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SUMMARY

The claustrum (CLA) is a key integrative hub with extensive bidirectional connectivity to higher-order regions, 

particularly the medial prefrontal cortex (mPFC).1–6 Such connectivity supports diverse cognitive functions,7

including attention,8–12 sensory integration,6,13 salience detection,14–16 and memory.17–23 A recent review 

highlights the growing evidence that the CLA contributes to cognitive control, including working memory 

(WM), by coordinating activity across distributed cortical networks.7 Consistent with this, recent work impli

cates the CLA in WM,20,22 although the specific CLA-to-mPFC pathways mediating this function remain un

clear. The CLA comprises heterogeneous neuronal subpopulations with divergent molecular, anatomical, 

physiological, and projection profiles.24–27 VGLUT2-positive neurons constitute a major population providing 

excitatory input to the mPFC.25 However, non-specific CLA activation paradoxically produces net mPFC in

hibition via local interneuron recruitment.24 This suggests that VGLUT2-negative neurons—the remaining 

projection type—form distinct pathways that contribute to inhibitory effects28 and exert unique cognitive in

fluences. We identified the previously uncharacterized population of VGLUT2-negative neurons within the 

CLA that project to the mPFC in mice. These neurons are enriched ventral to the parvalbumin-dense CLA 

core and preferentially innervate mPFC layer 6, unlike the broader laminar projections of VGLUT2-positive 

neurons. Fiber photometric calcium measurements revealed that these neurons were selectively active dur

ing maintenance of a spatial WM and less active during error trials. Optogenetic silencing of these neurons 

during WM maintenance, but not during encoding, severely impaired performance. Silencing during deci

sion-making modestly improved performance, suggesting that disengagement of this pathway facilitates 

optimal processing. These findings reveal a claustro-prefrontal circuit crucial for WM maintenance and 

phase-dependent behavioral modulation.

RESULTS

Anatomical validation of VGLUT2-negative projection 

neurons in the CLA

To examine the brain-wide connectivity of the VGLUT2-negative 

projection neurons in the claustrum (CLA), VGLUT2-Cre mice 

were injected with two adeno-associated virus (AAV) constructs: 

(1) Flp-encoding retrograde AAV (AAVrg) injected into the medial 

prefrontal cortex (mPFC), enabling Flp recombinase (Flippase) to 

be retrogradely transported to mPFC-projecting neurons 

(AAVrg-Flp; Figure 1A), and (2) CreOFF/FlpON-oScarlet-encod

ing AAV injected into the CLA. This drives expression of oScarlet 

only in the presence of Flp and the absence of Cre.29 This inter

sectional virus strategy allowed selective labeling of mPFC-pro

jecting, VGLUT2-negative neurons in the CLA.

To validate the viral strategy, we compared wild-type and 

VGLUT2-Cre mice. In both, AAV-CreOFF/FlpON-oScarlet was 

injected into the CLA with or without AAVrg-Flp into the mPFC. 

In wild-type mice, where Cre was absent, oScarlet expression 

was observed throughout the CLA and adjacent areas only 

when AAVrg-Flp was injected into the mPFC (Figure S1B, bot

tom, white arrows). No oScarlet expression was detected 

without AAVrg-Flp injection (Figure S1B, top), confirming that 

oScarlet expression required Flp and that there was no leaked 

expression in its absence. Additionally, this demonstrated retro

grade transport of Flp from the mPFC to the CLA. In VGLUT2-Cre 

mice, where Cre was expressed in VGLUT2-positive neurons, 

oScarlet expression was observed when AAVrg-Flp was injected 

into the mPFC (Figure 1B, bottom, white arrow). However, oS

carlet expression in the CLA was more restricted and focal 

compared with wild-type mice. This difference likely reflects 

Cre in VGLUT2-positive neurons within the CLA and surrounding 

regions, such as the dorsal endopiriform and insular cortices, 

which are rich in VGLUT2-positive neurons.30 Consistent with 

findings in wild-type mice, no oScarlet expression was detected 

without AAVrg-Flp injection (Figure 1B, top). To confirm the iden

tity of the labeled neurons, we performed immunohistochemistry 

for Cre in VGLUT2-Cre mice injected with AAVrg-Flp in the mPFC 
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Figure 1. Distinct projection patterns of claustral VGLUT2-negative and VGLUT2-positive neurons to the mPFC 

(A) Injection schematics to label CLA VGLUT2-negative neurons projecting to the mPFC. Retro-Flp virus (AAVrg-Flp) was injected into the mPFC region in 

VGLUT2-Cre mice. This was followed by the CreOFF/FlpON-oScarlet injection into the CLA. This strategy was used to conditionally express the oScarlet flu

orophore specifically in the mPFC-projecting VGLUT2-negative projection neurons. For labeling VGLUT2-positive projection neurons, CreON/FlpON-oScarlet 

was used. CLA, claustrum; mPFC, medial prefrontal cortex. 

(B) Histological confirmation of targeting CLA VGLUT2-negative projection neurons. CreOFF/FlpON oScarlet-encoding virus (CreOFF/FlpON oSc) was injected. 

In one condition, flippase (Flp) was not injected into the mPFC (top), while in another case, Flp was injected into the mPFC (bottom). VGLUT2-negative projection 

neurons are labeled in orange, as indicated by the white arrows. 

(C) (Top) Histological images showing the location of VGLUT2-negative projection neurons relative to the PV-rich core of the CLA. (Bottom) Three additional 

sample images demonstrate that the labeled cells do not fully overlap with the PV-enriched core of the CLA. The dotted gray margin marks the boundaries from 

the reference brain atlas. PV-staining revealed the PV-rich neuropil (CLA core) and the surrounding PV-negative region (CLA shell). The dashed white ellipse 

outlines the boundary of the CLA core. DEn, dorsal endopiriform. 

(legend continued on next page) 
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and AAV-CreOFF/FlpON-GCaMP6m in the CLA. We quantified 

the overlap between GCaMP6m-expressing neurons and Cre- 

immunopositive neurons (85 GCaMP6m-expressing neurons 

and 182 Cre-positive neurons across 7 slices from 2 mice; 

Figures S1C and S1D). Among Cre-positive neurons, only a small 

fraction overlapped with GCaMP6m expression (mean ± SEM 

across slices: 8.3 ± 3.3%), consistent with the CreOFF design 

effectively excluding Cre-positive cells. Conversely, among 

GCaMP6m-expressing neurons, the vast majority were Cre- 

negative (86.7 ± 5.1%), indicating that these labeled neurons 

predominantly lack Cre expression. This low degree of overlap 

is consistent with previous work using a similar intersectional 

viral strategy.31 While this analysis is based on a limited number 

of animals (n = 2 mice) and sections primarily sampled from the 

anterior CLA (anteroposterior [AP] +0.9–1.4 mm) and thus may 

not fully capture variability across the rostro-caudal extent of 

the CLA, these results nonetheless provide validation that our 

intersectional viral strategy selectively targets VGLUT2-negative 

neurons projecting to the mPFC.

To prove that the labeled neurons were located inside the CLA, 

sections were stained with anti-parvalbumin (PV) antibody, 

which labels the PV-rich CLA core (Figure 1C).26,32–34 To validate 

their anatomical localization, we performed a systematic spatial 

registration analysis by defining the centroid of the PV-dense 

CLA core in each section and mapping the positions of labeled 

neurons relative to this reference (Figures S1E and S1F). 

VGLUT2-positive neurons were clustered around the PV-core 

centroid, whereas VGLUT2-negative neurons were distributed 

ventrally and medially relative to this core. Importantly, while 

VGLUT2-negative neurons extended beyond the PV-defined 

core, their distribution remained within the CLA shell region, 

defined in previous work as the collective spatial extent of CLA 

neurons labeled via projections to multiple cortical areas.34,35

Collectively, these results demonstrate that mPFC-projecting 

VGLUT2-negative neurons reside within the CLA (hereafter 

termed ‘‘VGLUT2-negative CLA-mPFC’’ neurons).

3D quantification of the cell-type-specific projections: 

VGLUT2-positive and VGLUT2-negative claustral 

neurons

CLA neurons are known for their broad projection patterns, typi

cally innervating a wide range of distinct regions.5,34,36 To inves

tigate the anatomical connections and specific projection 

targets of VGLUT2-negative CLA-mPFC neurons, as well as to 

quantify their axonal projections across various brain regions, 

histological images were analyzed using the QUINT pipeline, a 

workflow for atlas-registered brain-wide quantification and map

ping of rodent brain microscopy data.34,37 3D imaging showed 

that VGLUT2-negative CLA-mPFC neurons prominently project 

to regions within the mPFC, including the anterior cingulate 

and prelimbic cortices (Figures S1G and S1H). These findings 

underscore the existence of a strong anatomical connection be

tween VGLUT2-negative CLA neurons and the mPFC. This 

projection pattern also suggests a role for VGLUT2-negative 

CLA-mPFC neurons in influencing mPFC function, potentially 

serving as an anatomical substrate for claustral contributions 

to higher cognitive processes mediated by the mPFC.

To compare the projection patterns of VGLUT2-positive and 

VGLUT2-negative CLA-mPFC neurons, we examined brain sec

tions with labeled VGLUT2-positive claustral neurons projecting 

to the mPFC (termed ‘‘VGLUT2-positive CLA-mPFC’’ neurons) 

or with labeled VGLUT2-negative CLA-mPFC neurons 

(Figures 1D and 1E). To label VGLUT2-positive CLA-mPFC 

neurons, we used a strategy similar to that used for labeling 

VGLUT2-negative CLA-mPFC neurons, except that AAV- 

CreON/FlpON-oScarlet was injected into the CLA rather than 

AAV-CreOFF/FlpON (Figure 1A). VGLUT2-negative CLA-mPFC 

neurons most densely projected to the mPFC, while also projec

ting to other regions, including the motor, gustatory, dorsal 

peduncular, and agranular insular areas (Figure S1H). VGLUT2- 

positive CLA-mPFC neurons showed a broadly similar projection 

pattern (Figure S1H). Overall, the brain-wide connectivity profiles 

of these cell types were largely comparable.

Differential projection patterns to the mPFC layers

We next compared their projections within the mPFC. VGLUT2- 

negative CLA-mPFC neurons exhibited a notable preference for 

deeper layers, specifically targeting layer 6 (L6) more extensively 

than VGLUT2-positive CLA-mPFC neurons (Figures 1D and 1E). 

A line scan analysis (STAR Methods) revealed significant differ

ences in fiber density across mPFC layers between these cell 

types (p = 4.7 × 10− 9; layer × cell-type interaction with two- 

way mixed-effects ANOVA). Notably, VGLUT2-negative CLA- 

mPFC axons were denser in L6 compared both to other mPFC 

layers and to the axons of VGLUT2-positive CLA-mPFC neurons 

across all layers (Figure 1F; p < 0.01, post hoc Tukey’s honestly 

significant difference test). In addition, VGLUT2-negative CLA- 

mPFC axons were sparser than VGLUT2-positive CLA-mPFC 

axons in L2/3 (p = 7.0 × 10− 5).

Activity of VGLUT2-negative neurons during spatial WM

We showed that VGLUT2-negative CLA-mPFC neurons prefer

entially target layer 6 while only sparsely innervating L2/3 of the 

mPFC. L6 is primarily an output layer, characterized by promi

nent corticothalamic projections.38,39 A study in the visual cortex 

has shown that L6 neurons can modulate the gain of activity in 

upper-layer neurons through intracortical and corticothalamic 

projections.40 While these findings are limited to the visual cor

tex, by analogy, CLA inputs to L6 may similarly influence 

mPFC circuits, suggesting a potentially unique and significant 

role in modulating prefrontal activity. To explore their behavioral 

relevance, we used GCaMP6m to detect the activity of these 

neurons during a working memory (WM) task. To express 

GCaMP6m in VGLUT2-negative CLA-mPFC neurons, we modi

fied the viral strategy used above by employing AAV-CreOFF/ 

FlpON-GCaMP6m (Figure 2A). Optical fibers were further 

(D and E) Histological images of the mPFC showing the distribution of the axonal projection of CLA VGLUT2-negative (VGLUT2− ) projection neurons (D) and CLA 

VGLUT2-positive (VGLUT2+) projection neurons (E). 

(F) The mean percentages of fiber density across each neuronal layer in the mPFC (n = 9 sections, 3 mice for VGLUT2-negative; n = 6 sections, 2 mice for VGLUT2- 

positive). *p < 0.0001; two-way mixed-effects ANOVA with post hoc Tukey’s honestly significant difference test. 

See also Figure S1.
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implanted in the CLA (Figure 2B), enabling measurement of pop

ulation-level activity of VGLUT2-negative CLA-mPFC neurons.

After the implantation, mice were trained for a delayed non- 

match-to-sample spatial task (Figures 2C, S2A, and S2B). In 

each trial, mice were first forced to enter a randomly assigned 

open arm to obtain food reward (sample period) and then 

returned to the start zone (transition period). The delay period 

began upon re-entry into the start zone, during which the gate 

was closed for 10 s and persisted until the mice exited the start 

zone, requiring them to maintain the sampled spatial location in 

WM. Upon gate opening, mice were required to choose the 

opposite arm to receive a food reward (decision period). After 
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Figure 2. Measurement of activity of VGLUT2-negative CLA-mPFC neurons during a T-maze task via fiber photometry 

(A) Injection schematics to target VGLUT2-negative CLA-mPFC neurons with GCaMP6m. Retro-Flp was injected into the mPFC, followed by the GCaMP6m 

injection into the CLA. 

(B) Histological images of CreOFF/FlpON GCaMP6m-labeled VGLUT2-negative CLA-mPFC neurons with an implanted fiber optic for fiber photometry. 

(C) Schematic of the automated T-maze setup, illustrating the distinct periods of the task: sample (pink), transition (white), delay (green), and decision (blue). 

(D) Z scored GCaMP6m fluorescence traces from two example trials, with task phases color-coded as in (C). 

(E) Time course of trial-averaged neuronal activity across all mice (n = 9 mice, 335 correct trials). Gray shaded area, mean ± SEM. Insets above each region of the 

T-maze illustrate how the mice progress through each phase of the T-maze task. 

(F) Mean activity for each phase averaged across animals (n = 9 mice). Activity was Z scored relative to the sample period in each trial. *p < 0.0005 and **p < 10− 17; 

one-way mixed-effects ANOVA with Bonferroni-corrected post hoc test. NS (non-significant), p = 0.25, †p < 10− 4, and ††p < 10− 11; comparison with zero (sample 

activity). Gray points, individual mice. 

(G and H) Time course of trial-averaged neuronal activity during the delay period, separated by trial outcome (correct vs. error; G) and by the spatial relationship 

between the sample location and the recording hemisphere (contra vs. ipsi; H). n = 335 correct trials, 33 error trials. 

See also Figure S2.
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Figure 3. Photoinhibition of VGLUT2-negative CLA-mPFC neurons during a T-maze task 

(A) Injection schematics targeting VGLUT2-negative CLA-mPFC neurons with iC++. Retro-Flp was injected into the mPFC, and CreOFF/FlpON iC++ was injected 

into the CLA region of VGLUT2-Cre mice. 

(B) Histological images of CreOFF/FlpON iC++-expressing VGLUT2-negative CLA-mPFC neurons and the implanted fiber optic. 

(legend continued on next page) 
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meeting the performance criterion (≥80% accuracy in two 

consecutive sessions), GCaMP6m fluorescence was recorded. 

As illustrated by the representative ΔF/F traces (Figure 2D), the 

activity of GCaMP6m-expressing neurons changed during differ

ent periods. Responses averaged across trials were temporally 

resampled to the median duration of each task period across tri

als, enabling comparison of activity across trials despite vari

ability in period length (Figure 2E; STAR Methods).41 For the 

delay period, although the gate was closed for 10 s, the median 

duration exceeded this due to variability in when mice exited the 

start zone (Figure 2E). During the sample period, activity was low 

but gradually increased during the subsequent transition period, 

peaking in the delay period before returning to low levels during 

the decision period. Activity during the delay period was signifi

cantly elevated compared with other task periods (p < 0.0005, 

one-way mixed-effects ANOVA with Bonferroni test; Figure 2F). 

This activity modulation across task periods provides compelling 

evidence for period-specific engagement of VGLUT2-negative 

CLA-mPFC neurons in WM processing. In addition to this 

period-specific modulation, there were transient peaks in activity 

just before and during task-period boundaries (Figure 2E): for all 

boundaries examined (sample-to-transition, transition-to-delay, 

and delay-to-decision), activity in the boundary center (− 2 

to +2 s) was significantly higher than in both pre- (− 6 to − 2 s) 

and post-boundary (+2 to +6 s) windows (p < 0.001; Bonferroni 

test following repeated-measures ANOVA), potentially reflecting 

anticipatory attention to salient events such as gate openings 

associated with transitions between periods.

We next examined whether neuronal activity differed between 

correct and error trials and whether activity was influenced by 

laterality, i.e., the recording hemisphere relative to the sample 

location. Delay-period activity was significantly modulated by 

trial outcome (p = 0.037; two-way ANOVA with Trial Outcome 

and Laterality), with higher activity in correct compared with error 

trials (p = 0.039, Wilcoxon signed-rank test; Figure 2G). Howev

er, there was no significant effect of laterality (contra vs. ipsilat

eral; p = 0.076, two-way ANOVA; Figure 2H) nor a significant 

interaction between trial outcome and laterality (p = 0.095, 

two-way ANOVA). These results suggest that the delay activity 

of VGLUT2-negative CLA-mPFC neurons reflects WM retention 

success.

One potential confounding factor is that mobility differed 

across trial periods, which could have influenced neural activity. 

Video analysis revealed that movement speed was significantly 

modulated by the task period (p = 7.4 × 10⁻⁶, one-way repeated 

ANOVA; Figure S2C). During the sample period, when the mice 

consumed the food reward, the movement speed was minimal. 

During the transition period, when the mice returned to the start 

zone, the speed was highest. During the subsequent delay 

period, the speed was slower than the transition period and com

parable to the decision period. These results are consistent with 

the literature showing that animals generally reduce locomotor 

activity during delay periods of spatial WM tasks but are not 

completely immobile.41–43 To disentangle the contributions of 

task-related and behavioral variables, we modeled the neural ac

tivity of each session using a general linear model (GLM) that 

included multiple regressors capturing distinct aspects of task 

structure and behavior: task phase (sample, transition, delay, 

and decision periods), choice (left or right), trial outcome (correct 

or error), reward expectation, running direction (outbound or in

bound), speed, and acceleration (Figure S2D; STAR Methods). 

Notably, task phase emerged as the dominant contributor to 

neural activity (Figure S2E), with a significant effect observed in 

95% of imaging sessions (Figure S2F) even after the model ac

counted for movement-related factors such as running direction 

and kinematics. These results indicate that modulation by task 

phase was the primary driver of activity in VGLUT2-negative 

CLA-mPFC neurons and that this activity cannot be explained 

by movement alone.

Causal role of VGLUT2-negative neurons in WM

Because VGLUT2-negative CLA-mPFC neurons are active 

during the delay period and their activity is associated with 

successful WM retention, we next determined whether these 

neurons causally contribute to WM performance. We selecti

vely photoinhibited them by activating iC++, an anion- 

conducting channelrhodopsin, with blue light.44 Following injec

tion of iC++-expressing virus into both hemispheres (Figure 3A), 

optical fibers were bilaterally implanted to deliver blue light 

(Figure 3B).

Bilateral photoinhibition during the delay period drastically 

reduced behavioral performance to nearly chance levels 

(Figure 3C; p = 0.031, Wilcoxon signed-rank test). This impair

ment was consistently observed regardless of whether the 

sample location was on the left or right (Figure 3G; p = 0.031). 

Photoinhibition during the delay period tended to shorten reac

tion times but not significantly (median: 1.59 s vs. 1.40 s for laser 

OFF vs. ON; p = 0.063). To assess whether the observed 

(C and D) Mean correct performance across all sessions (C) and across consecutive 10-day sessions (D) during laser ON and OFF conditions targeting the delay 

period in iC++-injected mice (n = 6). Gray lines, individual mice. *p = 0.031, Wilcoxon signed-rank test (C). Error bars, mean ± SEM across mice. **p = 0.0059; main 

effect of photoinhibition in two-way mixed-effects ANOVA: photoinhibition × session (D). There was no significant effect of session (p = 0.15) or interaction (p = 

0.12). 

(E and F) Same as (C) and (D) but in control mice (n = 6). NS, p > 0.50; Wilcoxon signed-rank test (E). There were no significant effects of photoinhibition, session, or 

their interaction (p = 0.14, 0.17, and 0.097; two-way mixed-effects ANOVA) (F). 

(G) Mean correct rate in iC++-injected and control mice, separated by left and right sample trials. *p = 0.031, NS, p > 0.50; Wilcoxon signed-rank test. 

(H and I) Same as (C) and (D) but when photoinhibition was applied during the decision period in iC++-injected mice (n = 6). *p = 0.031, Wilcoxon signed-rank test 

(H). *p = 0.011, main effect of photoinhibition, two-way mixed-effects ANOVA (I). There was no significant effect of session (p = 0.94) or interaction (p = 0.46). 

(J and K) Same as (H) and (I) but when photoinhibition was applied during the sample and transition periods in iC++-injected mice (n = 6). NS, p = 0.22; Wilcoxon 

signed-rank test (J). There were no significant effects of photoinhibition, session, or their interaction (p = 0.15, 0.82, and 0.71) (K). 

(L and M) Same as (H) and (I) but in control mice (n = 6). NS, p = 0.13; Wilcoxon signed-rank test (L). There were no significant effects of photoinhibition, session, or 

their interaction (p = 0.28, 0.83, and 0.55; two-way mixed-effects ANOVA) (M). 

(N and O) Same as (J) and (K) but in control mice (n = 6). NS, p = 0.66; Wilcoxon signed-rank test (N). There were no significant effects of photoinhibition, session, 

or their interaction (p = 0.90, 0.33, and 0.62) (O).
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impairment was attributed to altered mobility, we examined 

movement speed during the delay period. However, neither 

mean nor maximum speed differed significantly by photoinhibi

tion (p = 0.16 and 0.31), suggesting that photoinhibition did not 

affect overall motor activity.

To assess potential non-specific laser effects, we also con

ducted experiments in control mice in which VGLUT2-negative 

CLA-mPFC neurons expressed GCaMP6m instead of iC++. In 

these control mice, laser illumination did not affect WM perfor

mance (Figure 3E; p = 0.63), demonstrating that the reduced per

formance of mice expressing iC++ was a specific consequence 

of photoinhibiting VGLUT2-negative CLA-mPFC neurons.

To confirm the reliability of photoinhibition effects across days, 

we examined task performance over daily sessions (each 

comprising 10 trials). In iC++-injected mice, performance during 

laser-ON trials was consistently lower across daily sessions 

(Figure 3D). Performance was significantly affected by the pho

toinhibition factor (p = 0.0059, two-way mixed-effects ANOVA) 

but not session (p = 0.15) or their interaction (p = 0.12). These 

indicate that photoinhibition reduced performance consistently 

across sessions. Conversely, illumination in control mice consis

tently yielded high performance across sessions (Figure 3F). 

There was no significant effect of illumination, session, or their 

interaction.

Next, to determine whether the photoinhibition effect depends 

on the task period, we photoinhibited VGLUT2-negative CLA- 

mPFC neurons during two other periods: (1) the decision 

period and (2) the sample and transition periods. Photoinhibition 

during the decision period significantly improved performance 

(Figure 3H; p = 0.031, Wilcoxon signed-rank test), whereas inhi

bition during the sample and transition periods had no effect 

(Figure 3J; p = 0.22). Across 10 sessions, performance was 

consistently higher in laser-ON trials than laser-OFF trials during 

decision-period photoinhibition (Figure 3I; main effect of 

photoinhibition, p = 0.011), with no effects of session or their 

interaction. By contrast, for photoinhibition during the sample 

and transition periods, there were no significant effects of photo

inhibition, session, or their interaction (Figure 3K). No effects 

were observed in control mice during any period (Figures 3L– 

3O), indicating that the improvement during the decision period 

in iC++-expressing mice is not due to non-specific effects.

Overall, these results indicate that the activity of VGLUT2- 

negative CLA-mPFC neurons is essential for WM retention dur

ing the delay period but may be dispensable or even disruptive 

during decision period.

DISCUSSION

We have examined the function of a previously unexplored pop

ulation of VGLUT2-negative neurons within the CLA that project 

to the mPFC, distinct from the well-characterized VGLUT2-pos

itive neurons. We identified (1) the anatomical projection patterns 

of these neurons, (2) their activity during spatial WM, and (3) their 

necessity for WM, as revealed by optogenetic photoinhibition. 

These findings establish VGLUT2-negative CLA-mPFC projec

tions as a critical component of WM circuits.

The CLA has previously been implicated in memory pro

cesses, particularly episodic memory.6,13,17–19,21–23 Our study, 

however, focuses on WM, which is a form of memory that is 

distinct from episodic memory. While recent work has begun 

to implicate the CLA in WM,20,22 the circuit mechanisms under

lying this role remain largely unknown. By demonstrating that 

VGLUT2-negative CLA-mPFC neurons are selectively engaged 

during the delay period and are necessary for WM performance, 

our findings complement and extend prior studies, providing 

pathway-specific insight into how the CLA contributes to WM 

maintenance.

VGLUT2-negative CLA-mPFC neurons were primarily local

ized in the CLA shell, ventral to the PV-rich core, in contrast to 

VGLUT2-positive neurons, which are more dorsally distributed 

around the core.45,46 While the molecular identity of these 

VGLUT2-negative neurons remains to be fully characterized, 

they likely include Gng2-expressing neurons, which project 

to the mPFC25 and are located in the ventral CLA.47–49 Other 

candidates include VGLUT1-positive50 or Gnb4-positive 

neurons,5,10,11,25,33,51 both of which are additional claustral 

projection populations.

Although both VGLUT2-positive and VGLUT2-negative 

neurons project to the mPFC, they appear to have different 

functions. Our findings indicate that VGLUT2-negative neurons 

preferentially target deeper layers, with higher axonal density in 

L6. This laminar specificity may underlie functional differences 

between the two projection types. The deeper layers of the 

mPFC house interneurons critical for cognitive processes, 

particularly the regulation of feedforward inhibition.24,52 Notably, 

CLA projections preferentially activate PV-expressing and neu

ropeptide Y (NPY)-expressing interneurons in the mPFC, with 

NPY interneurons playing a key role in feedforward inhibition.24

Given the dense VGLUT2-negative projections to L6, their pho

toinhibition likely disrupts this inhibitory balance, thereby altering 

mPFC activity and impairing WM maintenance.

Research in the visual cortex has revealed that L6 neurons 

modulate the gain of visually evoked activity in upper-layer neu

rons without changing their tuning to orientation.40 L6 is recog

nized as a hub integrating inputs from multiple brain regions to 

regulate cortical processing.38,39 It should be noted that these 

studies are limited to the visual cortex, and direct evidence is 

currently lacking for the mPFC. Nevertheless, by analogy, similar 

mechanisms may exist in the mPFC, suggesting that VGLUT2- 

negative projection neurons could potentially contribute to gain 

modulation within prefrontal circuits.

VGLUT2-negative CLA-mPFC neurons were most active dur

ing the delay period of the spatial WM task. This elevated activity 

likely reflects a role in supporting or stabilizing cognitive pro

cesses that sustain WM, rather than directly encoding or driving 

decision-related processes. Their intermediate activity during 

the transition period may represent a functional bridge between 

encoding and maintenance, consistent with the notion that WM 

retention begins to emerge even before the formal onset of 

the delay period. Crucially, this activity was stronger in correct 

trials than error trials, reinforcing its role in successful WM 

maintenance.

It is important to consider what the animal is doing during the 

delay period. In our task, mice remained alert and occasionally 

mobile, making head turns or postural adjustments, rather than 

entering a state of complete immobility. Video analyses 

confirmed that locomotor speed was significantly modulated 

across trial epochs, with delay-period mobility reduced relative 
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to the transition period but not absent. These results are consis

tent with previous findings that rodents generally reduce loco

motion during delay phases of spatial WM tasks but are not 

entirely quiescent.41–43 This behavioral profile could be linked 

to a shift from externally oriented sensory engagement to inter

nally generated mnemonic activity, supported by reduced 

acetylcholine tone and the emergence of hippocampal sharp- 

wave ripples.42 The elevated delay-period activity of VGLUT2- 

negative CLA-mPFC neurons may therefore reflect a contribu

tion to sustaining or coordinating these internally organized 

states of memory maintenance, rather than processing external 

sensory stimuli.

No laterality bias in this activity was observed during the delay 

period, in contrast to the contralateral bias typically seen in fron

toparietal areas,53–55 suggesting that these neurons may 

contribute more broadly to WM retention rather than represent

ing spatial content per se. This could be attributed to the exten

sive reciprocal connectivity of the CLA with sensory, motor, and 

association areas,2,36,56 facilitating bilateral integration. Alterna

tively, population-level fiber photometry measurements may 

mask subtle lateralization of individual CLA neurons. Future 

studies using single-neuron resolution will be valuable for uncov

ering potential heterogeneity and functional specialization within 

this population.

To directly test the role of VGLUT2-negative CLA-mPFC activ

ity in WM performance, we employed optogenetic photoinhibi

tion during task performance. Remarkably, photoinhibition of 

VGLUT2-negative CLA-mPFC neurons during the delay period 

severely reduced performance, whereas photoinhibition during 

the decision period produced a modest improvement. These 

findings suggest that while VGLUT2-negative CLA-mPFC neu

rons are critical for WM retention during the delay, their activity 

may be nonessential or even detrimental during decision-mak

ing, consistent with their low activity in this period (Figures 2E 

and 2F). These findings point to a dynamic, task-period-specific 

contribution of VGLUT2-negative CLA-mPFC neurons to WM. 

While the activity of these neurons is critical for maintaining infor

mation during the delay period, it may need to be suppressed or 

disengaged during the decision period to optimize behavioral 

output. Such temporal specialization highlights the importance 

of coordinated CLA-mPFC circuit dynamics across distinct 

task phases in supporting effective WM processing. Compara

ble task-phase specificity has been observed in other WM- 

related circuits. For example, the mediodorsal thalamus (MD), 

which shares reciprocal connectivity with the mPFC, plays a 

causal role in sustaining mPFC activity during the delay period. 

Inhibition of MD-to-mPFC projections during the delay, but not 

during sample or decision periods, disrupted delay-period 

spiking in mPFC neurons and impaired WM performance, while 

activating MD enhanced it.57 Conversely, inhibiting mPFC-to- 

MD projections impaired performance during the decision 

period, highlighting the bidirectional yet temporally distinct func

tions of this circuit. By contrast, hippocampal inputs to the mPFC 

are essential during the sample period but are not required dur

ing the delay or decision periods.58 Although recordings from 

MD-projecting and hippocampus-projecting neurons were not 

obtained in these studies, they collectively suggest a division 

of labor across circuits subserving distinct WM components. In 

this context, our findings indicate that the VGLUT2-negative 

CLA-mPFC pathway may represent a complementary modula

tory system, supporting delay-period maintenance while 

contributing differently—or even oppositely—during decision- 

making. This raises the possibility that the CLA helps fine-tune 

prefrontal computations in a task-phase-specific manner, in co

ordination with other WM-related circuits such as the MD and 

hippocampus. Previous studies have shown that excitotoxic le

sions of the CLA impair spatial WM59 and that inhibiting VGLUT2- 

positive neurons within the CLA disrupts WM performance in de

layed non-match-to-sample paradigms.20 By examining a 

distinct population—VGLUT2-negative CLA-mPFC neurons— 

we extend these prior findings by uncovering a novel circuit 

essential for WM. Future studies will be needed to determine 

whether distinct, cell-type-specific CLA-mPFC pathways sup

port different aspects of cognitive function.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Primary rabbit anti-parvalbumin (PV) antibody Swant Cat# PV27; RRID: AB_2631173

Primary rabbit anti-Cre recombinase antibody Abcam Cat# ab190177; RRID: AB_2860024

Goat anti-rabbit IgG secondary antibody Thermo Fisher Scientific Cat# A11008; RRID: AB_143165

Bacterial and virus strains

AAVrg-EF1a-Flpo Addgene 55637-AAVrg

AAV8-Ef1a-Coff/Fon-oScarlet Addgene 137138-AAV8

AAV8-Ef1a-Con/Fon-oScarlet Addgene 137136-AAV8

AAV8-Ef1a-Coff/Fon-GCaMP6M Addgene 137121-AAV8

AAV8-nEF-Coff/Fon-iC++-EYFP Addgene 137157-AAV8

Chemicals, peptides, and recombinant proteins

C&B metabond Parkell Cat# S380

Fluoroshield™ with DAPI Sigma-Aldrich Cat# F6057

Polyvinyl alcohol mounting media Sigma-Aldrich Cat# SGA 10981

Paraformaldehyde Sigma-Aldrich Cat# 158127

Deposited data

Dataset and analysis code This paper https://doi.org/10.5281/zenodo.19755049

Experimental models: Organisms/strains

Vglut2-ires-Cre mouse: Slc17a6tm2(cre)Lowl/J The Jackson Laboratory RRID: IMSR_JAX:016963

Software and algorithms

MATLAB MathWorks SCR_001622

GraphPad Prism (v.9) Dotmatics https://www.graphpad.com/ 

scientific-software/prism/

Bonsai Bonsai Foundation https://bonsai-rx.org/

Arduino IDE Arduino https://www.arduino.cc/

QUINT EBRAINS infrastructure https://quint-workflow.readthedocs.io/

ANY-maze video tracking software Stoelting Co. https://stoeltingco.com/Neuroscience/ANY-maze

ZEN Blue 3.1 acquisition software Carl Zeiss Microscopy GmbH https://www.zeiss.com/microscopy/en/ 

products/software.html

Other

Microinjector World Precision Instruments Micro 4

Stereotaxic frame David Kopf Instruments Model 900LS

Fiber-coupled LED (470 nm) Thorlabs M470F4

Fiber-coupled LED (405 nm) Thorlabs M405F3

Dichroic filter Thorlabs MD498

Emission filters Thorlabs FBH450-10, MF525-39

Photomultiplier tube (PMT) Photon Technology International Model 814

AC-AC Converter amplifier Soundtech Electronics AT-1000

Infrared (IR) video camera Stoelting Europe 60528

Multifunction I/O device National Instruments DAQ USB 6002

Optogenetics patch cables Thorlabs Cat# M82L005

DPSS blue laser Shanghai Laser & Optics Century Cat# BL473T3-100FC + ADR-700A
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All proposed animal procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of Nanyang Techno

logical University, Singapore (protocol#A19062, A24054). Experiments were performed in adult (2 to 3-month-old) wildtype C57BL/6 

mice or transgenic VGLUT2-ires-cre mice (Jackson Laboratories, Slc17a6tm2(cre)Lowl/J, stock number 016963). Both wildtype and 

VGLUT2-Cre mice were used to verify that the dual injection strategy targeted VGLUT2-negative projection neurons. Animals were 

housed on a 12-h dark/12-h light cycle (light on between 7:00 and 19:00) at around 21◦C and 62% humidity. All the experiments were 

carried out between 8:00 and 17:00.

METHOD DETAILS

Surgical procedures

Surgical procedures were performed to inject viruses for transgene expression in the brain and to implant optical fibers, enabling light 

delivery for fiber photometric measurement of neural activity or optogenetic control. Mice were anesthetized using 2% isoflurane and 

fitted onto the stereotaxic frame (David Kopf Instruments or RWD Life Science). Animals were maintained on 1.5% isoflurane and 

kept warm with a heating lamp throughout the surgery. The scalps were sterilized with iodine after shaving off the fur and mice 

were then injected with local anaesthetic, lidocaine at 0.1 mg per mouse. After five minutes, an incision was made along the midline 

of the scalp and retracted to allow access to the skull. The skull was aligned to ensure a level position both between lambda and 

bregma, as well as between the left and right side. The Allen Mouse Brain Atlas (2008) was used to derive the coordinates of target 

regions: mPFC (AP +1.40 mm, ML+/- 0.30 mm, DV-1.50 mm from the pia), CLAp (posterior claustrum; AP +0.84 mm, ML+/- 2.75 mm, 

DV-2.55 mm), CLAa (anterior claustrum; AP +1.15 mm, ML+/- 2.30 mm, DV-2.35 mm), and CLAa for optical fibers implant (AP 

+1.15 mm, ML+/- 2.30 mm, DV-2.30 mm). A craniotomy was performed above the cortex using a dental drill with a 0.5 mm tip. 

Next, each of the pulled pipettes was back-filled with mineral oil and loaded with one of the following viruses: Flippase (AAV Retro

grade 55637-AAVrg, 50–100 nL), oScarlet (pAAV-Ef1a-Coff/Fon-oScarlet, 50 nL), oScarlet (pAAV-Ef1a-Con/Fon-oScarlet, 50 nL), 

GCaMP6m (pAAV-Ef1a-Coff/Fon-GCaMP6m, 50 nL) and iC++ (pAAV-nEF-Coff/Fon-iC++-EYFP, 50 nL).

To label the projection neurons for histological analysis of brain-wide connectivity, VGLUT2-Cre mice were unilaterally injected in 

the medial prefrontal cortex (mPFC) with 100 nL of retrograde AAV8 virus encoding flippase (AAV Retrograde 55637-AAVrg). This 

virus enables the retrograde expression of flippase from the mPFC to its projection source regions. On the same side of the hemi

sphere, mice were injected in the claustrum (CLA) with 50 nL of AAV8 virus encoding for CreOFF/FlpON oScarlet (pAAV-Ef1a-Coff/ 

Fon-oScarlet) for labeling VGLUT2-negative projection neurons, or CreON/FlpON oScarlet (pAAV-Ef1a-Con/Fon-oScarlet) for label

ing VGLUT2-positive projection neurons. For comparison, wild-type mice were also injected with 100 nL of retrograde AAV8 virus 

encoding flippase in the mPFC and 50 nL of AAV8 virus encoding CreOFF/FlpON oScarlet in the CLA.

After demarcating the injection locations with a surgical marker, a craniotomy was made. The dura mater was gently removed to 

expose the pia. The glass pipettes were lowered to the pia and mice were unilaterally injected with the viruses through these boro

silicate glass pipettes using a microinjector (Micro 4, World Precision Instruments). The glass pipette remained in the mice for five 

minutes after each injection to allow sufficient time for the injected virus to properly diffuse into the targeted brain region and to pre

vent immediate backflow along the injection tract, thus facilitating a more efficient uptake of virus by the surrounding cells. After five 

minutes elapsed, the pipette was withdrawn at a very slow rate.

Thereafter, the scalp was sutured, and mice were transferred into a new cage for recovery from the surgery. Following surgery, 

mice were injected with the painkiller buprenorphine (0.1 mg/kg) and meloxicam (5 mg/kg), as well as an antibiotic baytril (12 mg/ 

kg) to facilitate recovery from surgery.

For fiber photometric calcium imaging, 100 nL of retrograde AAV8 encoding Flp recombinase was injected into the bilateral mPFC 

of VGLUT2-Cre mice. Additionally, 50 nL of AAV8 carrying a Cre-off/Flp-on GCaMP6m (pAAV-Ef1a-Coff/Fon-GCaMP6m) was deliv

ered to both anterior and posterior regions of the bilateral claustrum (CLA). Injection procedures were otherwise identical to those 

used for the AAV8-oScarlet virus described above. Mice were allowed to recover for two weeks before bilateral implantation of fiber 

optic cannulas. A second craniotomy was made at the same location, and surrounding tissue was cleared to expose the pia. The fiber 

optic implant was then lowered to the pia and fixed slightly dorsal to the injection site using screws and dental cement (C&B Metab

ond, Rayden).

For optogenetics experiments, VGLUT2-Cre mice underwent the injection of 100 nL retrograde AAV8 virus coding Flippase into the 

bilateral mPFC in combination with the injection of 50 nL AAV8 virus coding CreOFF/FlpON iC++ (pAAV-nEF-Coff/Fon-iC++-EYFP) in 

each of the posterior and anterior regions along the bilateral CLA. Except for the four-week recovery period between virus injection 

and fiber optic implantation, the procedure followed the same protocol used for preparing mice for fiber photometric calcium 

imaging.

Immunohistochemistry

The brains of the mice were histologically examined to validate the injection strategy, identify the location of VGLUT2-negative neu

rons, quantify and spatially analyze VGLUT2-negative and -positive projection neurons, and verify the accuracy of the viral injections 

and precise targeting of the CLA. For this purpose, mice were anesthetized with phenobarbital (200 mg/kg) two weeks post-injection. 

They were perfused transcardially with 50 mL of phosphate-buffered saline (PBS, 0.1 M, pH 7.4), followed by 50 mL of 4% 

ll
OPEN ACCESS

Current Biology 36, 1–11.e1–e6, June 8, 2026 e2 

Please cite this article in press as: Tan et al., Essential role of VGLUT2-negative claustro-prefrontal projections in working memory, Current Biology 

(2026), https://doi.org/10.1016/j.cub.2026.04.067

Report 



paraformaldehyde (PFA). For brain-wide connectivity analysis, brains were extracted and fixed in 4% PFA overnight, followed by 

a transfer to a cryoprotective 30% sucrose solution for an additional two days. The brains were then embedded in optimum cutting 

temperature compound (OCT compound, Sakura Finetek USA) for cryosectioning. Coronal sections of the brains spanning the 

anterior to posterior regions containing the CLA were cut into 40 μm thick slices using a cryostat (Leica CM1950, Leica Biosystems).

Every fifth section was used for immunostaining. These sections were washed with PBS-0.25% Triton X-100 (PBSTx) and incu

bated in 5% goat serum (blocking solution) for one hour at room temperature. Next, the blocking solution was removed, and the 

sections were incubated with either primary rabbit anti-parvalbumin (PV) antibody (1:1000, Swant, PV27) or primary rabbit 

anti-Cre antibody (1:100, Abcam, ab190177) overnight (48 hours) at 4◦C. The anti-PV antibody labels the PV-rich CLA core, providing 

general anatomical orientation and ensuring that the labeled neurons were located within the CLA. Afterward, the sections were 

washed with PBSTx and incubated with goat anti-rabbit IgG secondary antibody (1:500, Thermo Fisher Scientific, A11008) for 

four hours at room temperature. Sections were washed again with PBSTx before being incubated in DAPI for 20 minutes at room 

temperature. After a final wash, the sections were mounted onto glass slides with polyvinyl alcohol mounting media (Sigma-Aldrich, 

10981).

Behavior-measuring apparatus and training

Working memory (WM) was assessed through a T-maze behavioral assay, conducted in a custom-built automated T-maze. The 

T-maze behavioral experiments were run using Bonsai software and custom Arduino code to control the gates of the maze. The auto

mated T-maze featured sensor-gated control of the gates for the reward zones, return zone, and start zone (Figure S2A). Behavioral 

training began two weeks after mice underwent implantation surgery. Mice were first habituated to the T-maze for two days, during 

which they freely explored the maze with all gates open and rewards available in both arms’ reward zones. This was followed by a 

shaping epoch, where mice were required to visit the choice arms. Food rewards (20 mg pellets) were alternated between the arms in 

each trial, with the gate to the unrewarded arm remaining closed. After five days of shaping, mice proceeded to training sessions, 

which continued until they reached a performance criterion of 80% correct choices across two consecutive sessions. Each trial con

sisted of three phases: encoding, maintenance, and decision. During the encoding phase, mice were allowed to enter an open arm to 

obtain a reward, while the opposite arm’s gate remained closed. In the subsequent retrieval phase, they had to choose the arm oppo

site the one visited during the encoding phase. Initially, rewards alternated between the left and right arms, but later trials randomized 

the rewarded side, ensuring equal distribution across training and test sessions. Consecutive trials rewarding the same arm in the 

same direction were limited to a maximum of three. The maintenance phase began when mice returned to the start zone, where 

the gate remained closed for 10 seconds. This delay required the mice to retain the location of the previously rewarded arm in working 

memory. After the 10-second delay, the gate reopened, allowing the mice to enter the mid-arm. In the decision phase, both choice 

arms were opened, and the mice had to select the arm not visited during the encoding phase.

Fiber photometry

A custom-built fiber photometry apparatus was used for the experiments. Light at 470 nm from a fiber-coupled LED (M470F4, Thor

labs) was delivered to the 200 μm diameter optical fiber implant at a power of 0.4 mW. An isosbestic light channel at 405 nm (M405F3, 

Thorlabs) was interleaved (5 Hz) with the 470 nm signal to account for any motion-related artifacts in the recording. A dichroic mirror 

(MD498, Thorlabs) and two emission filters (FBH450-10 and MF525-39, both from Thorlabs) were used to isolate the signals of in

terest before they were transmitted through a photomultiplier tube (PMT; model 814, Photon Technology International) sampling 

at 200 Hz. The recorded signals were amplified (AT-1000, Soundtech Electronics) and relayed to a data acquisition board (DAQ 

USB 6002, National Instruments). Whole session recordings were deinterleaved to obtain the photometric signal using MATLAB, 

with an effective sampling rate of 5 Hz and time bins of 200 ms.

The mice were video-recorded at 30 Hz with an infrared (IR) video camera (60528, Stoelting Europe). A custom Arduino code was 

used to control the automatic T-maze setup. To ensure that the photometric signal recorded by the PMT was properly synchronized 

with the event timings from the video analysis, time stamps were generated during the T-maze behavioral task, for both 1) the video 

recording at 30 Hz and for 2) the signal recorded by the PMT. These time stamps were then compared with the event markers to 

enable accurate temporal alignment of the photometry signals with the behavioral events.

Optogenetics

470 nm light (1 mW, 30 Hz pulses) was delivered bilaterally to the CLA through a bifurcated optical fiber bundle (200 μm diameter, 0.50 

numerical aperture) connected to a DPSS laser (BL473T3-100FC, Shanghai Laser).60,61 This light was used to activate the iC++ 

opsin, thereby photoinhibiting the VGLUT2-negative neurons in the CLA projecting to the mPFC. The ANY-maze software (Stoelting 

Co., USA) was used to track the position of the mice throughout the maze. The 470 nm light was delivered randomly in 30% of the 

trials within each daily session of 10 trials. For photoinhibition during the sample and transition periods, light delivery began when 

the mice entered the open sample arm (Event 4; see Figure S2 and ‘Behavioral analysis’ below) and ended when they returned to 

the starting zone (Event 6). For photoinhibition during the delay period, light delivery started when the mice re-entered the starting 

zone (Event 6) and continued until they exited it (Event 7). For photoinhibition during the decision period, light delivery was initiated 

when the mice entered the mid-arm by leaving the starting zone (Event 7) and ended when they entered the return arm by leaving the 

reward zone (Event 10). Each photoinhibition condition was tested across 10 sessions, with different task-period photoinhibitions 

performed in separate daily sessions.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Image acquisition and processing

To visualize the axonal innervations of mPFC-projecting CLA neurons in fixed brains, the axons and cell bodies of these neurons were 

detected and quantified using methods previously described.62,63 To localize the mPFC-projecting VGLUT2-negative neurons rela

tive to the PV-rich core in the CLA, fluorescence from oScarlet, PV, and DAPI was examined under a 20X objective on a confocal 

microscope (Zeiss LSM 800). Fluorescent images were also acquired using a 20X objective on a slide scanner (ZEISS Axio Scan 

Z1, USA). To ensure accurate comparisons across sections, all images were captured with consistent light intensity, camera expo

sure time, and gain. The scanned images of the brain sections were stitched together using ZEN Blue 3.1 acquisition software (Carl 

Zeiss Microscopy GmbH). Background subtraction was applied to the stitched brain sections to correct for autofluorescence and 

enhance the definition of cell bodies and axons.

Atlas-based registration and quantification of axonal projections

For axonal projection density quantification, we used the QUINT workflow,34,37 which integrates imaging data with spatial registration 

for high-resolution analysis of projection patterns. Experimental sections were first registered to the Allen Mouse Brain Atlas64 using 

the QuickNII component. This step involved anchoring selected key sections by superimposing the reference atlas onto section im

ages, adjusting cutting angles through affine transformations, and then propagating spatial information across the entire image se

ries. Following atlas registration, fluorescence-labeled sections were segmented using the ilastik pixel classification workflow, which 

distinguished axonal labeling from background based on intensity, edge, and texture features. The segmented images were then 

processed with the Nutil Quantifier, which employs a recursive pixel-filling algorithm to detect objects and assign them to atlas- 

defined regions generated by QuickNII. Axonal projection density was quantified for each brain region as the proportion of axon- 

labeled pixels relative to the total number of pixels within that region. We then normalized these regional densities by the total axonal 

densities within each animal to account for inter-animal variability in fluorescence intensity.

Laminar boundary delineation in the mPFC

Fluorescent images were binarized and thresholded in ImageJ. We applied the FeatureJ Hessian filter (‘‘Largest eigenvalue of Hes

sian tensor,’’ ‘‘Absolute eigenvalue comparison,’’ smoothing scale = 0.5), converted the images to 8-bit, and used ImageJ’s default 

threshold to isolate axonal signals. The laminar boundaries were defined by aligning pia-to-white matter distances in our experi

mental images with the proportional layer ratios from the Allen Mouse Brain Atlas. This approach ensured that each cortical layer 

was scaled according to its relative thickness and position, as in the previous study.24 Axonal projection density within each layer 

was quantified as the percentage of total fiber density contained in that laminar region. This approach normalizes for differences 

in layer thickness and section area, enabling direct comparison across layers and subjects.

Spatial distribution analysis of mPFC-projecting CLA neurons

To define the anatomical distribution of retrogradely labeled mPFC-projecting neurons, we performed a systematic spatial registra

tion analysis relative to an established claustrum landmark. The parvalbumin (PV)-dense core was used as a reliable anatomical refer

ence for CLA.5,18,28,34,35,65 For each section, the centroid of the PV-dense CLA core was identified, and the positions of all labeled 

neurons were registered in a common coordinate framework relative to this centroid.35 Using these PV-core-centered coordinates, 

we computed two-dimensional cell density maps (cells per 30 × 30 μm2 bin) separately for VGLUT2-negative and VGLUT2-positive 

labeled populations, averaging across sections. To further quantify spatial biases, we calculated marginal distributions of cell density 

(cells/μm2) along the dorsoventral and mediolateral axes relative to the PV-core centroid. For each section, spatial distributions were 

smoothed using a Gaussian kernel (σ = 2 μm) prior to averaging across sections.

Behavioral analysis

Custom MATLAB code was used for the behavioral analysis, combining output from the video camera tracking of mouse behavior 

with the fiber photometric calcium measurements of neuronal activity. The behavior of the mice during the T-maze task was sepa

rated into the following events (Figures 2C and S2B):

Encoding phase:

(1) Start zone before the start of each trial (Start).

(2) Entry into the mid-arm (Mid) before arriving at the junction.

(3) Entry into the open sample arm (Arm, left or right), while the opposite arm remained gated.

(4) Entry into the Reward zone (Rew) to obtain food reward.

(5) Entry into the Return arm (Ret) leading back to the starting zone.

Maintenance phase:

(6) Re-entry back to the start zone (Start).
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Decision phase:

(7) Entry into the mid-arm again (Mid).

(8) Entry into the Left or Right Arm (Arm).

(9) Entry into the Reward zone (Rew).

(10) Entry into Return arm (Ret) to return to the start zone.

Events (4) and (5) correspond to the ’Sample’ and ’Transition’ periods, respectively, while Event (6) represents the ’Delay’ period, 

and Events (7) to (9) correspond to the ’Decision’ period. Fiber photometric signal analysis was carried out based on these event 

markers. These event markers were extracted from the video by using a custom-written Bonsai code. The video was analyzed frame 

by frame, tracking mice by comparing the contrast in intensity between the dark-colored mice and the white T-maze. Events were 

logged when mice entered the region of interest (ROI) for the different events. Reaction time was defined as the interval between entry 

into the mid-arm (Event 7) and entry into the left or right choice arm (Event 8) during the decision phase.

Fiber photometry calcium signal preprocessing

Raw fluorescent signals were resampled to 50 Hz and binned into 200 ms segments. The alternating GCaMP6m and isosbestic sig

nals were fitted and linearized using linear regression between the calcium-dependent signal (470 nm) and the isosbestic control 

signal (405 nm). This procedure also corrected for motion artifacts and photobleaching across both channels. The resulting fit served 

as the baseline for normalizing the calcium signal.

This interleaved signal could be separated into its two components, which could be differentiated by differences in their signal 

amplitude. The change in fluorescence over time (ΔF/F) was calculated using the formula: ΔF/F = ( F(t) – Fm ) / Fm, where F(t) rep

resents the fluorescence intensity at each time point, and Fm is the mean fluorescence intensity during the entire session.

To normalize fluorescence across mice and trials, signals were z-scored by subtracting the mean activity during the sample period 

of each trial and dividing the result by the standard deviation of that period. Because the duration of each task segment varied across 

trials, depending on when the mouse transitioned to the next segment in the T-maze, we temporally resampled the z-scored signals 

within each segment. Specifically, for each event segment, we resampled the signals to the median segment duration across trials, 

ensuring temporal alignment of the data for downstream analysis.41

General Linear Modeling (GLM) of fiber photometry signal

To assess how fiber photometry signals were influenced by task-related and behavioral variables, we modeled the neural activity of 

each session using a General Linear Model (GLM). Specifically, the fluorescence signal was expressed as a weighted linear combi

nation of multiple regressors (Figure S2D), similar to previous work.43 The model included variables capturing different aspects of the 

task and behavior: task phase (sample, transition, delay, and decision periods), choice (left or right trial), trial outcome (correct or 

error), reward expectation (assigned a value of 1 for positions with the left/right arms during the decision phase (i.e., Event 8), 0 other

wise), running direction (outbound or inbound), speed, and acceleration. Although speed and acceleration were entered as separate 

regressors, we jointly referred to their influence as ‘‘kinematics’’ by averaging the output parameters obtained from GLM. Modeling 

was performed on data from the entire task period of each trial, beginning with the sample period and ending at the decision period. 

For each imaging session, 80% of the time points were randomly selected to fit the model (using the ‘fitglm’ function in MATLAB). The 

remaining 20% of the data were held out for cross-validation. Model performance was evaluated by computing the squared Pearson 

correlation coefficient (r2) between the predicted and actual neural signals.

To quantify the individual contribution of each variable, we first fit a full model using all regressors. We then constructed reduced 

models by omitting each variable of interest from the model and calculated the reduction in model performance (Δr2) relative to the full 

model. This reduction (termed real Δr2) reflects the variance uniquely explained by the omitted variable. To evaluate statistical sig

nificance, we created shifted models by temporally misaligning each regressor, thereby disrupting its alignment with the neural data. 

For each shifted model, we again computed the Δr2 after removing the misaligned variable (random Δr2). This process was repeated 

1000 times per variable to generate a null distribution of Δr2 values expected by chance. A session was deemed significantly modu

lated by a variable if its real Δr2 exceeded the 95th percentile of the corresponding random Δr2 distribution.

To quantify the relative contribution of each predictor across imaging sessions, we calculated the percentage reduction in r2 after 

removing each variable from the full model (Figure S2E). Additionally, we computed the percentage of imaging sessions in which each 

variable significantly modulated neural activity (Figure S2F).

Statistical analysis

Statistical analyses are described in the main text and the figure legends. Statistical analyses were performed using MATLAB and 

GraphPad (GraphPad PRISM v.9). All statistical tests were two-sided unless otherwise stated. No statistical method was used to 

pre-determine sample sizes but our sample sizes are similar to those reported in previous publications.60,61,66

To determine whether VGLUT2-negative and VGLUT2-positive projection neurons differentially innervate cortical layers of the 

mPFC, we fit a linear mixed-effects model (‘fitlme’ in MATLAB). We then performed ANOVA (‘anova’ in MATLAB) to analyze axonal 

fiber density percentages across mPFC layers, with Layer (1, 2/3, 5, 6) and Cell Type (VGLUT2-negative, VGLUT2-positive) included 

as fixed effects, and histological sections treated as a random effect. This analysis served as a two-way mixed-effects ANOVA.
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For fiber photometry analysis, neural activity was z-scored relative to the sample period within each trial. A one-way mixed-effects 

ANOVA was conducted to compare activity across task periods (transition, delay, and decision periods), with task period as a fixed 

effect and trial and subject as random effects. To further examine whether neuronal activity was influenced by additional factors, we 

performed a two-way ANOVA with Laterality (contralateral vs. ipsilateral, relative to the recording hemisphere) and Trial Outcome 

(correct vs. error) as fixed factors.

In optogenetics experiments, the Wilcoxon signed-rank test was used to compare the performance between the laser stimulation 

and non-stimulation conditions across animals. To assess the consistency of the laser stimulation effect on task performance across 

sessions, we performed a two-way mixed-effects ANOVA with Photoinhibition (ON vs. OFF) and Session (sessions 1–10) as fixed 

factors, and Mouse (nested within group) as a random factor.
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