasting impact on firing rates, nor did it change the delay-period response distributions of MS neu-
rons (Supplementary Fig. S6).

Moving away from pre-determined neuronal response categories, we also carried out unbiased clustering of 
MS neuronal responses during task performance47–49(see Methods; Supplementary Fig. S7–8).This analysis clus-
tered the MS neurons into similar response categories overall that could be described as strong inhibition (cluster 
#1), transient activation (cluster #2), and weak activation (cluster #3). While we observed some differences in the 

Fig. 2  Recording medial septal single neurons during the working memory task. (a) Coronal section from a ChAT-Cre mouse 
showing the tetrode tracks marked with a blue rectangle (DiI, red; ChAT+, green) through the MS. (b) Reconstructed loca-
tion of the electrode tracks. Only those sessions that were conducted strictly within MS boundaries based on post hoc his-
tological reconstruction were included. (c) Cumulative probability distribution of L-ratio and isolation distance parameters 
for well-isolated clusters (L-ratio < 0.15 and isolation distance > 20). (d) Example recording. Left, all spikes are shown in 
two-dimensional projections of the feature space. Three neurons were identified. Middle, individual (colored) and average 
(black) spike waveforms of the three neurons on the four tetrode leads separately. Right, autocorrelograms of the neurons 
show clean refractory periods.
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time course of the cluster averages, which we unpack below, the distribution of MS neurons into these catego-
ries was similar in the DR-2AFC WM and Control tasks (p = 0.74, Chi-square test; Chi-square statistic, 0.603; 
Degrees of freedom, 2; the higher firing rate of MS neurons in DR-2AFC WM task was largely present across 
the main response categories, Supplementary Fig. S11b–g). We speculate that response categories of the MS 
neurons in the DR-2AFC are conserved and potentially linked with cell type specificity and anatomical features 
such as afferent connectivity, independent of whether WM mechanisms are involved in the task. Nevertheless, 

Fig. 3  MS neurons were more active in the task that featured a WM component. (a) Left, mean firing rate comparison 
between DR-2AFC WM (red) and Control mice (blue). Right, firing rate distribution (white line, median) of WM (red) and 
Control mice (blue). (b) The same as in panel a but restricted to a − 1.6 to 0 s time interval before tone onset. (c) The same 
as in a, restricted to the tone presentation time period. (d) The same as in a, restricted to the delay period. (e) The same as in 
a, restricted to reward delivery. (f) The same as in a, restricted to punishment delivery. ***, p < 0.001; Mann–Whitney U-test.
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Fig. 4  Conserved response 
categories of MS neurons dur-
ing the response delay period. 
(a) Left, smoothed PETHs of 
all MS neurons in the DR-
2AFC WM task grouped by 
statistically significant activity 
changes in the delay period, 
shown as a heatmap (yellow, 
high firing; blue, low firing). 
The purple bar indicates the 
delay period (from 0.2 to 0.9–
1.5 s from cue onset). Middle, 
PETH averages per response 
group. Right, pie chart 
representation of response 
distribution. (b) The same as 
in panel a, but for MS neurons 
recorded in the DR-2AFC 
Control task. (c) MS neurons 
recorded in the DR-2AFC WM 
task in each response group. 
Top, PETHs of all neurons and 
average PETH. Bottom, spike 
raster plot and average PETH 
of a single example neuron in 
each group. Red, significant 
activation; blue, significant 
inhibition; **, p < 0.01; ***, 
p < 0.001; Mann-Whitney 
U-test.
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analyses of spike shapes did not reveal significant delay response differences across three groups of MS neurons 
(Supplementary Fig. S9–10).

Larger firing rate responses of MS neurons during WM engagement

Visual inspection of Fig. 4a–b (left) suggests that firing rate changes in the delay period led to more extreme val-
ues, manifested as darker yellows and blues corresponding to larger magnitude firing rate decreases and increases, 
respectively, in the DR-2AFC WM task compared to the Control task. Similar differences could be observed by 
comparing clusters #1 and #2 across behavioral conditions (Supplementary Fig.S7-8). To more quantitatively 
follow up on this observation, we compared the minima and maxima of the firing rate of MS neurons in the 
delay period. We found that, in line with the above intuition, MS neurons showed larger magnitude firing rate 
decreases and increases with respect to their baseline firing rate during the delay period when the task contained 
a WM component (change in average minimum firing rate, delay, WM mice, − 6.373 ± 0.257 Hz; Control mice, 
− 4.344 ± 0.225 Hz; p = 7.934 × 10− 12, Mann-Whitney U-test; change in average maximum firing rate, delay, WM 
mice, 4.583 ± 0.308 Hz; Control mice, 2.902 ± 0.231 Hz; p = 3.052 × 10−6, Mann-Whitney U-test; Fig. 5a-b, Sup-
plementary Fig. S12a-d). This was due to a larger magnitude firing rate decrease in MS neurons inhibited during 
the delay, and larger firing rate increases in MS neurons activated during the delay (change in average minimum 
firing rate, delay, inhibited neurons, WM mice, -8.105 ± 0.364 Hz; Control mice, -6.068 ± 0.332 Hz; p = 1 × 10−7, 
Mann-Whitney U-test; session-level analysis: p = 2.7 × 10⁻4; change in average maximum firing rate, delay, acti-
vated neurons, WM mice, 10.709 ± 0.782 Hz; Control mice, 7.395 ± 0.621 Hz; p = 0.0002, Mann–Whitney U-test; 
session-level analysis: p = 3.3 × 10⁻6; Fig. 5c-d, Supplementary Fig. S12a–d).

A closer inspection of the time course of firing rate changes in the DR-2AFC WM and Control tasks (Fig. 4a–
b) also suggests larger task-related differences in the second half of the delay period: more sustained firing rate 
inhibition and less sustained activation when the task included a WM component. We quantified this by compar-
ing firing rates relative to the average baseline firing of each MS cell across the two tasks, separately during the 
first and second half of the delay period. Indeed, while relative MS firing rates were not significantly different in 
the first half, they were significantly lower in the second half of the delay during the WM task (change in average 
firing rate, 1st half of the delay period, WM mice, − 1.032 ± 0.26 Hz; Control mice, − 1.779 ± 0.199 Hz, p = 0.061; 
2nd half of the delay period, WM mice, − 1.985 ± 0.212 Hz; Control mice, − 0.578 ± 0.189 Hz, p = 6.335 × 10− 8, 
Mann–Whitney U-test; Fig. 6a-b). We repeated this analysis within each response category and found that inhib-
ited MS neurons were more inhibited and activated MS neurons were less activated in the second half of the delay 
in the DR-2AFC WM task, underlying the overall lower relative MS firing rates in this task version (change in 
average firing rate, 1st half of the delay period, inhibited neurons, WM mice, − 4.131 ± 0.267 Hz; Control mice, 
− 3.857 ± 0.255 Hz, p = 0.156; activated neurons, WM mice, 4.432 ± 0.531 Hz; Control mice, 1.95 ± 0.369 Hz, 
p = 3.571 × 10−5; 2nd half of the delay period, inhibited neurons, WM mice, -3.48 ± 0.275  Hz; Control mice, 
−  2.375 ± 0.223  Hz, p = 3.966 × 10−5, Mann–Whitney U-test; activated neurons, WM mice, -0.074 ± 0.48  Hz; 
Control mice, 3.282 ± 0.422  Hz, p = 1.641 × 10−7, Mann-Whitney U-test; non-responsive neurons, WM mice, 
-0.359 ± 0.171 Hz; Control mice, 0.171 ± 0.151 Hz, p = 0.024, Mann-Whitney U-test; Fig. 6c–d). A direct com-
parison of MS firing rate distributions across the two tasks in the first and second half of the delay confirmed 
the larger task-related differences in the second half, where the WM component was more prominent, especially 
for the inhibited group of MS neurons (Figs. 2 and 6e-way ANOVA, Task type × Delay period epoch; signifi-
cant interaction: p = 0.037 for inhibited neurons and p = 4.113 × 10− 9 for activated neurons after Holm-correction; 
LME, Task type × Delay period epoch interaction: F(1, 1194) = 2.75, p = 0.097 for inhibited neurons and F(1, 
524) = 33.32, p = 1.3 × 10−8 for activated neurons; session-level analysis for inhibited neurons: p = 0.156 and for 
activated neurons: p = 3.5 × 10; Fig. 6f, ROC analysis: p < 0.01 for inhibited neurons in the window 0.47–0.973 s 
and for activated neurons in windows 0.2–0.47 s, with larger firing rates in the WM task, and 0.7067–1 s, with 
larger firing rates in the Control task). Thus, while the dominant response in the MS during the delay was a 



Article in Press

Scientific Reports

https://doi.org/10.1038/s41598-026-68172-8

Fig. 5  Larger firing rate responses 
of MS neurons during WM 
engagement. (a) Mean (± SE) 
(left) and distribution (right) of 
minimum firing rates in the delay 
period (relative to baseline) for 
MS neurons in DR-2AFC WM 
task (red) and DR-2AFC Con-
trol task (blue). (b) Mean (± SE) 
(left) and distribution (right) of 
maximum firing rates in the delay 
period (relative to baseline) for 
MS neurons in DR-2AFC WM 
task (red) and DR-2AFC Con-
trol task (blue). (c) Mean (± SE) 
(left) and distribution (right) 
of minimum firing rates in the 
delay period (relative to base-
line) for inhibited MS neurons 
in DR-2AFC WM task (red) and 
DR-2AFC Control task (blue). (d) 
Mean (± SE) (left) and distribu-
tion (right) of maximum firing 
rates in the delay period (relative 
to baseline) for activated MS 
neurons in DR-2AFC WM task 
(red) and DR-2AFC Control task 
(blue). ***, p < 0.001; Mann–
Whitney U-test.
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suppression of firing rates in both tasks, this delay-specific inhibition of firing was both larger and more sustained 
when the trial type information had to be maintained in working memory.

Theta-rhythmic MS activity is suppressed during WM engagement

The MS contains a population of neurons that show rhythmicity with a frequency within the theta band50. These 
neurons are mostly GABAergic and they are thought to drive the hippocampal theta oscillation through rhythmic 
disinhibition of hippocampal pyramidal neurons1,9,16.

We tested whether theta-rhythmic activity within the MS depended on the presence of a WM component in the 
response delay period. We first characterized MS neurons as non-theta-rhythmic, moderately theta-rhythmic and 
strongly theta-rhythmic using an autocorrelation-based rhythmicity index (Theta Index, see Methods; Supple-
mentary Fig.S13a-b, Fig. 7a). We found that there was a larger MS population that showed strong theta rhythmic-
ity in the DR-2AFC Control experiment than in the WM task (6% vs. 2%, p = 0.0145, Chi-square test; Chi-square 
statistic, 8.466; Degrees of freedom, 2).

Next, we tested the activity of MS neurons partitioned according to their theta rhythmicity. While most groups 
were dominated by firing rate inhibition during the delay in both task versions like the overall MS population 
(see Figs. 4, 5 and 6), the most prominent task-related difference was observed in the strongly theta-rhythmic 
group. Specifically, this group showed firing rate suppression during the delay period when the task contained 
a WM component, whereas they were moderately activated in the Control task (change in average firing rate, 
delay period, WM mice, − 1.903 ± 0.343 Hz; Control mice, 0.423 ± 0.173 Hz, p = 4.87 × 10− 6, 1st half of the delay 
period, WM mice, − 1.438 ± 0.394  Hz; Control mice, 0.22 ± 0.174  Hz, p = 4.342 × 10− 4; 2nd half of the delay 
period, WM mice, − 2.367 ± 0.342 Hz; Control mice, 0.625 ± 0.208 Hz, p = 2.35 × 10− 6, Mann-Whitney U-test; 
Fig. 7b-d; Supplementary Fig. S14). The suppression of activity of strongly theta rhythmic MS neurons in the 
DR-2AFC WM task was consistent across recording sessions and correct, incorrect and aborted trials (Supple-
mentary Fig. S15). Task-related theta power changes in the MS local field potential (LFP) revealed a suppression 
of theta-band power during the delay period in both tasks, consistent with the observed reduction in theta-rhyth-
mic neuronal activity when the larger pool of moderately theta-rhythmic neurons was considered (Fig. 7b–c; 
Supplementary Fig. S16).

Thus, there were more strongly theta-rhythmic neurons, which were also more active during the delay when 
the task did not engage WM, suggesting that MS theta-rhythmic activity is suppressed during WM engagement.

Discussion

The hippocampal formation was shown to play a critical role in spatial WM processes51–53. It was proposed 
that the hippocampal theta oscillation is central to these functions, by orchestrating bouts of faster beta/gamma 
oscillations through cross-frequency coupling that is required to hold multiple items in WM 55. Therefore, it was 
assumed that the medial septum, providing strong subcortical input to the hippocampus that plays a major role in 
pacing theta oscillation, is also necessary to the WM functions of the hippocampus. Indeed, lesions to the MS or 
pharmacological inhibition of its cholinergic system lead to an impairment of WM maintenance3,5,7,54. Moreover, 
we recently demonstrated that the MS is a critical regulator of hippocampal beta/gamma oscillations as well55, 
likely influencing the theta-gamma cross-frequency coupling thought to underlie working memory functions56.

However, the hippocampal theta oscillation is also deeply linked to spatial navigation and exploration57, com-
plicating the interpretation of studies where navigational and WM components are not separated, that is, an animal 
must translate between distant locations while solving the WM task. Nevertheless, a recent study demonstrated 
that spatial coding and WM may be separable at the level of the septohippocampal system, suggesting that these 
two cognitive functions can be investigated independently29. Therefore, to address the neural mechanisms of WM 
independent of navigation, we designed a behavioral task where mice engaged in a sound-cued spatial WM task 
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without the need for running from A to B, solving the task with minimal full-body movement. We compared this 
to a control task that was the same in all aspects except for the WM component, since the auditory cues remained 
available until the animals made their choices. We recorded the activity of MS neurons while mice performed 
these tasks to address the neural mechanisms whereby the MS contributes to hippocampal WM functions.
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First, we found that MS neurons were overall more active in the task version with WM component. However, 
this was not restricted to the delay period when WM was engaged but continued through all trial phases. It is 
conceivable that the higher activity of MS neurons in the WM task was a consequence of overall higher arousal 
due to the substantial cognitive load compared to the control task. Since the MS is part of the ascending arousal 
system receiving prominent inputs from the locus coeruleus, the reticular pontis oralis and the brainstem nucleus 
incertus, such an effect was not unexpected58–62. Alternatively, given the limited number of mice recorded, these 
overall firing rate differences could also be attributed to potential sampling effects.

In contrast, we found that during stimulus processing and WM delay the dominant MS neuronal response was 
a suppression of activity. This may suggest that the MS has an enabling function in WM processing, shifting the 
balance of hippocampal computations from septal to other, probably entorhinal inputs. This is supported by the 
findings that WM needs active coordination of hippocampal, entorhinal and prefrontal processes19,20,63,64. In line 
with this, the inhibitory MS responses were sustained and maintained until about the end of the delay period in 
the WM task, while they were shorter and more transient in the control task. This also rules out the possibility 
that these firing rate changes represented a simple stimulus response evoked by the auditory cues, since the cues 
stayed on during the entire delay period in the Control but not the WM task, opposite to the duration of the inhibi-
tion. However, we note that the response of the smaller activated population of MS neurons could be related to 
stimulus-evoked firing.

A recent report demonstrated that MS cholinergic firing can induce brain state-dependent suppression of other 
MS neurons65; therefore, it is conceivable that a task phase-dependent local cholinergic effect contributed to the 
observed MS firing rate differences (but see66. Glutamatergic MS neurons were shown to control locomotion12,67, 
and thus, the MS firing suppression may be related to the mouse holding still in the center port during the delay 
period. However, this cannot explain the difference between the WM and the Control task, which should therefore 
be related to the WM component.

When examining specific response types in the MS, we again confirmed the dominance of inhibitory responses 
but also found that about a third of MS neurons were activated during the delay period. We observed a surprising 
level of conservations of response type distributions across MS neurons, both by comparing statistically-defined 
response types and response clusters based on an unbiased PCA clustering approach. This may suggest that 
response types correspond to cell types, input connectivity or other anatomical features that remain stable across 
different tasks. Along these lines, one might speculate that the inhibited cells are glutamatergic, being the most 
numerous MS cell type68,69.

The overall higher firing rates in the WM task were present across all major response categories of MS neurons 
(inhibited, activated, non-responsive), arguing for a role of an activating bottom-up input that targets multiple 
MS cell types, like the arousing afferents mentioned above58–60. However, we also found that both the inhibited 
and the activated groups of MS neurons showed larger magnitude responses in the WM task. This may suggest 
that either cell-type specific inputs or local connections of the MS were also engaged by the WM component69–71.

Fig. 6  Lower relative MS firing rates in the second half of the delay during the WM task. (a) Mean (± SE) of firing rates rela-
tive to baseline in the first half of the delay period for MS neurons in DR-2AFC WM task (red) and DR-2AFC Control task 
(blue). (b) Mean (± SE) of firing rates relative to baseline in the second half of the delay period for MS neurons in DR-2AFC 
WM task (red) and DR-2AFC Control task (blue). (c) Mean (± SE) of firing rates relative to baseline in the first half of the 
delay period for MS neurons in DR-2AFC WM task (red) and DR-2AFC Control task (blue), as a function of response cat-
egory. (d) Mean (± SE) of firing rates relative to baseline in the second half of the delay period for MS neurons in DR-2AFC 
WM task (red) and DR-2AFC Control task (blue), as a function of response category. (e) Comparison of mean (± SE) firing 
rates relative to baseline for inhibited MS neurons (left) and activated MS neurons (right) in DR-2AFC WM task (red) and 
DR-2AFC Control task (blue) between first half and second half of the delay period (2-way ANOVA test, Task type × Delay 
period epoch). Interaction p-values (Holm-corrected) show significant divergence in temporal dynamics between conditions. 
*, p < 0.05; ***, p < 0.001. (f) ROC and p values (on log scale) for each time bin during the delay period, comparing firing 
rates (relative to baseline) of inhibited (left) and activated (right) MS neurons in the DR-2AFC WM task vs. the DR-2AFC 
Control task. The dashed blue line represents p = 0.01. *, p < 0.05; ***, p < 0.001; Mann-Whitney U-test.
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A comparison of the first and second half of the delay period revealed a stronger divergence of MS activity 
between the two tasks in the late delay period when the WM component was more prominent. Specifically, firing-
rate suppression was more sustained in the WM task than in the Control task, with activated neurons exhibit-
ing greater suppression relative to baseline during the late delay period. It is conceivable that the GABAergic 
hippocampo-septal feedback projections mediate this effect72–74, relaying WM ‘needs’ to the MS that in turn 
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enables WM processing through hippocampal-neocortical loops19,20,63,64. However, this is not supported by our 
recent finding that hippocampo-septal feedback suppresses the generation of theta-nested gamma oscillations in 
the hippocampal CA1 75,potentially related to WM processes56,75.

Finally, we analyzed the strongly theta-rhythmic MS population. Based on earlier literature, this population 
likely consists predominantly of parvalbumin-expressing GABAergic neurons9,14,15 that pace hippocampal theta 
by providing rhythmic disinhibition to the network1,9,27 through a Huygens-synchronization mechanism16. We 
found that fewer MS neurons showed strong theta-bursting, and they were also less active during the delay in 
the WM task. This was surprising in the context that hippocampal WM processes were shown to be linked with 
theta oscillation19,22,23,56, but consistent with our previous assumption that the MS firing suppression may largely 
involve MS glutamatergic neurons that provide necessary excitatory drive for theta-bursting16,71. Moderately 
theta-rhythmic MS neurons showed a firing rate suppression during the delay in both tasks, consistent with a 
theta-band power decrease observed in MS LFP recordings. These findings underscore the importance of sepa-
rating spatial navigation and WM functions by our task29, as movement-related theta could have masked this 
effect and could have been erroneously attributed to WM processing. It is conceivable that both the larger MS 
firing rates in the late delay period and the activation of strongly theta-rhythmic MS neurons in the control task 
are related to sensory processing induced by the continuously presented cue tone. Of note, these results do not 
contradict theta-related hippocampal activity being important to WM, since theta-rhythmicity remained strongly 
present in the MS during WM delay (see the moderately theta-rhythmic group in Fig. 7).

In summary, we investigated MS neuronal firing during WM delay and found specific changes compared to an 
equivalent task without WM engagement. Most notably, MS neurons showed strong task-related modulation that 
was dominantly manifested as a decrease of activity during WM delay, accompanied by a suppression of theta-
rhythmic MS activity. As a limitation of our study, we did not identify genetically defined MS cell types; however, 
theta-rhythmic firing properties and numerosity considerations provided tentative hints regarding neurotransmit-
ter identity. An important next step will be to relate the observed firing patterns to neurotransmitter-defined MS 
cell types. Combining the present behavioral approach with cell type-specific recording and manipulation strate-
gies will provide mechanistic insight into how neurotransmitter-defined MS populations contribute to working 
memory. An additional limitation of the present study is the between-subject design used to compare the WM and 
control tasks. While this approach avoided potential confounds associated with sequential training on multiple 
paradigms, it leaves open the possibility that differences in neural sampling, behavioral strategies, or other inter-
animal factors contributed to the observed effects. Advances enabling stable longitudinal tracking of identified 
MS neurons across multiple behavioral paradigms may help resolve these issues more directly. Furthermore, 
future studies combining MS and hippocampal recordings may provide more specific information on septo-
hippocampal integration during WM processing through analyses of hippocampal LFP dynamics and oscillatory 
coupling. In addition, establishing a direct causal relationship between MS activity and non-spatial WM perfor-
mance in the present behavioral framework will be an important direction. In this context, recent optogenetic 
studies have already demonstrated that perturbation of MS-dependent theta coordination can impair non-spatial 
WM performance29,supporting the idea that MS activity contributes to WM processes beyond navigation-related 
functions.

Fig. 7  Theta-rhythmic MS activity was suppressed during WM engagement. (a) Auto-correlograms of DR-2AFC WM 
example cells of strongly theta rhythmic cells (left), moderately theta rhythmic cells (middle), and non-theta rhythmic cells 
(right) with insets showing an example spike train and autocorrelation refractory period. The theta index for each example 
cell is displayed in the auto-correlograms. (b) Left, smoothed PETHs of all MS neurons in the DR-2AFC WM task grouped 
by theta index shown as a heatmap (yellow, high firing; blue, low firing). The purple bar indicates the delay period. Middle, 
PETH averages per group. Right, pie chart representation of theta index groups distribution. (c) The same as in panel b, but 
for MS neurons recorded in the DR-2AFC Control task. (d) Mean (± SE) (top) and distribution (bottom; white line, median) 
of firing rates relative to baseline of strongly theta-rhythmic MS neurons in the delay period (left), first half of the delay 
period (middle), and second half of the delay period (right) in the DR-2AFC WM task (red) and the DR-2AFC Control task 
(blue). ***, p < 0.001; Mann–Whitney U-test.
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The MS has hitherto mostly been investigated in the context of theta genesis, and comparatively little is known 
about behavior-specific activity of MS neurons76–78. The present study provides a departure point for investigat-
ing MS functions across different cognitive behaviors while simultaneously considering its specialized role in 
oscillogenesis.
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