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SUMMARY

Critical periods are developmental windows that allow experience-dependent refinement of neuronal circuitry 

and function. While the consequences of sensory deprivation or alteration during the visual critical period have 

been well characterized, the impact of ethological experiences requiring active interaction with the sensory 

world is largely unexplored. Here, we use prey capture learning to assess structural and functional plasticity 

associated with visual learning in the primary visual cortex of critical-period mice. We show that prey capture 

learning supports improved temporal frequency discrimination and profoundly remodels visual circuitry by 

increasing spine turnover and moving spine density across the dendritic arbors of pyramidal neurons to 

new stable values. This widespread and persistent rewiring is absent in adults and supported by tumor necro

sis factor α (TNF-α)-dependent homeostatic plasticity that contributes to behavioral improvement. Etholog

ical critical period learning can thus co-opt homeostatic mechanisms to reset synaptic weight bounds to 

enable widespread synaptic remodeling to support improved visual function and behavior.

INTRODUCTION

During postnatal development, young mammals improve 

perceptual and motor skills by interacting with the world. While 

brains remain adaptable throughout life, in sensory and higher- 

association areas, experience-dependent plasticity is at its 

peak during ‘‘critical periods’’ (CPs)—short windows in postnatal 

development when neuronal circuitry is particularly susceptible 

to refinement by experience.1–3 In the visual system, CP plas

ticity is believed to adjust brain circuitry to match the visual world 

to improve active sensory processing and thus survival.1–3 How

ever, establishing a role for CP plasticity in visual system 

improvement has been hampered by the near-exclusive use of 

deprivation or overstimulation paradigms, which distort normal 

function by altering the development and/or maintenance of vi

sual receptive field (RF) properties,4–15 partly through changes 

in primary visual cortical (V1) circuitry.16–21 While these para

digms have been tremendously useful for defining the landscape 

of CP plasticity, they may provide limited insight into how etho

logical experiences requiring active interaction with the environ

ment tune visual circuitry during the CP to improve function. To 

address this gap, we use a vision-dependent behavior—prey 

capture learning—to ask whether naturalistic visual learning 

drives CP plasticity to improve function.

Learning is proposed to rewire brain circuitry throughout life to 

incorporate and stabilize behaviorally relevant connections to 

improve function and ensure optimal behavioral outcomes.22,23

In the adult cortex, this rewiring generally operates within the 

constraints of a globally stable network, where neuronal firing 

rates24–30 and the majority of dendritic spines31–35 are stable 

over long periods of time: while learning can rapidly increase 

spine formation, this is quickly balanced by the elimination of 

extraneous connections, thus adjusting connectivity with little 

sustained impact on spine density.36–39 Furthermore, the trade

off between spine number and size during Hebbian plasticity in 

the adult hippocampus suggests that total spine volume is 

conserved, possibly because the resources needed for spine 

maintenance are homeostatically limiting.40 Together, these 

findings suggest that adult cortical spine density is regulated 

around a stable setpoint, while spine turnover enables rewiring 

during learning through loss and gain of specific connec

tions.41–43 Intriguingly, prolonged exposure to enriched environ

ments (EEs) can enhance spine density and dynamics,44–47 but 

because this enhancement does not persist beyond return to 

standard housing,44 it is not clear whether enrichment can 

persistently modify synaptic setpoints or exactly which features 

drive these changes. We recently found that prey capture 

learning during the CP can reset firing rate setpoints in V1,48
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Figure 1. Efficient and persistent prey capture learning in CP mice depends on V1 

(A) Hunting arena with CP mouse and cricket (white circle) during cricket dispensation (left), pursuit (middle), and capture (right). 

(B) Experimental timeline of the prey capture learning paradigm. 

(C and F) Average time to capture (s) for each hunting (C) or mock (F) session (10 crickets). Here and below, light dots represent individual animal averages, and 

dark dots represent across-animal average (mean ± SEM). For (C)–(H), N = 8 mice (hunting) and 5 mice (mock). 

(D and G) Same as (C) and (F) but for average attack duration (s) for each hunting (D) or mock (G) session. 

(E and H) Average head speed (cm/s) centered on capture (t = 0 s) for all hunts during the first (day 1, light lines) and the last (day 6, dark lines) hunting (E) or mock 

(H) session. 

(I) Experimental timeline for DREADD-mediated V1 inhibition during prey capture learning. Inset: PV interneurons expressing excitatory DREADDs (labeled with 

mCherry). Scale bar, 50μm. 

(J) Left, representative images of V1 from PV-Cre− (top) or PV-Cre+ (bottom) mouse, labeled for cFos (green) and NeuN (white). Right, fraction of NeuN+ neurons 

that are also cFos+ in littermates with (Cre+) or without (Cre− ) V1 inhibition (mean ± SEM). Scale bar, 50 μm. For (I)–(N), N = 8 PV-Cre− mice and 6 PV-Cre+ mice. 

(legend continued on next page) 
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raising the possibility that homeostatic brakes on synapse den

sity might also be persistently modifiable by active vision-depen

dent learning during the visual system CP.

Prey capture learning is an ideal paradigm for probing learning- 

induced plasticity during the visual CP.49,50 Rodents are opportu

nistic predators in the wild,51 and this instinctive behavior is pre

sent in laboratory animals.49,50,52–54 While the predatory drive is 

innate, successful hunting is a skilled behavior that mice rapidly 

learn through practice.49,50,52–54 Importantly, prey capture is 

vision dependent,50 but although the contributions of different 

retinal and collicular cell types have been characterized,53,54 little 

is known about the mechanisms or locus of plasticity in either 

adult or CP mice. Here, we set out to determine whether active vi

sual learning can modify V1 circuitry to improve function and 

whether this is mediated through CP-specific plasticity.

We designed a prey capture learning paradigm in CP mice to 

investigate visual learning-induced functional and structural 

plasticity in binocular V1 (V1b), using in vivo two-photon spine 

or calcium imaging in awake, head-fixed mice and large-scale, 

high-resolution confocal microscopy. Comparing hunting with 

a ‘‘mock hunting’’ paradigm (akin to foraging) enabled us to 

differentiate between the effects of mild enrichment and active 

visual learning. We first demonstrated that hunting in CP mice, 

as for CP rats,48 relies on V1. We then assessed RF properties 

in V1b and found that prey capture learning enhanced the dis

criminability of visual stimuli moving at different speeds, to a de

gree directly correlated with hunting proficiency. Learning was 

accompanied by a persistent and dramatic increase in spine 

density and dynamics in L5 pyramidal neurons, with no parallel 

increase in inhibition, thereby effectively shifting V1b into a highly 

dynamic state centered around a new, elevated setpoint for 

spine density. Intriguingly, widefield cells of the superficial supe

rior colliculus (sSC) were also remodeled in a V1-independent 

manner, suggesting that hunting drives parallel changes in 

cortical and subcortical visual pathways. Finally, spine density 

in V1b was increased onto CP L2/3 and L5 pyramidal neurons 

but unaffected in adults, indicating that this plasticity is CP-spe

cific. Finally, blocking tumor necrosis factor α (TNF-α) signaling 

(which prevents homeostatic increases in synaptic strength in 

V155,56) after initial learning prevented both structural and func

tional correlates of learning and impaired the retention of hunting 

skills. Together, our results show that ethological learning during 

the CP profoundly remodels visual circuitry and function, im

proves vision-dependent behavior, and moves excitatory synap

tic setpoints to new, higher values.

RESULTS

Efficient prey capture learning in critical-period mice 

depends on V1

To investigate the plasticity mechanisms within V1b that mediate 

the acquisition and retention of hunting skills, we devised a hunt

ing paradigm comprised of the habituation of CP mice to the 

hunting arena for 2 days, followed by prey capture learning 

with one hunting session (10 live crickets) per day for three 

consecutive days, a 2-day break, and a final hunting session to 

assess skill retention (Figures 1A and 1B). Control (mock) ani

mals followed the exact same paradigm but received 10 immo

bilized crickets in ‘‘mock hunting’’ sessions, akin to foraging.

Consistent with previous results,49 hunting mice showed a 

rapid and dramatic decrease in the time from cricket release to 

capture (time to capture) that persisted until the last hunting ses

sion (Figures 1C and S1A; effect size for Figure 1C, day 6, calcu

lated as Hedge’ g: 1.1870; see Table S1 for statistical tests and 

effect sizes). Importantly, mice became faster at detecting 

crickets, initiating pursuit (latency to attack; Figure S1B), and 

capturing them (attack duration; Figure 1D [Hedge’s g, day 6: 

0.6943], S1C), indicating an improvement in hunting efficiency. 

Using DeepLabCut57 for finer behavioral analysis revealed that 

reduced time to capture was associated with a ∼50% speed in

crease during the final (successful) attack (Figure S1D) and a ter

minal speed burst as mice approach and grasp the cricket 

(Figure 1E).

Intriguingly, mock mice also captured immobilized crickets 

significantly faster over time, and the time course of improve

ment was strikingly similar to that of hunting mice (Figures 1F, 

1G, and S1E; Hedge’s g for day 6: [F] 2.1069, [G] 1.1825). While 

the average ‘‘attack’’ speed did not increase significantly 

(Figure S1F), mock animals also developed a final speed burst 

prior to cricket ‘‘capture’’ (Figure 1H). Hunting and mock mice 

had comparable average speeds during inter-cricket intervals, 

suggesting a similar exploratory behavior (Figure S1G), and 

captured and consumed the same number of crickets 

(Figure S1H). Finally, tail angle changed at cricket capture: tails 

were straight during pursuit, reminiscent of tail use by predators 

for stabilization and direction changes during pursuit,58 and 

curved (suggesting relaxation) at capture for both hunting and 

mock mice (Figures S1I and S1J). Taken together, these data 

show that hunting and mock mice are similarly motivated to 

explore the arena and search for food rewards. Our paradigm 

thus allows us to focus on changes driven by learning of a com

plex visuo-motor task in which mice must track and capture 

moving prey.

Prey capture learning is a complex sensorimotor task relying 

on several brain regions.59 To assess whether it requires V1, 

we chemogenetically inactivated V1 during learning by express

ing a cre-dependent excitatory designer receptor activated by 

designer drug (DREADD)60 bilaterally in V1b of parvalbumin 

(PV)-Cre mice, then administering the DREADD ligand clozapine 

N-oxide (CNO) 45 min before each hunting session to activate PV 

inhibitory neurons and silence V1 (Figure 1I). Quantification of 

cFos expression in V1 pyramidal neurons (using NeuN as a pyra

midal neuron marker61) at the end of the paradigm confirmed 

that this strategy efficiently silenced V1 in juvenile mice as it 

(K and L) Behavior from animals in (J). Average time to capture (K) or attack duration (L) (s). Data presented as mean ± SEM per genotype. Asterisks show 

statistical comparisons between genotypes per session. 

(M and N) Average attack duration (s) for each PV-Cre− (M) or PV-Cre+ (N) mouse on day 1 and day 6. 

*p < 0.05, **p < 0.01, and ***p < 0.001. For statistical tests, exact p values and effect sizes for all figures, see Table S1. 

See Figure S1.
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does in rats48 (Figure 1J). While Cre− animals showed a signifi

cant improvement in performance as expected (Figures 1K– 

1M, S1K, and S1M), the performance of Cre+ animals plateaued 

at a significantly worse level (Figure 1K) and was primarily driven 

by a decrease in latency to attack (Figures S1L and S1N), with no 

decrease in attack duration (Figure 1N). These results indicate 

that V1 contributes to prey capture learning in CP mice, raising 

the question of whether this learning drives plastic changes 

within the V1 microcircuit.

Prey capture learning improves speed discrimination

RF properties can be altered by sensory deprivation during the 

CP,9,10,14,15 but it is unclear whether they can be improved by vi

sual learning during this developmental window. Therefore, we 

investigated whether prey capture learning modifies RF tuning 

during the CP. Here and below, we focused on binocular V1 

(V1b), as adult mice are known to use binocular vision for hunt

ing.50,52,53 We expressed the calcium indicator GCaMP6s to la

bel V1b L2/3 neurons, ran them through our learning paradigm 

(Figure 2A), and then performed in vivo two-photon calcium im

aging in awake, head-fixed mice to assess common RF proper

ties using grating stimuli of varying directions, contrasts, and 

temporal or spatial frequencies (Figures 2A and 2B). We then 

calculated tuning curves for individual neurons and ran a nested 

analysis (see STAR Methods) to compare the distribution of all 

responses (weighted by animal) between hunting and 

mock mice.

Most RFs tested were not affected by hunting. We found no sig

nificant differences in contrast sensitivity (Figure S2B), direction 

selectivity (Figure 2C), orientation selectivity (Figure S2C), or 

ocular dominance index (Figure S2D). The preferred spatial fre

quency (Figure S2E) and low-pass index for spatial frequency 

(Figure 2D) were also unchanged. By contrast, temporal fre

quency (TF) selectivity was significantly improved by hunting 

(Figure 2E; Cohen’s d, − 0.5303). While the preferred TF was 

similar between hunting and mock mice (Figure S2F), fewer neu

rons in hunting mice acted as low-pass temporal filters 

(Figure 2E, cell 1), and more had sharp TF tuning (Figure 2E, cell 

2), as indicated by a drop in the TF low-pass index (Figure 2E, right 

panel). Behaviorally speaking, this suggests that prey capture 

learning leads to an improvement of the ability to discriminate be

tween visual stimuli moving at different speeds. If this improve

ment contributes to successful hunting, then better hunters 

should have better TF discrimination (i.e., a lower low-pass index). 

Indeed, there was a strong correlation between the TF low-pass 

index and improvement in performance (expressed as the ratio 

of time to cricket capture on day 6 and day 1; Figure 2F).

Prey capture learning induces a persistent increase in 

excitatory drive to L5 pyramidal dendrites

Whether learning ethologically relevant visual skills can drive 

structural changes in V1, either in CP or adults, is unknown. 

Since prey capture learning can modify response properties in 

V1b (Figure 2), we asked whether it also leads to morphological 

adaptations. To test this, we ran CP mice from the Thy1-YFP line 

H62 through our prey capture paradigm and perfused them after 

the first (day 1) or last (day 6) hunting session to capture changes 

associated with the acquisition or retention of learned skills 

(Figure 3A). We then performed large-scale, high-resolution im

aging and 3D reconstruction of yellow fluorescent protein 

(YFP)-expressing pyramidal neurons to quantify spine density 

changes (as a proxy for excitatory synapse number) (Figure 

3B; Video S1) and spine head diameter changes (correlated 

with postsynaptic strength) (Figure 3C)63,64 across the entire 

dendritic arbor.

In L5 pyramidal neurons, spine density was already signifi

cantly increased in hunting compared with mock on day 1. A cu

mulative distribution function (CDF) of spine density across den

drites was significantly shifted rightward (Figure 3D; probability 

of superiority (PS), 0.6110), and a nested analysis revealed a sig

nificant increase in spine density in hunting neurons (Figure 3E; 

Cohen’s d, 0.4170). By day 6, these changes were even more 

pronounced (Figures 3F and 3G; PS 0.6615, Cohen’s d 0.6624) 

and accompanied by an increase in spine head size driven by 

a higher proportion of larger spines, as shown in the population 

CDF and an analysis by quintiles (Figures S3A–S3E; Cohen’s 

d for top quintile, 0.5663). Prey capture learning thus increases 

total L5 spine volume (number and size). There was a similar in

crease in spine density, but not size, by day 6 in L2/3 pyramidal 

neurons, albeit with slower dynamics as no changes were 

apparent by day 1 (Figures S3F–S3K). These data suggest that 

prey capture learning-induced remodeling of V1b excitatory cir

cuitry is widespread across cortical layers.

The rightward shift in the spine density CDFs (Figures 3D and 

3F) suggests that this increase is widespread across the L5 py

ramidal dendritic arbor. Since L5 apical, oblique, and basal den

drites receive inputs from distinct sources,65,66 we analyzed 

these compartments separately (Figure 3B; see STAR 

Methods). We found an increase in spine density in apical and 

basal, but not oblique, dendrites from hunting mice 

Figure 2. Prey capture learning improves speed discrimination 

(A) Experimental timeline with in vivo imaging of RF properties in awake CP mice. 

(B) Representative image of GCaMP6s+ L2/3 neurons. Blue and pink arrowheads show cells 1 and 2 from (C)–(E). Scale bar, 100 μm. 

(C) Left, middle: example direction tuning curves. Right: nested analysis for direction selectivity (measured as 1-DirCirVar, see STAR Methods) at the best spatial 

frequency (SF). n = 2,210 cells from 8 mice (mock) and 819 cells from 6 mice (hunting). 

(D) Left, middle: example spatial tuning curves. Right: nested analysis for SF low-pass index (LPI, cycle per degree, cpd). n = 2,253 cells from 9 mice (mock) and 

764 cells from 6 mice (hunting). 

(E) Left, middle: example temporal tuning curves. Right: nested analysis for temporal frequency (TF) LPI (Hz). n = 1,686 cells from 9 mice (mock) and 628 cells from 

7 mice (hunting). 

(F) TF LPI as a function of time to capture on day 6 (as ratio of day 1). Red dots represent individual hunting animals (N = 8), the black line a simple linear regression 

fit, and the dotted lines the borders of the 95% confidence interval. 

*p < 0.05 

See Figure S2 and Table S1. Figures 2, 3, 4, 5, 6, and 8: in all nested analysis graphs, each column shows all units (dendrites, spines, or responsive GCaMP6s+ 

cells) for an animal or a neuron, with the random effects per animal or neuron shown in green and the group mean per condition shown as a gray bar.
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Figure 3. Prey capture learning induces a long-lasting increase in excitatory drive onto L5 pyramidal dendrites 

(A) Experimental timeline with perfusion or by mEPSC recording. 

(B) Representative images of an L5 pyramidal neuron (left) merged with its Imaris reconstructions (right), with apical, oblique, and basal compartments indicated. 

Scale bar, 100 μm. 

(C) Top: representative images of a dendrite (top), its filament tracing (middle), and the merged picture (bottom) in a mock (left) or hunting (right) mouse. Scale bar, 

5 μm. Bottom: magnification from the middle panel, white box. Scale bar, 1 μm. 

(legend continued on next page) 
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(Figures 3H, 3I, and 3K). As oblique dendrites receive direct feed

forward sensory input from the retinogeniculate pathway, while 

apical and basal trees receive recurrent and feedback connec

tions,65,66 these results strongly suggest that prey capture 

learning leads to a selective remodeling of feedback and recur

rent connections onto L5 pyramidal neurons.

If visual drive remodels V1b to improve behavior during learning, 

then inactivating V1 during learning should prevent this rewiring. 

To test this, we reconstructed L5 pyramidal neurons from animals 

in which V1 was inactivated during learning (Figure 1K) and 

compared spine density and size in Cre+ and Cre− hunting mice, 

relative to mock mice (PV-Cre × Thy1-YFP line H; Figure 3J). 

Consistent with our previous datasets, Cre− hunting mice had 

higher spine densities compared with mock mice. Strikingly, this 

increase was completely absent in Cre+ mice (Figure 3L), indi

cating that spine plasticity requires V1 activation during hunting.

To test whether this increase in spine density results in func

tional changes in synaptic input, we measured miniature excit

atory postsynaptic currents (mEPSCs) from Thy1+ V1b L5 pyra

midal neurons in acute slices prepared from hunting or mock 

mice (Figures 3M and S3L). Consistent with the widespread in

crease in spine density and more selective increase in spine 

head size, hunting mice showed a significantly higher mEPSC 

frequency (Figure 3N) and a correspondingly smaller inter-event 

interval (Figure 3O), with a small increase in mEPSC amplitude 

(significant only in the CDF, Figures S3M and S3N).

Taken together, these data show that prey capture learning in

duces a persistent and widespread increase in functional excita

tion onto L5 pyramidal neurons by enhanced long-range and 

local recurrent feedback connections.

Prey capture learning does not increase spine density 

onto L5 pyramidal neurons in adult hunters

Many forms of V1 plasticity are more pronounced during the CP 

than in adults,1 and the impact of visual perceptual training on 

structural plasticity in adult V1 is unclear, since it has been re

ported to either increase67 or decrease68 spine density. To deter

mine whether prey capture learning drives structural plasticity 

outside the CP, we ran young adult Thy1-YFP mice through 

our paradigm and quantified spine density on day 6 

(Figures 4A and 4B). Time to capture in adults improved at a 

similar rate to juveniles for hunting (Figures 4C and S4A) and 

mock (Figures 4D and 4E) conditions. In contrast to CP mice, 

we found no differences in spine density or size in L5 

(Figures 4F–4H and S4D) or L2/3 (Figures S4B, S4C, and S4E) 

pyramidal neurons between hunting and mock adult mice. These 

data strongly suggest that prey capture learning is mediated by 

distinct mechanisms in CP and adult mice.

Prey capture learning induces a V1-independent 

increase in spine density of widefield cells in the SC

In addition to V1 (Figure 1), subcortical visual pathways, especially 

the superficial SC,53,69,70 are also important for prey capture 

behavior. A subset of widefield vertical (WF) cells, which mediate 

long-range prey detection and approach,53 express YFP in Thy1- 

YFP mice. Since these are spiny neurons,71,72 we measured spine 

density and size in these neurons, which revealed a large increase 

in spine density with no change in spine head size (Figure S5).

Since WF cells receive direct input from V1 L5 pyramidal neu

rons,73 we wondered whether learning-dependent remodeling in 

sSC depends on activity in V1. To test this, we quantified WF 

spine density and size in PV-Cre x Thy1-YFP mice with V1 in

hibited (Figures 5A and 5B; see Figure 1I). We found that spine 

density increased to the same extent in mice with (Cre− ) and 

without (Cre+) V1 activity during hunting, indicating that V1 activ

ity is not necessary to drive structural plasticity in sSC WF cells 

(Figures 5C–5G). Taken together, these data suggest that prey 

capture learning drives parallel plastic changes in cortical and 

subcortical visual structures.

Perisomatic and total dendritic inhibition onto L5 

pyramidal neurons is unchanged in hunting mice

To investigate whether prey capture learning in CP mice drives 

structural changes in inhibition as well as excitation, we first 

examined PV-positive (PV+) interneuron contacts, which provide 

strong perisomatic inhibition onto pyramidal neurons.74,75 We 

labeled axonal PV+ interneuron boutons with Synaptotagmin 2 

(Syt2) in Thy1+ hunting and mock mice (Figure 6A76), performed 

3D reconstructions, and quantified the number and volume of 

Syt2+ boutons onto L5 pyramidal somata (Figures S6A–S6H). 

This revealed no significant change in CDFs of Syt2+ contact vol

ume or in contact number (Figures 6C, 6D, and S6I), indicating 

that prey capture learning has little impact on perisomatic inhibi

tion onto L5 pyramidal neurons.

PV interneurons also project onto other PV+ neurons.65 We 

thus investigated Syt2+ boutons onto PV+ somata in V1b L5 

(Figure 6B) and found larger Syt2+ contacts in hunting mice 

(Figures 6E and S6J). Since PV+ soma size (Figures S6K and 

S6L) and PV-PV contact number (Figure 6F) remained un

changed in hunting mice, our results suggest an enlargement 

of existing PV-PV inhibitory connections rather than the estab

lishment of new contacts.

(D and E) Cumulative distribution (D) or nested analysis (E) of spine density across all animals at day 1. n = 433 dendrites (mock) and 411 dendrites (hunting). (D–L) 

Each condition represents data from 6 neurons from 3–4 mice. 

(F and G) Cumulative distribution (F) or nested analysis (G) of spine density across all animals at day 6. n = 268 dendrites (mock) and 272 dendrites (hunting). 

(H, I, and K) Nested analysis of apical (H), basal (I), or oblique (K) spine density at day 6. (H) n = 67 dendrites (mock) and 53 dendrites (hunting). (I) n = 201 dendrites 

(mock) and 219 dendrites (hunting). (K) n = 93 dendrites (mock) and 78 dendrites (hunting). 

(J) Representative images of dendrites (left) merged with their Imaris reconstructions (right) from mock, hunting Cre− and Cre+ mice. Scale bar, 5 μm. 

(L) Nested analysis of spine density in DREADD-injected mice. n = 293 dendrites (PV-Cre+), 409 dendrites (PV-Cre− ), and 313 dendrites (mock). 

(M) Representative traces of mEPSC recordings (left) and their average waveforms (right) from the indicated conditions. 

(N) Cumulative distributions of mEPSC inter-event intervals (IEI). (N and O) n = 22 neurons from 3 animals per condition. 

(O) Comparison of the mean (± SEM) mEPSC frequencies from hunting and mock mice. 

*p < 0.05, **p < 0.01, and ***p < 0.001. 

See Figure S3 and Table S1.
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Somatostatin (SST) interneurons provide a major source of 

dendritic inhibition.74,75 We next immunolabeled against SST 

and vesicular GABA transporter (VGAT) and reconstructed SST 

and VGAT puncta in contact with L5 pyramidal YFP+ dendrites 

to quantify the density of total SST+, total VGAT+, and colocal

ized SST+:VGAT+ puncta along apical or basal dendrites 

(Figure 6G). There was no change in apical puncta density 

(Figures S6M–S6O), and while learning had little effect on basal 

VGAT+ puncta density (Figure 6H), SST+ and colocalized 

SST+:VGAT+ puncta density was significantly reduced (Figures 

6I and S6P). This suggests either a downregulation of SST in 

SST synaptic terminals or a selective reduction in SST-mediated 

dendritic inhibition compensated by other inhibitory subclasses 

to maintain total dendritic inhibitory synapse density.

Together these results show that learning drives only modest 

structural remodeling of inhibition onto L5 pyramidal neurons. 

In particular, excitatory and inhibitory synapse density do not in

crease in parallel; rather, prey capture learning leads to a selec

tive increase in excitatory input onto L5 pyramidal neurons.

Hunting persistently enhances spine turnover onto L5 

pyramidal apical dendrites

The learning-induced increase in excitatory synapse number in 

CP mice could be due to enhanced synapse formation, reduced 
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Figure 4. Prey capture learning does not increase spine density onto L5 pyramidal neurons in adult hunters 

(A) Hunting arena with adult mouse and cricket (black circle) at cricket dispensation (left), pursuit (middle), and capture (right). 

(B) Experimental timeline in adult mice. 

(C and D) Average time to capture (s) for each hunting (C) or mock (D) session (10 crickets). Light dots represent individual animal averages, and dark dots 

represent across-animal averages (mean ± SEM). (C–E) N = 6 mice per condition. 

(E) Average time to capture for each hunting or mock session, normalized to the average time to capture of day 1 (%). 

(F) Representative images of dendrites (top) merged with their Imaris reconstructions (bottom) from mock (top) and hunting (bottom) mice. Scale bar, 5 μm. 

(G and H) Cumulative distribution across all animals (G) and nested analysis (H) of spine density. n = 282 dendrites (mock) and 373 dendrites (hunting) from 6 

neurons from 3 mice per condition. 

*p < 0.05 and ***p < 0.001. 

See Figure S4 and Table S1.
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synapse elimination, or both. To measure these dynamics, we 

implanted cranial windows over V1b in juvenile Thy1-YFP mice 

and ran them through our learning paradigm, while imaging the 

same L5 apical dendrites daily using in vivo two-photon imaging 

in awake, head-fixed mice (Figures 7A and 7B). The first imaging 

session took place after the second habituation session and 

served as baseline (day 0). In a subset of mice, we performed 

intrinsic signal imaging to confirm the placement of the cranial 

window over V1b (Figures S7A and S7B).

Mock mice showed a remarkably constant spine density 

throughout the experiment (Figure 7C), with little variation in 

the well-matched rates of spine formation and loss (Figures 7D 

and 7E). In marked contrast, spine density dramatically 

increased in hunting mice after the first hunting session, then 

reached a new higher plateau that persisted until the end of 

the experiment (Figure 7C). This was mediated by an immediate 

spike in spine formation, which decreased after day 1 but re

mained higher than in mock mice (Figure 7D), and a more gradual 
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Figure 5. Prey capture learning induces a V1-independent increase in spine density in widefield cells (WF) of the superficial SC 

(A) Experimental timeline with V1 inactivation and perfusion. 

(B) Representative WF image (left), merged with its Imaris reconstruction (right). Scale bar, 200μm. 

(C) Representative images of WF dendrites (left), merged with their Imaris reconstructions (right), from mock (top), hunting PV-Cre− (middle), and PV-Cre+ 

(bottom) mice. Scale bar, 5 μm. 

(D and E) Cumulative distribution across all animals (D) and nested analysis (E) of WF spine density. n = 288 dendrites (mock), 145 dendrites (hunting PV-Cre− ), 

and 165 dendrites (hunting PV-Cre+). (D–G) Data from 6 neurons from 3–4 mice per condition. 

(F) Nested analysis of WF spine size. n = 2,367 spines (mock), 1,492 spines (hunting PV-Cre− ), and 1,573 spines (hunting PV-Cre+). 

(G) Average spine head diameter per quintile from mock, hunting PV-Cre− , and hunting PV-Cre+ mice. Spines were divided into equally sized quintiles for each 

neuron, and the average per condition calculated from all neurons from that condition. Mean ± SEM. 

*p < 0.05 and ***p < 0.001. 

See Figure S5 and Table S1.
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increase in spine loss (Figure 7E). As a consequence of this offset 

in timing, net spine addition peaked on day 1 before slowly re

turning to 0 (Figure 7F), consistent with the density plateau 

(Figure 7C). However, as spine formation and elimination remain 

higher in hunting mice, these results indicate that L5 synapses 

remain in a highly plastic state days after learning, even though 

spine density stabilized. Intriguingly, we found little to no change 

in spine density (Figure 7C) or dynamics (Figures S7C–S7E) in 

extrastriate visual areas of hunting mice, indicating that these 

changes are specific to V1b.

Remarkably, the magnitude of the spine density increase on 

day 1 was predictive of improved performance on day 6 

(Figure 7G). Further, the degree of learning on day 1 (calculated 

as the ratio of time to capture during the second and first half of 

the session) was predictive of greater spine formation on that day 

(Figure 7H). Prey capture learning thus shifts L5 pyramidal neu

rons, specifically in V1b, into a more connected and dynamic 

state in a manner that is directly correlated with behavioral 

improvement.

Blocking TNF-α-dependent signaling impairs prey 

capture learning and its underlying structural and 

functional plasticity

Prey capture learning in CP mice increases synapse density in 

V1b to a new, higher, and stable plateau, while also increasing 

spine dynamics (Figure 7). This stability in the midst of high 
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Figure 6. Global inhibition onto L5 pyramidal neurons is unchanged in hunting mice 

(A and B) Representative images of an L5 pyramidal soma labeled for GFP (green, A) or an L5 PV soma labeled for PV (red, B) and Syt2 (white), with the merged 

image (right) and reconstructed surface (most right). Top or bottom row from a mock or hunting mouse, respectively. Scale bar, 10 μm. 

(C and D) Cumulative distribution of the volume (C) and mean number (± SEM, D) of all Syt2+ > YFP+ L5 pyramidal somata contacts. n = 574 surfaces from 24 

neurons (mock) and 649 surfaces from 27 neurons (hunting) from 3 mice per condition. 

(E and F) Same as (C) and (D), but upon L5 PV+ somata. n = 534 surfaces from 18 neurons (mock) and 300 surfaces from 17 neurons (hunting) from 3 mice per 

condition. 

(G) Representative images of dendrites labeled for SST (magenta) and VGAT (blue), with the merged image with FP (green). Scale bar, 2 μm. 

(H and I) Nested analysis of VGAT puncta (H) or SST:VGAT puncta (I) density along L5 pyramidal basal dendrites. n = 205 dendrites (mock) and 170 dendrites 

(hunting) from 6 neurons from 3 animals per condition. 

*p < 0.05 and **p < 0.01. 

See Figure S6 and Table S1.

ll
OPEN ACCESS Article 

10 Neuron 114, 1–20, December 9, 2026 

Please cite this article in press as: Bissen et al., Ethological learning during the critical period resets synaptic setpoints in mouse binocular visual cortex, 

Neuron (2026), https://doi.org/10.1016/j.neuron.2026.06.016



plasticity suggests that there are mechanisms in place to move 

spine density to, and then constrain it at, this new value. Addi

tionally, spine density increases are widespread, suggesting 

this process is not mediated by a synapse-specific mechanism 

(Figure 3). One global synaptic plasticity mechanism known to 

mediate increases in both synapse number and strength 

in vitro77–81 and in V1 after sensory deprivation24,55,81,82 is excit

atory synaptic scaling.

To test the possible involvement of homeostatic synaptic plas

ticity, we treated animals with XPro1595, an inhibitor of tumor 

necrosis factor (TNF)-α signaling that blocks upscaling but 

not downscaling or Hebbian plasticity.55,56,83,84 We ran CP 
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Figure 7. Hunting persistently enhances spine turnover of L5 pyramidal neurons 

(A) Experimental timeline with chronic in vivo spine imaging in awake CP mice. 

(B) Representative images of the same dendrite imaged daily. Scale bar, 2μm. 

(C) Average spine density as a percentage of baseline (day 0). The density of each dendrite was normalized to its own baseline, and then the average was 

calculated across all dendrites for that condition. Mean ± SEM. 

(D and E) Average spine formation (D) and loss (E) as a percentage of the previous day. Spine formation or loss on each dendrite was normalized to its corre

sponding value for the previous day, and then the average was calculated across all dendrites of that condition. Mean ± SEM. 

(F) Average net spine change, calculated as the difference between spine formation and loss as a percentage of the previous day (i.e., F = D – E). Mean ± SEM. 

(C–F) n = 12 dendrites from 4 mice (V1b, mock), 19 dendrites from 8 mice (hunting, V1b), and 12 dendrites from 4 mice (hunting, extrastriate). Asterisks represent 

statistical comparisons between hunting and mock at each session. 

(G) Spine density on day 1 (calculated as in C) as a function of the time to cricket capture (TTC) on day 6 (s). 

(H) Spine formation on day 1 (calculated as in D) as a function of the hunting improvement on day 1 (calculated as average TTC for the second half [final] divided by 

average TTC for the first half [initial] on day 1). 

(G and H) Red dots represent individual hunting animals (N = 8), the black line a simple linear regression fit, and the dotted lines the borders of the 95% confidence 

interval. 

*p < 0.05, **p < 0.01, and ***p < 0.001. 

See Figure S7 and Table S1.
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Thy1-YFP mice through our paradigm and treated them with 

XPro 1 h after the first hunting or mock session and again on 

day 3 to continuously block TNF-α-dependent pathways after 

the initial acquisition of hunting skills (Figure 8A). We then quan

tified spine density and morphology on day 6 (Figure 8B). In stark 

contrast to our previous findings (Figures 3F, 3G, and S3B–S3E), 

neither L5 (Figures 8C, 8D, and S8A–S8C) nor L2/3 pyramidal 

(Figures S8D and S8E) spine density increased in XPro-treated 

hunting mice, with a significant interaction between drug treat

ment and behavior (hunting vs. mock) and a significant increase 

in spine density in the control but not XPro condition (Figure 8E). 

The long-term structural plasticity driven by prey capture 

learning in V1b is thus TNF-α-dependent.

Since XPro administration was systemic, it could also affect 

plasticity in the SC. To determine whether the learning-induced 

increase in spine density in WF cells (Figures 5 and S5) also de

pended on TNF-α signaling, we quantified spine changes in WF 

cells in the same XPro-treated mice and found that this increase 

was blocked (Figures S8F–S8H). TNF-α signaling, hence, plays a 

critical role in enabling long-term learning-related structural plas

ticity across cortical and subcortical visual areas.

As prey capture learning enhances TF discrimination 

(Figure 2), we next asked whether this refinement of visual func

tion also depends on TNF-α signaling. We assessed TF tuning 

in L2/3 neurons as before (Figure 2) from XPro-treated hunting 

and mock mice. Remarkably, XPro treatment prevented 

the drop in TF low-pass index normally induced by hunting 

(Figures 8F–8H). Thus, both structural remodeling and the 

enhancement in TF discrimination induced by prey capture 

learning are TNF-α-dependent.

Finally, if structural and functional plasticity are important for 

the learning and retention of hunting skills, then preventing 

them with XPro should also impair performance. To test this, 

we quantified prey capture learning for XPro-injected hunting 

and mock mice. While XPro-injected mice showed some 

improvement between day 1 and 2, performance plateaued at 

a significantly worse level than for their control counterparts 

(Figures 8I, S8I, and S8J), and attack duration did not decrease 

(Figures 8J–8L). This was not due to an initial deficit in learning, 

as XPro-injected and control mice improved similarly across 

the first hunting session prior to XPro injection (Figure S8K). 

Finally, XPro-injected and control mock mice showed no differ

ence in their time to find immobilized crickets, indicating that in

hibition of TNF-α signaling does not significantly impair basic vi

sual and motor skills or appetitive drive (Figure S8N). Taken 

together, these results strongly suggest that the structural and 

functional changes in visual areas induced by prey capture 

learning are mediated by TNF-α-dependent plasticity and 

contribute to enhanced hunting proficiency.

DISCUSSION

CPs are windows of heightened experience-dependent plas

ticity believed to tune sensory circuitry to improve function.1–3 

However, whether V1 CP plasticity can indeed improve visual 

function during natural behaviors has proven difficult to address 

using classic sensory deprivation or alteration paradigms. Here, 

we used prey capture learning to assess the impact of etholog

ical visual learning on V1b plasticity and function. Strikingly, we 

found that CP learning engages TNF-α-dependent mechanisms 

to increase spine turnover and stabilize spine density around a 

higher, stable setpoint, improve V1b TF discrimination, and 

enhance behavioral performance. Importantly, both the morpho

logical and functional plasticity we identify are strongly corre

lated with skill acquisition and retention, suggesting that they 

contribute to behavioral improvement. Together, these findings 

show that active visuomotor learning during the V1 CP persis

tently shifts V1b excitatory circuitry into a more connected and 

dynamic state and suggest that this resetting is an important 

mediator of improved function. Finally, the dependence of this 

resetting on TNF-α signaling, which is essential for the expres

sion of excitatory homeostatic plasticity,55,56 suggests that 

learning co-opts homeostatic mechanisms to stabilize neocor

tical synaptic setpoints around new higher values.

Prey capture in expert mice relies on binocular vision,50,52,53

with well-established roles for the retina and SC.53,54,69,70 By 

contrast, a role for V1 has not previously been established, and 

the locus of learning-induced plasticity was unknown. We found 

that V1 inactivation during learning prevented learning-induced 

changes in L5 pyramidal spine density and reduced behavioral 

improvement. Prey capture learning thus relies on V1 in CP 

mice, as we recently found for CP rats.48 Furthermore, these 

findings suggest that improvement in hunting efficiency arises 

in part through V1b remodeling. Moreover, while there are com

plementary changes in spine density onto widefield (WF) cells in 

the superficial SC, which are known to contribute to prey detec

tion and pursuit initiation,53 this remodeling is unaffected by V1 

inactivation, indicating that prey capture learning drives V1b 

and SC structural plasticity through parallel pathways. This 

dual engagement of subcortical and cortical visual pathways 

suggests that they may mediate distinct but complementary as

pects of the visual processing underlying prey capture learning. 

While mice can perform simple visually guided operant behav

iors during V1 silencing, likely via subcortical pathways, recent 

literature suggests that V1 is indispensable for complex visual 

discrimination tasks.85–90 A similar duality between instinctive, 

immediate responses and flexible adaptations to environmental 

variations, which do not always rely on direct corticocollicular 

projections,91 has been proposed for threat responses92 and is 

likely during other complex natural behaviors such as prey cap

ture learning. Our data thus fit within a larger framework suggest

ing that plasticity within visual cortical and subcortical pathways 

work in concert to enable fine-tuned, visually guided, natural 

adaptive behaviors.

Predation is a complex behavior modulated by other elements 

besides visuomotor learning, such as arousal and appetitive 

drive,59,93,94 which could influence predation-induced changes 

in V1b. We thus compared hunting mice to control animals that 

received immobilized crickets in mock ‘‘hunting’’ sessions akin 

to foraging and therefore experienced similar novelty exposure 

and food deprivation-induced motivation. Careful behavioral 

analysis indicates that hunting and mock mice display similar 

levels of exploration and motivation to find and consume 

crickets. Strikingly, mock mice show stable spine density and 

dynamics, in contrast to the synaptic pruning normally shown 

during late development in V1,31,95 suggesting that the mock 
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Figure 8. Blocking TNF-α-dependent signaling impairs structural and functional plasticity and prey capture learning 

(A) Experimental timeline with XPro injections, followed by perfusion or calcium imaging. 

(B) Representative images of dendrites (top) merged with their Imaris reconstructions (bottom) from mock + XPro (left) and hunting + XPro (right) mice. Scale 

bar, 5 μm. 

(C and D) Cumulative distribution across all animals (C) or nested analysis (D) of spine density across all animals. Nn= 306 dendrites (mock + XPro) and 285 

dendrites (hunting + XPro) from 6 neurons from 3 mice per condition. 

(E) Average spine density for control and XPro-treated mice, from the cumulative distribution shown in Figure 3D (control) and in Figure 7C. n= 6 neurons from 3–4 

mice per condition. Mean ± SEM. 

(F) Representative two-photon image of GCaMP6s+ L2/3 neurons from an XPro-treated mouse. Scale bar, 100 μm. 

(G and H) TF preference (Hz, G) and LPI (Hz, H) for XPro-treated mock and hunting mice. n = 1,145 cells from 7 mice (mock) and 832 from 8 mice (hunting). 

(I and J) Average time to capture (TTC, s, I) or attack duration (s, J) for each hunting session (10 crickets) across all animals. N = 8 hunting + XPro mice and 

8 hunting mice. Mean ± SEM. 

(K and L) Average attack duration (s) for each non-injected (K) or XPro-injected (L) mouse on day 1 and day 6. 

*p < 0.05, **p < 0.01, and ***p < 0.001. 

See Figure S8 and Table S1.
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paradigm is sufficient to reduce synapse elimination. This effect 

is reminiscent of the effects of EEs, which can delay spine prun

ing in juvenile V195 and increase spine formation and density in 

adult V1.96 Intriguingly, EE also accelerates visual function devel

opment through enhanced maternal care and earlier eye open

ing97 but does not ultimately improve adult visual function.98

While multiple mechanisms have been suggested to mediate 

EE effects, no unifying framework has emerged, likely due to 

large experimental paradigm variability.99 Here, we compared 

carefully matched mock and hunt paradigms to allow us to differ

entiate between effects arising from general enrichment 

(foraging for novel treats) and those driven by active pursuit of 

prey. The enhanced structural plasticity and TF discrimination 

we observed in hunting mice is, therefore, driven not through 

non-specific EE but instead by active visuomotor learning.

Interestingly, while prey capture learning had little effect on 

most RF properties, it improved TF discrimination by increasing 

the proportion of V1b neurons narrowly tuned for specific TFs. 

This suggests that hunting mice are better at discriminating ob

jects moving at different speeds and is consistent with the 

demonstration that experienced hunters preferentially approach 

visual stimuli matching cricket size and speed.52,100 As TF 

discrimination is well-correlated with hunting efficacy, our data 

suggest that learning-induced TF changes contribute to behav

ioral improvement. The precise mechanisms of TF tuning in V1 

remain unknown,101–103 and in young cats6 and ferrets104,105

TF tuning is unaffected by dark rearing or exposure to artificially 

altered visual stimuli. TF tuning is, however, degraded by prema

ture visual experience in ferrets, leading to impaired motion pro

cessing—the converse effect we find here for prey capture 

learning.106 Taken with previous work, our data thus indicate 

that while TF tuning during development is largely robust to arti

ficially altering or withdrawing visual experience, it can be rapidly 

and persistently improved by chasing moving prey. This finding 

highlights the importance of using ethological paradigms to 

assess the role of CP plasticity in modulating behaviorally rele

vant features of visual processing.

Prey capture learning induced widespread structural plasticity 

across cortical layers in V1b. Hunting mice showed a dramatic 

and persistent increase in L5 pyramidal spine density and dy

namics due to an immediate increase in spine formation followed 

by a slower increase in spine loss. At first glance, this time course 

is the reciprocal of changes observed during monocular depriva

tion in CP V1b: decreased spine density due to higher spine elim

ination, with a delayed elevation in spine formation16,17,20 and 

motility.18,19 However, these deprivation-induced changes are 

transient, with spine dynamics returning to control levels shortly 

after eye reopening.17 They also contrast with the transient 

enhancement of ocular dominance plasticity in V1107 and spine 

turnover in motor cortex during EE,44 which reverses upon return 

to standard housing. By contrast, after prey capture learning, 

spine turnover remains at a stable elevated plateau for at least 

3 days after the cessation of hunting, suggesting that this brief 

(30 hunts of about 1 min across 3 days) but salient experience 

drives a persistent elevation in spine density and dynamics. 

These effects are reminiscent of the effects of learning in the mo

tor cortex of adolescent mice, which can also induce a long-last

ing increase in spine dynamics enduring beyond motor 

training.44,108 Thus, our data suggest that learning can induce 

similar structural plasticity in the motor and sensory neocortex 

of young animals.

Prey capture learning-induced synaptic remodeling onto L5 

pyramidal neurons selectively targets excitatory circuitry, as 

we observed no significant changes in perisomatic or dendritic 

inhibitory contacts. This is consistent with our recent observation 

that prey capture learning persistently increases firing rates in 

putative pyramidal neurons in V1b in CP rats.48 Our data thus 

suggest that prey capture learning rewires V1b circuitry to in

crease net excitatory drive onto L5 pyramidal neurons. This 

widespread resetting of synaptic density, coupled with 

enhanced spine dynamics, is likely important for enabling the se

lective incorporation of new behaviorally relevant connections 

during learning and consolidation, without compromising exist

ing circuitry.

In stark contrast to CP mice, adult hunters showed no persis

tent structural plasticity in V1b, despite learning the task at a 

similar rate. In adult V1, repetitive exposure to the same visual 

stimulus has produced conflicting results on spine density.67,68

However, while learning can transiently modulate spine density 

in the adult cortex,109–112 a large body of work finds little to no 

long-term effect on spine density,36–39 consistent with the 

remarkable overall stability of adult cortical circuitry31–35 and ac

tivity.24–30 In all cases, learning remodels a small fraction of den

dritic spines by enhancing turnover, precisely rewiring behavior

ally relevant circuitry while keeping the broader network 

intact.22,23,41,113 While adults may show transient changes in 

density that then reverse, our data make clear that in adult 

V1b, prey capture learning does not trigger the same persistent 

increase in spine density seen during the CP. This is consistent 

with a substantial literature showing that the effects of sensory 

deprivation on adult V1 are markedly different than CP V1, 

with fewer structural changes,55,114–116 unaffected RF proper

ties,14,15,117 and the potentiation phase of ocular dominance 

(OD) plasticity mediated by different (αCaMKII-dependent vs. 

TNF-α-dependent) mechanisms.12,82,118–121 Our results thus fit 

with a model in which TNF-α-dependent homeostatic mecha

nisms are selectively engaged to remodel circuitry during the vi

sual CP.

Taken together, our data suggest that ethological learning is 

uniquely capable of adjusting V1 excitatory synaptic setpoints 

during the CP. Prey capture learning moves spine density to a 

new, elevated steady-state with enhanced dynamics. Spine 

density is thus malleable and can be reset by learning, where it 

is then stabilized by mechanisms that tightly match synapse for

mation and loss. This remodeling is widespread across apical 

and basal dendrites rather than targeted to a small subset of 

spines and likely cooperates with increased synaptic turnover 

to bias the presynaptic source of these inputs to enhance the 

ability of V1b to detect and track prey during active sensing, in 

collaboration with subcortical visual circuitry remodeling. 

Because this synaptic resetting is slow, widespread, and TNF- 

α-dependent, it is likely driven by homeostatic rather than Heb

bian mechanisms, yet it diverges from the traditional view of ho

meostasis as a return to baseline. While Hebbian plasticity is 

widely appreciated to contribute to learning (reviewed in Drin

genberg et al.122), the role of homeostatic plasticity in learning 
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and memory consolidation remains underexplored and to date 

has been confined to a role in downscaling synaptic strength 

to promote memory extinction123 or specificity.124 Here, we 

find that ethological CP learning co-opts upward homeostatic 

plasticity to move synaptic weight bounds to new, higher values, 

a process important for memory retention. Confining this reset

ting to the CP may ensure that ethologically relevant visual 

behavior can match visual cortical networks to likely environ

mental demands without rendering them vulnerable to the ef

fects of aberrant experiences throughout life. Finally, our data 

suggest that enhanced visual experience during the CP drives vi

sual circuitry into a more dynamic state, which could support 

future experience-dependent plasticity to facilitate the success

ful integration of subsequent learning events.
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Chen, J., Pan, Y.A., Triplett, J.W., and Fox, M.A. (2021). A cell–ECM 

mechanism for connecting the ipsilateral eye to the brain. Proc. Natl. 

Acad. Sci. USA 118, e2104343118. https://doi.org/10.1073/pnas. 

2104343118.

71. Langer, T.P., and Lund, R.D. (1974). The upper layers of the superior col

liculus of the rat: A Golgi study. J. Comp. Neurol. 158, 418–435. https:// 

doi.org/10.1002/cne.901580404.

72. Matcham, A.C., Toma, K., Tsai, N.Y., Sze, C.J., Lin, P.-Y., Stewart, I.F., 

and Duan, X. (2024). Cadherin-13 Maintains Retinotectal Synapses via 

Transneuronal Interactions. J. Neurosci. 44, e1310232023. https://doi. 

org/10.1523/JNEUROSCI.1310-23.2023.

73. Jiang, S., Honnuraiah, S., and Stuart, G.J. (2023). Characterization of pri

mary visual cortex input to specific cell types in the superior colliculus. 

Front. Neuroanat. 17, 1282941. https://doi.org/10.3389/fnana.2023. 

1282941.

74. Rudy, B., Fishell, G., Lee, S., and Hjerling-Leffler, J. (2011). Three groups 

of interneurons account for nearly 100% of neocortical GABAergic neu

rons. Dev. Neurobiol. 71, 45–61. https://doi.org/10.1002/dneu.20853.

75. Tremblay, R., Lee, S., and Rudy, B. (2016). GABAergic Interneurons in the 

Neocortex: From Cellular Properties to Circuits. Neuron 91, 260–292. 

https://doi.org/10.1016/j.neuron.2016.06.033.

76. Sommeijer, J.-P., and Levelt, C.N. (2012). Synaptotagmin-2 Is a Reliable 

Marker for Parvalbumin Positive Inhibitory Boutons in the Mouse Visual 

Cortex. PLOS One 7, e35323. https://doi.org/10.1371/journal.pone. 

0035323.

77. Richards, D.A., Mateos, J.M., Hugel, S., De Paola, V., Caroni, P., 
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ment preserved lifelong ocular dominance plasticity, but did not improve 

visual abilities. Neurobiol. Aging 41, 130–137. https://doi.org/10.1016/j. 

neurobiolaging.2016.02.014.

99. Kempermann, G. (2019). Environmental enrichment, new neurons and 

the neurobiology of individuality. Nat. Rev. Neurosci. 20, 235–245. 

https://doi.org/10.1038/s41583-019-0120-x.

100. Procacci, N.M., Allen, K.M., Robb, G.E., Ijekah, R., Lynam, H., and Hoy, 

J.L. (2020). Context-dependent modulation of natural approach behav

iour in mice. Proc. Biol. Sci. 287, 20201189. https://doi.org/10.1098/ 

rspb.2020.1189.

101. Cang, J., Fu, J., and Tanabe, S. (2023). Neural circuits for binocular 

vision: Ocular dominance, interocular matching, and disparity selectivity. 

Front. Neural Circuits 17, 1084027. https://doi.org/10.3389/fncir.2023. 

1084027.

102. Priebe, N.J. (2016). Mechanisms of Orientation Selectivity in the Primary 

Visual Cortex. Annu. Rev. Vis. Sci. 2, 85–107. https://doi.org/10.1146/an

nurev-vision-111815-114456.

103. Niell, C.M., and Scanziani, M. (2021). How Cortical Circuits Implement 

Cortical Computations: Mouse Visual Cortex as a Model. Annu. Rev. 

Neurosci. 44, 517–546. https://doi.org/10.1146/annurev-neuro-102320- 

085825.

104. Li, Y., Fitzpatrick, D., and White, L.E. (2006). The development of direc

tion selectivity in ferret visual cortex requires early visual experience. 

Nat. Neurosci. 9, 676–681. https://doi.org/10.1038/nn1684.

105. Ritter, N.J., Anderson, N.M., and Van Hooser, S.D. (2017). Visual 

Stimulus Speed Does Not Influence the Rapid Emergence of Direction 

Selectivity in Ferret Visual Cortex. J. Neurosci. 37, 1557–1567. https:// 

doi.org/10.1523/JNEUROSCI.3365-16.2016.

106. Griswold, S.V., and Van Hooser, S.D. (2025). Premature vision drives 

aberrant development of response properties in primary visual cortex. 

eLife 14, RP106513. https://doi.org/10.7554/eLife.106513.

107. Kalogeraki, E., Pielecka-Fortuna, J., and Löwel, S. (2017). Environmental 
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT OR RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-GFP ThermoFisher RRID: AB_221569

Chicken polyclonal anti-GFP Millipore RRID: AB_90890

Rabbit polyclonal anti-NeuN ThermoFisher RRID: AB_2736207

Mouse monoclonal anti-NeuN Millipore RRID: AB_2298772

Mouse monoclonal anti-Syt2 Developmental Studies 

Hybridoma Bank (DSHB)

RRID: AB_2315626

Rat monoclonal anti-SST Sigma Aldrich RRID: AB_2255365

Rabbit polyclonal anti-VGAT Synaptic Systems RRID: AB_887869

Chicken polyclonal anti-PV Synaptic Systems RRID: AB_2619887

Rat monoclonal anti-mCherry ThermoFisher RRID: AB_2536611

Rabbit monoclonal anti-cFos Cell Signaling Technologies RRID: AB_2298772

Goat polyclonal anti-chicken Alexa 488 ThermoFisher RRID: AB_2534096

Goat polyclonal anti-chicken Alexa 568 ThermoFisher RRID: AB_2534098

Goat polyclonal anti-rabbit Alexa 488 ThermoFisher RRID: AB_143165

Goat polyclonal anti-rabbit Alexa 568 ThermoFisher RRID: AB_143157

Goat polyclonal anti-rabbit Alexa 647 ThermoFisher RRID: AB_2535812

Goat polyclonal anti-mouse Alexa 647 ThermoFisher RRID: AB_2535804

Goat polyclonal anti-mouse Alexa 405 ThermoFisher RRID: AB_2890536

Goat polyclonal anti-rat Alexa 568 ThermoFisher RRID: AB_2534121

Bacterial and virus strains

AAV9.Syn.GCaMP6s.WPRE.SV40 Chen et al.125 Addgene: 100843-AAV9

AAV9.hSyn.DIO.hM3D(Gq).mCherry Krashes et al.126 Addgene: 44361-AAV9

Chemicals, peptides and recombinant proteins

XPro1595 INmune Bio N/A

Clozapine-N-Oxide (CNO) HelloBio N/A

C&B Metabond Parkell Cat# S380

Clarity Ultrasound Gel Aurora Cat # 59007

Experimental models: Organisms/strains

Mouse: B6.Cg-Tg(Thy1-YFP)HJrs/J Feng et al.62 RRID: IMSR_JAX:003782

Mouse: B6.Cg-Gt(ROSA)26Sortm14 

(CAG-tdTomato)Hze/J

Madisen et al.127 RRID: IMSR_JAX:007914

Mouse: B6;C3-Tg(Scnn1a-cre)3Aibs/J Madisen et al.127 RRID: IMSR_JAX:009613

Mouse: B6;129P2-Pvalbtm1(cre)Arbr/J Hippenmeyer et al.128 RRID: IMSR_JAX:008069

Software and algorithms

Huygens Essential Scientific Volume Imaging RRID: SCR_014237

ImageJ/Fiji Fiji RRID: SCR_002285

Imaris Oxford Instruments RRID: SCR_007370

DeepLabCut Mathis et al.57; Nath et al.129 RRID: SCR_021391

GraphPad Prism RRID: SCR_002798

Matlab MathWorks RRID: SCR_001622

Suite2p Pachitariu et al.130 RRID: SCR_016434

Illustrator Adobe RRID: SCR_010279

Photoshop Adobe RRID: SCR_014199

(Continued on next page)

ll
OPEN ACCESSArticle 

Neuron 114, 1–20.e1–e8, December 9, 2026 e1 

Please cite this article in press as: Bissen et al., Ethological learning during the critical period resets synaptic setpoints in mouse binocular visual cortex, 

Neuron (2026), https://doi.org/10.1016/j.neuron.2026.06.016



EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

All procedures were approved by the Institutional Biosafety Committee and the Institutional Animal Care and Use Committee at Bran

deis University, and performed in compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. 

Thy1-YFP line H (B6.Cg-Tg(Thy1-YFP)HJrs/J), Ai14 (B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J), SCN1-Cre (B6;C3- 

Tg(Scnn1a-cre)3Aibs/J) and PV-Cre (B6;129P2-Pvalbtm1(cre)Arbr/J) mice were housed on a 12/12 light/dark cycle in a dedicated, 

climate-controlled facility. Thy1-YFP mice express the yellow fluorescent protein (YFP) in a subset of L5 and L2/3 pyramidal neurons 

and were used for all experiments except calcium imaging experiments (i.e. all but Figures 2, S2, and 7F–7H), as the endogenous YFP 

expression interferes with GCaMP imaging. Thy1-YFP were crossed to PV-Cre mice for the chemogenetic inactivation of V1 and the 

subsequent analysis of behavioral and structural phenotypes (Figures 8 and S8). Ai14 or SCN1-Cre- mice were used for calcium im

aging; no difference was observed between these strains and thus data were pooled. Unless stated otherwise, food and water were 

available ad libitum, and animals were raised normally and housed in groups of 2–5 after weaning. Littermates of both sexes were 

randomly allocated to experimental groups. Two age ranges were used: for critical period experiments (Figures 1, 2, 3, 4, 5, 6, 7, 

and 8) hunting sessions occurred between P28-P35, while for young adult mice they occurred between P44-52.

METHOD DETAILS

Prey capture learning paradigm

Prey capture learning was performed using a modification of the procedures in Groves Kuhnle et al. (2022).49 For 5–9 days prior to the 

start of the prey capture paradigm (P19-P21 for critical-period mice, P34-P39 for adults), mice were moved to a separate dedicated 

housing facility and housed in a custom-made cage (150in2) divided in two equal halves by a divider with regularly spaced holes, so 

that the mice would be single-housed in their own half while having access to a social partner of the same litter. Housing cages were 

placed halfway on a heating pad (medium setting). Cedar chip bedding (Beta Chip and Enviro Dri, Shepherd), standard chow and 

water were provided. Mice were weighed daily and monitored for health indicators. The 14x14in acrylic hunting arena was covered 

with absorbent underpads (Fisherbrand) taped down along the sides; underpads were only changed during the paradigm if neces

sary due to soiling. Two arenas (hunting and mock) were available in the dedicated room. The hunting arena was equipped with 

custom 3D printed, motorized, remote-controlled cricket dispensers. These were loaded with 10 live crickets prior to the start of 

each hunting session and automatically dispensed one cricket at a time via an Arduino motor system controlled remotely by the 

experimenter. In the mock arena, immobilized crickets (without head or legs) were dispensed manually to random locations, to pre

vent a learned association between dispenser drop sites and cricket locations. Arenas were illuminated from above with an additional 

white LED ring and behavior was recorded from above using a Logitech C922 HD Pro Stream Webcam (640 x 480 pixels) with Syn

apse (TDT) software for the hunting arena (20 frames per second, fps), or with the built-in Windows camera software (30 fps) for the 

mock arena.

For two days prior to the first hunting/mock session, mice were habituated to the hunting or mock arena for one 60 min-long ses

sion per day for two days. Halfway through, they were given an immobilized cricket to habituate them to cricket smell and taste and to 

reduce neophobia. Mice were food deprived for up to 16 h prior to the start of each hunting/mock session to minimize variability in 

motivation and appetitive drive, but had water ad libitum. Mice then underwent three days of hunting/mock with one session per day 

(days 1–3), followed by two days with no hunting/mock session (days 4–5) and one last day with one hunting/mock session (day 6). 

For critical-period mice, all hunting/mock sessions took place over the course of 6 days between P28 and P35, with the first session 

taking place on P28-P30. For adult mice, all hunting sessions took place over the course of 6 days between P44 and P52, with the first 

session taking place on P44-P47. Food pellets were provided at the end of each hunting/mock session and mice always regained the 

weight lost during the previous night of food deprivation.

Continued

REAGENT OR RESOURCE SOURCE IDENTIFIER

Brandeis Light Microscopy Core Facility Brandeis University RRID: SCR_025892

Subcellular registration for spine imaging This manuscript github.com/kasailor

/AwakeImgStbl; 10.5281/zenodo.20610220

Custom MATLAB software for behavioral 

analysis

This manuscript github.com/turrigiano

CodeSpace/Bissen2025; 10.5281/zenodo.20614271

Calcium imaging analysis Van Hooser lab github.com/VH-Lab/vhlab-TwoPhoton-matlab

RRID: SCR_023369; 10.5281/zenodo.20601922

Nested and effect size analysis This manuscript github.com/VH-Lab/vhtlab

-mousehunting-matlab; 10.5281/zenodo.20601930
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Hunting/mock sessions were started immediately after the lights turned on (9:00 am) and included up to 3 successive mice, run 

through the paradigm in the same order on successive days. Each hunting or mock session comprised 10 crickets; during the first 

session mice occasionally ignored crickets, and these were removed if they were not captured/consumed within 15 min. Each cricket 

was dispensed at least 1 min after the end of the consumption of the previous cricket. For each mock session, 10 immobilized 

crickets were dispensed individually at regular intervals to replicate the average length of a hunting session on the same day (day 

1, 2, 3 or 6). Animals were sacrificed a minimum 3 h after the last hunting session on day 6 to match the timing of perfusion after in vivo 

imaging, or 75min for cFos staining or electrophysiological recordings. Some critical-period mice were sacrificed 3 h after the first 

hunting/mock session to provide an earlier timepoint for large-scale dendritic imaging. A subset of the animals used for the behavior 

for Figure 1 were also used to analyze structural plasticity in Figures 3, 4, and 5.

Cranial window surgery and GCaMP6s virus injection

For in vivo imaging experiments in critical-period mice, a cranial window was placed over the binocular visual cortex (V1b) in the right 

hemisphere as previously described.131 Briefly, mice were anesthetized using isoflurane (3% for induction, 1.8% on the stereotaxic 

frame, steadily decreased until 0.8% by the end of the surgery) and administered a single dose of dexamethasone sodium phosphate 

(2mg/kg body weight i.m.) and meloxicam (2–5mg/kg body weight i.p.) prior to surgery. Glass coverslips plugs were prepared in 

advance with a bottom coverslip of 2mm diameter (custom-made by Potomac Photonics) and a top coverslip of 3 mm diameter 

(#1, Warner Instruments), glued with index-matched adhesive (Norland #71). A cranial window of 2mm in diameter was carefully 

drilled above V1b (centered 3mm from the midline, 1mm anterior to lambda) and a glass coverslip plug was lowered into the window 

until the top coverslip was flushed against the skull. This configuration minimizes brain motion for awake imaging in head-fixed mice. 

The coverslip plug was then fixed to the skull using dental cement (C&B Metabond, Parkell) and a custom-made headplate was sub

sequently affixed to it, also using dental cement. Mice received dexamethasone sodium phosphate and meloxicam every 24h for 48h 

after surgery, and weight and general health signs were monitored daily. Mice were allowed recovery for at least 72h prior to the first 

habituation to the imaging restraint.

For calcium imaging experiments, mice were also injected with AAV9-GCaMP6s (the plasmid pAAV.CAG.GCaMP6s.WPRE.SV40 

was a gift from Douglas Kim and the GENIE project to Addgene, which provided the viral prep in AAV9 at ∼ 1x1013 vg/ml; Addgene 

viral prep #100843-AAV9) after the cranial window was drilled, but before the glass coverslip was inserted. Up to 4 injections (350 nl at 

1:3 dilution in 0.9% sterile saline) were made at 250 μm deep around the edges of the craniotomy while avoiding large blood vessels. 

The brain was kept humid using sterile saline between injections.

XPro51595 administration

The small molecule tumor necrosis factor alpha (TNFα) inhibitor XPro1595 was injected as described previously.55,56 XPro1595 was 

dissolved in 0.9 % sterile saline at 1 mg/ml and administered subcutaneously at 10 mg/kg body weight. As XPro1595 action has been 

reported to last,15,48–71,132,133 either XPro1595 or saline control was injected twice to ensure a long-lasting block of TNFα-dependent 

plasticity after learning: the first injection 1 h after the end of the first hunting/mock session, and the second roughly halfway through 

the paradigm, i.e. at 9:00 pm on day 3. For XPro behavioral experiments, the control cohort consisted of non-injected (n=5) and sa

line-injected (n=3) mice; these two cohorts had similar learning curves (Figures S8L and S8M) and were therefore combined.

Chemogenetic experiments and CNO injection

For chemogenetic experiments, Thy1-YFP x PV-Cre mice of both genotypes (Thy1-YFP +; PV-Cre + and Thy1-YFP+; PV-Cre -) were 

injected at P19-P21 with the cre-dependent excitatory DREADD AAV9-hSyn-DIO- hM3D(Gq)-mCherry (the plasmid was a gift from 

Bryan Roth; Addgene viral prep #44361-AAV9). Briefly, mice were anesthetized using isoflurane (3% for induction, 1.8% on the ste

reotaxic frame, steadily decreased until 0.8% by the end of the surgery) and administered a single dose of meloxicam (2–5mg/kg 

body weight i.p.) before surgery. The visual cortex was targeted using Allen Brain Atlas coordinates adjusted for lambda-delta dis

tance and a single injection (300–350nl, undiluted) was made at 350μm deep. Mice received meloxicam 24h after surgery, and weight 

and general health signs were monitored daily until the end of the experiment. Mice recovered at least a week before the start of 

behavioral experiments.

Clozapine N-Oxide (CNO, HelloBio) was diluted in 0.9% sterile saline to reach a concentration of 1mg/mL and was administered 

subcutaneously at 10mg/kg body weight, 45min prior to the start of each hunting session, to mice of both genotypes (Thy1-YFP +; 

PV-Cre + and Thy1-YFP+; PV-Cre -). Mice were habituated to the process by daily injections of sterile saline for at least 5 days prior to 

the start of the experiment.

In vivo imaging

Starting at least 72 h after surgery, mice were progressively habituated to a custom-made restraint in 15 min increments until a 

maximal duration of 60 min. The restraint was a hemispherical tube of black Delrin with various covers to adjust for differences in 

animal size as they develop, and included a small wheel in the front for animals to grasp for distraction (based on134). All in vivo im

aging was performed in awake, head-fixed, critical-period mice using an Ultima Plus two-photon microscope (Bruker), with a 16x 

water-dipping objective (NA 0.8, Nikon).
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For chronic two-photon spine imaging, apical dendritic segments of L5 pyramidal neuron dendrites in layer 1 were imaged. Re

gions of interest were drawn around dendritic segments and images were acquired as Z-stacks using a resonant scanner at 15 

kHz at 920nm at 920nm and less than 50 mW of laser power to avoid phototoxicity. Because water evaporates due to laser heat, 

the objective was immersed in a water-based ultrasound gel (Aurora) to enable uninterrupted imaging sessions. Bright dendritic seg

ments were selected on the first imaging session (day 0, after the second habituation to the hunting/mock arena). One to three den

dritic segments were acquired per neuron, and one to two neurons were imaged per animal. These segments were subsequently 

imaged each day and identified by landmarks (blood vessels) and neuronal morphology (dendritic branch point). Dendritic segments 

whose brightness decreased over time were excluded from the analysis.

For calcium imaging, mice were exposed to four batteries of visual stimuli to assess various receptive field properties during one 

imaging session after the last hunting/mock session (on the same day or the following day). Stimuli were shown on an HD monitor 

(1920 x 1080 pixels) placed 40 cm from the mouse, with the mouse facing the center of the monitor, at reduced brightness (64 64 

64). Calcium responses were acquired at 180–250 μm depth below the pial surface (within layer 2/3) imaged at 1Hz with less than 

50mW laser power. We assessed direction and spatial or temporal frequency tuning by presenting 8 directions (0–360◦ at 45◦ inter

vals) at 5 spatial frequencies (evenly spaced between 0.01 and 0.32 cycles/degree, cpd) or at 5 temporal frequencies (1, 2, 4, 8 or 

16 Hz). Contrast sensitivity was calculated by showing 7 spatial frequencies (evenly spaced between 0.01 and 0.32 cpd) at 5 different 

contrasts (evenly spaced between 16% and 100%). Finally, we also measured binocular matching by presenting 8 directions (0–360◦

at 45◦ intervals) at one spatial frequency (0.02 cpd) with both eyes uncovered, or with the contralateral (left) or ipsilateral (right) eye 

covered. For each stimulus, full-screen sinusoidal rectangular gratings were drifting for a total duration of 2 s. Stimuli were separated 

by 5 s of blank screen. Within each battery, each combination was shown five times and stimuli (including blank) were all presented in 

a random order. Stimuli were computed using the Psychophysics Toolbox135–137 and run using Matlab. Orientation and direction 

selectivity were calculated using the following equations for 1 – circular variance or 1 – circular variance in direction space, respec

tively, where R(θk) is the response to the angle θk
138,139:

1 − CirVar = | 
∑

k R(θk)exp(2iθk) |/
∑

k R(θk) and 1 − DirCirVar = | 
∑

k R(θk)exp(iθk) |/
∑

k R(θk)

Contrast responses were computed using the Nasha-Rushton fit function, where c is the contrast stimulus, R the output response 

of the neuron, A the maximum response of the neuron, c50 the contrast at which the response is halfway between baseline and 

maximum, n is the exponent, and s an additional parameter to allow the suppressive and excitatory exponents to vary at different 

rates140–142: R(c; A, C50, n, s) = A cn/(cns + c50
ns)

Spatial frequencies were calculated using a difference of Gaussians model for spatial frequency.143,144 Temporal frequencies were 

computed using the following equation, where f is the temporal frequency, k a scaling constant, fc the characteristic temporal fre

quency, fh sets the corner frequency of the low-frequency limb of the function, and β sets the slope of the low-frequency limb145: 

R(f) = k exp(− f/fc)2 / (1 + (fh/f )β). The low pass index was computed by dividing the response at the lowest temporal frequency tested 

by the response at the preferred temporal frequency.

For intrinsic signal imaging to verify the location of cranial windows, we measured epifluorescence changes in the autofluores

cence of mitochondrial flavoproteins in response to visual stimuli.146 Visual stimuli consisted of sinusoidal rectangular gratings drift

ing along 8 orientations (0–180◦ at 22.5◦ intervals) at 1 spatial frequency (0.04 cpd) covering the whole height but only a quarter of the 

width of the HD monitor (1920 x 1080 pixels, i.e. each stimulus was 1920 x 480 pixels). Mice were facing the right edge of the monitor, 

so that all stimuli would correspond to different quarters of the visual field for the eye contralateral to the cranial window (left eye) and 

only the rightmost corner was visible to the ipsilateral eye. Stimuli were shown in a random order (including blank) for a duration of 15 s 

with 20 repetitions and were separated by 8s of blank screen. First, a picture was acquired with green light to visualize blood vessels 

as landmark and adjust the depth of the imaging plane. Flavoprotein autofluorescence was then excited with blue light (470 nm) 

measured through a green/red emission filter (ETX450/50, Chroma). Images were acquired using a CCD camera in macroscope 

configuration with 2 SLR camera lenses and LabView (NIH) as imaging software. Based on expected changes in autofluorescent sig

nals after visual stimulation (weak positive signal followed by a stronger negative signal), stimulus response was computed as the 

mean of the frames acquired during the 5 s of stimulus presentation compared to the mean of the frames acquired during the last 

3 s of the inter-stimulus interval and plotted in Matlab.

Ex vivo slice electrophysiology

Mice were anesthetized with isoflurane 75min after the end of the last behavioral session (hunting or mock) and then decapitated after 

toe-pinch check. Coronal slices (300 μm) containing V1b from both hemispheres were obtained using a Leica VT1200S vibratome. 

Slices were first transferred to an oxygenated chamber filled with choline solution (in mM: 110 Choline-Cl, 25 NaHCO3, 11.6 Na- 

Ascorbate, 7 MgCl2, 3.1 Na-Pyruvate, 2.5 KCl, 1.25NaH2PO4, and 0.5 CaCl2, osmolarity adjusted to 310 mOsm with dextrose, pH 

7.4) for recovery, and then incubated in oxygenated standard artificial cerebrospinal fluid (ACSF, in mM: 126 NaCl, 25 NaHCO3, 3 

KCl, 2 CaCl2, 2 MgSO4, 1 NaH2PO4, 0.5 Na-Ascorbate, osmolarity adjusted to 310 mOsm with dextrose, pH 7.4) and incubated 

for 40–60 minutes. Slices were used for electrophysiology 1–5 hours post slicing.

Slices containing V1b were placed on an Olympus BX51WI upright epifluorescence microscope equipped with infrared-DIC optics. 

V1b was identified as previously described.147 Pyramidal neurons in L5 were visually targeted for whole-cell recordings using a 40x 
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water-immersion objective; visual identification was based on the teardrop shaped somata and the presence of an apical dendrite, 

and morphology was confirmed post hoc from biocytin fill reconstructions. Borosilicate glass pipettes with resistance between 4 to 

6 MΩ were filled with K+ Gluconate-based internal solution (in mM: 100 K-gluconate, 10 KCl, 10 HEPES, 5.37 Biocytin, 0.5 EGTA, 

10 Na-Phosphocreatine, 4 Mg-ATP, and 0.3 Na-GTP, osmolarity adjusted to 295 mOsm with sucrose, pH adjusted to 7.4 with 

KOH). All recordings were performed in slices that were superfused in oxygenated standard ACSF at 34 ◦C, using a Multiclamp 

700B amplifier with a CV-7B headstage (Molecular Devices, Sunnyvale, CA). Data were passed through a 6 kHz Bessel low-pass 

filter and acquired at 10 kHz using a National Instruments Data Acquisition Board (DAQ, National Instruments, Woburn, MA) and 

an open-source MATLAB-based software WaveSurfer (HHMI Janelia, Ashburn VA).

To isolate mEPSC events, slices were superfused with standard ASCF containing a drug cocktail of tetrodotoxin (TTX, 0.1 μM), 

D-2-amino-5-phosphonovalerate (APV, 50 μM), and picrotoxin (25 μM). Pyramidal neurons were targeted and held at -70 mV in 

whole-cell voltage clamp, and neither series resistance nor liquid junction potential was corrected. Each neuron was recorded for 

3–5 minutes in a series of 30s segments, and a 500 ms 5 mV hyperpolarizing voltage step was applied at the beginning of each 

segment to continuously monitor passive properties. Neurons were excluded if series resistance was > 20 MΩ, input resistance 

was < 70 MΩ, membrane potential was > -50 mV at break-in, or these properties changed by > 15% during the recording.

Immunostaining and confocal microscopy

Mice were deeply anesthetized using a ketamine/xylazine/acepromazine solution and perfused transcardially with ice-cold 0.01 M 

phosphate buffered saline (PBS) followed by 4 % paraformaldehyde (PFA) in 0.01M PBS (2–3 ml/min). After dissection and post-fix

ation in cold 4% PFA overnight followed by 3x 10 min PBS washes, brains were sectioned in 200μm thick slices to encompass com

plete dendritic trees and stored in 0.01M PBS at 4 ◦C until immunostaining. Selected slices with entire dendritic arborizations of L5 

pyramidal neurons in V1b were permeabilized for 30 min in 0.4 % Triton X-100 in 0.01 M (PBST) and blocked for 60 min in blocking 

solution (2 % normal goat serum (NGS) in 0.4% PBST) at room temperature. Slices were then incubated with primary antibodies (see 

concentrations below) in blocking solution for 48–72h at 4 ◦C, washed 3x 10 min in PBS, and incubated with corresponding second

ary antibodies for 2h at room temperature. Finally, slices were washed 3x 10 min in PBS, mounted using Fluoromount G and stored at 

4◦C until imaging.

This protocol was used for all imaging experiments on fixed tissues, except for cFos staining, where slices were directly incubated 

in blocking buffer (5% NGS, 3 BSA in 0.3% PBST) for 2h with no permeabilization step, and for which the incubation with secondary 

antibodies lasted 3h. Additionally, since PFA overfixation impairs somatostatin staining (Hajnalka Bokor, HUN-REN Hungary, per

sonal communication and our own experience), brains collected to label dendritic inhibitory contacts were only post-fixed for 

30 min after perfusion. Slices (200μm thick) were permeabilized for 30 min in 1% PBST, blocked for 30 min in blocking solution 

(10% NGS in 1% PBST), and processed as described above.

Slices used to assess spine density and morphology were stained with chicken anti-GFP (1:500) and rabbit anti-NeuN (1:500), fol

lowed by goat anti-chicken Alexa 488 and goat anti-rabbit Alexa 568 (both 1:500). Slices used to quantify perisomatic inhibitory con

tacts were stained with rabbit anti-GFP (1:500), chicken anti-parvalbumin (PV, 1:250) and mouse anti-Syt2 (1:250), followed by goat 

anti-rabbit Alexa 488, goat anti-chicken Alexa 568 and goat anti-mouse Alexa 647 (all at 1:500). Slices used to measure dendritic 

inhibition were stained with rat anti-SST (1:50), rabbit anti-VGAT (1:200) and chicken anti-GFP (1:500), followed by goat anti-chicken 

Alexa 488, goat anti-rabbit 647 and goat anti-rat 568 (all at 1:500). Slices used to quantify neuronal activity after DREADD expression 

were stained with rabbit anti-cFos (1:200), chicken anti-GFP (1:500), mouse anti-NeuN (1:500) and rat anti-mCherry (1:1000), fol

lowed by goat anti-rabbit Alexa 647, goat anti-mouse Alexa 405, goat anti-chicken Alexa 488 and goat anti-rat Alexa 568 

(all 1:500). They were then imaged using a confocal laser scanning microscope (LSM 880, Zeiss), using the acquisition paradigm 

described below in the dedicated section on confocal image acquisition and analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Behavioral analysis

Behavioral videos recorded during hunting/mock sessions were manually scored for: time of cricket dispensation into the arena, first 

orientation of the mouse to the cricket, start of the final (successful) attack, cricket capture, and end of cricket consumption. Time to 

capture (s) was then calculated as the time between cricket dispensation and capture, latency to attack (s) as the time between 

cricket dispensation and the start of the final attack, and attack duration (s) as the time between the start of the final attack and cricket 

capture. Further behavioral analysis was performed using DeepLabCut to estimate body part poses (DLC57). More than a hundred 

frames of hunting sessions were selected to represent a wide range of cricket and mouse positions and were manually labeled for the 

cricket as well as multiple points for the mouse head (nose, left and right ears, head center), body (middle of the body, left and right 

front and hindpaws) and tail (base, tip, and four intermediate points). These frames were used to train a ResNet-50 neural network. 

The performance of that network was evaluated using test data, and additional frames were selected and manually labeled to provide 

additional data to improve the performance of the network. Additional rounds of training were performed until the performance of the 

network was deemed sufficient. To calculate speed, DLC pose body parts with a confidence score below 0.82 were discarded. The 

position of the head for each frame was tracked using the four head labels described above. We calculated the instantaneous speed 

of each of these labels for each frame and applied a 30 frame window lowess smoothing function (MATLAB; locally weighted scatter 
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plot smoothing). The median of the output speeds was selected as the representative head speed for the animal at each frame. 6 total 

DLC poses were tracked to model the position of the tail. To calculate tail angle, we measured the angle formed by the last 3 tail poses 

(tail tip and closest 2 intermediate labels) for each frame.

Chronic spine imaging analysis

To minimize motion-induced artifacts inherent to awake imaging, images acquired using a resonant scanner at 15kHz were pro

cessed using two Matlab scripts (Mathworks, Natick, USA) kindly shared and modified by Benjamin Scholl (University of Colorado 

Denver, USA) or Kurt Sailor (Institut Pasteur, Paris, France). For the former, each dendritic segment was acquired as a Z-stack with 

each slice imaged 30 consecutive times and in-frame movement was corrected for each slice using non-rigid registration 

(NormCorrReg148,149). For the latter, each dendritic segment was imaged in 10 successive Z-stacks. Briefly, the mean image was 

calculated for each slice across all 10 stacks which was used as a template for rigid stack registration (MultiStackReg plugin, ImageJ, 

Fiji150) to correct for translational X-Y movement. Next, the 2D cross-correlation was calculated for each slice versus the mean slice 

image within the 10 stacks. A correlation threshold was then determined by the user to remove z-movement out-of-frame planes in 

the registered datasets. The corrected stack was reconstructed from averaging the remaining artifact-free Z-slices within the suc

cessive Z-stacks, followed by affine registration. This method removed movement artifact at the expense of a slight increase in image 

noise. Both codes are available on GitHub (see key resources table).

Spines were manually labeled across all time points in ImageJ (Fiji). Changes in spine density were quantified as a ratio of the spine 

density at each time point relative to the spine density at baseline (day 0). Spine formation or elimination was quantified as the number 

of spines added or lost at a given time point compared to the previous time point. Net spine change was calculated as the difference 

between the number spines added and lost at a given time point compared to the previous time point. Representative images were 

improved for clarity by removing signals from other cells using the mask function in Photoshop (Adobe).

Confocal image acquisition and analysis

Spine analysis

For large-scale, high-resolution imaging of spine density and morphology, L5 pyramidal neurons in V1b or widefield vertical (WF) cells 

in the superficial layers of the superior colliculus (SC) were imaged using an inverted confocal laser scanning microscope (LSM880, 

Zeiss). The localization of the pyramidal neurons in V1b or SC was confirmed with a 10x dry objective (NA 0.45) based on coordinates 

from the Allen Brain Atlas, and their identity confirmed morphologically.72,151,152 The entire dendritic tree (SC) or apical, oblique or 

basal tree (V1) for each neuron was imaged using a 63x oil objective (NA 1.4) at 1024 x 1024 pixels (V1: pixel size of 220 x 200 x 

300 nm (critical-period day 6; Day 6 + XPro) or 90 x 90 x 300 nm (day 1; adults); SC: 220 x 220 x 850nm). Stacks were deconvolved 

in Huygens (Scientific Volume Imaging) using the classic maximum likelihood estimation (CMLE) algorithm to improve resolution and 

signal to noise ratio. Apical dendrites were defined as located above the bifurcation of the primary apical dendrite (i.e. in the apical 

tuft), basal dendrites as arising directly from the soma, and oblique dendrites as arising from the primary apical dendrite and located 

at least 50μm from the soma. The entire dendritic trees and all spines were traced manually using the Filament Tracer module in Imaris 

(Oxford Instruments), with a diameter of 150 μm for spines and 150–300 μm for secondary and tertiary dendrites (see Video S1). Den

dritic spine density (spine density per 10 μm of dendrite, for each dendrite) and spine head diameter (in μm) were obtained using the 

Statistics module in Imaris. In the representative images in Figures 3, 6, 7, and 8, signals from other nearby axons or dendrites were 

removed for clarity as follows: the selected dendrite was traced as a new filament in Imaris and used to reconstruct a surface with a 

low intensity threshold. This artificially enlarges the surface so that it becomes a cylinder encompassing the dendritic shaft and all the 

associated spines. All pixels outside of that surface were then set to 0 and in effect masked, leaving only the dendrite of interest.

Perisomatic inhibition

To study inhibitory contacts onto the somata of pyramidal cells or PV neurons, FP+ or PV+ somata in L5 from V1b were imaged using 

the Airyscan fast scanning and super-resolution module of a confocal microscope (LSM 880, Zeiss), respectively. Images were ac

quired as Z stacks (pixel size of 60 x 60 x 25 nm) using a 63x oil objective (NA 1.4) and deconvolved using the post-hoc processing 

algorithm of the Airyscan. The number of Syt2 contacts on FP+ or PV+ somata was first quantified using the Spots module in Imaris, 

which labels puncta based on an XY diameter provided by the experimenter. This diameter was estimated by measuring the average 

sizes of Syt2 puncta across multiple images and selected as 400nm for Syt2 contacts on FP+ somata and 500nm for Syt2 contacts on 

PV+ somata. Spots were manually removed if they appeared to belong to the same contact to avoid duplicate counting. Additionally, 

FP, PV and Syt2 signals were reconstructed using the Surface module in Imaris (Figure S3). To assess specifically Syt2 contacts on a 

given FP+ or PV+ soma, that soma was first reconstructed with a low surface resolution (surface grain size of 300nm) for the FP or PV 

channel, so that it would in effect be slightly larger than the soma itself by ∼ 1–2 μm (Figure S3B). This reconstruction served as a 

mask to automatically exclude all remote Syt2 signals, which are too far from the soma to represent an inhibitory contact, from sub

sequent analysis. If necessary, an inner FP or PV mask was also reconstructed with a high intensity threshold to faithfully recapitulate 

the shape of the soma and exclude somatic Syt2 signals (Figure S3C). This allowed the specific reconstruction and quantification of 

Syt2 staining at the surface of the FP+ or PV+ soma with a high resolution (surface grain size of 130nm and 110nm, respectively; 

Figures S3D–S3H). Finally, the volume and number of each Syt2 contact onto a FP+ or PV+ soma were obtained using the Statistics 

module in Imaris.
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Dendritic inhibition

To study inhibitory contacts on the apical or basal dendritic trees of pyramidal neurons, L5 pyramidal neurons in V1b were imaged 

with the Zeiss LSM 880. The 10x air objective (NA 0.45) in conjunction with the Allen mouse coronal brain atlas were used to confirm 

the localization in V1b, and apical and basal dendritic arbors were imaged separately using the 63x oil objective (NA 1.4) as tiled 

Z-stacks (pixel size of 130 x 130 x 640 nm, 10% overlap for tiling using the bounding tile option). Tiled images were stitched and de

convolved in Huygens using the stitching module and the CMLE algorithm. The entire apical or basal dendritic arbor was manually 

traced in Imaris using the Filament Tracer module. To only include inhibitory puncta within ∼ 1–2 μm of the dendrite, a strategy similar 

to the quantification of perisomatic inhibition was used: a new channel was created based on the traced dendritic arbor, and used in 

the Surface module to generate a new surface with a low intensity threshold, in effect following closely the traced dendritic arbor, but 

with a slightly larger diameter (∼ 1–2 μm). All voxels of all channels (i.e. YFP, SST, VGAT) outside this surface were then set to 0, so 

that only staining within that surface were used in subsequent analysis. From this masked channel following the dendrite, VGAT or 

SST signals were reconstructed based on a consistent intensity threshold using the Spots module. This allowed only VGAT and SST 

in close proximity to the dendrite to be included in the analysis. Furthermore, the number of colocalized SST and VGAT puncta was 

calculated using the Imaris ‘‘Colocalize Spots’’ extension with a threshold of 1.10 μm between the center of the puncta. The density of 

SST, VGAT and colocalized SST:VGAT puncta for each dendrite were finally obtained from the Statistics module.

cFos quantification

To measure neuronal activity in V1 upon DREADD expression, we quantified the number of neurons (identified by NeuN staining) that 

were also positive for the immediate early gene cFos as a proxy. To be representative of the whole region, four cortical slices per 

animal were selected across the antero-posterior axis. For each slice, one V1 was selected and L2/3 and L5/6 were imaged sepa

rately using the Zeiss LSM 880 with 20x air objective (NA 0.8), 1024 x 1024 pixels (pixel size of 420 x 420 x 500 nm). Both images were 

first stitched together using the pairwise stitching plugin with linear blend (Fiji) to facilitate identification of cortical layers, deconvolved 

in Huygens and analyzed in Imaris. Regions of interest (ROIs) of similar size (500 x 700 x 15 μm) were selected above L2/3 and L5/6 for 

each visual cortex and set in regions with bright DREADD expression (visualized by mCherry). The total number of c-Fos+ and NeuN+ 

cells within the ROI was automatically measured and manually confirmed using the Spots module based on a constant intensity 

threshold and XY diameter, both selected after careful estimation across multiple images throughout the dataset. The colocalization 

of cFos+ and NeuN+ puncta was subsequently performed using the ‘‘Colocalize spots’’ extension (distance threshold of 5 μm be

tween the center of two puncta, based on average colocalization accuracy across multiple images) and extracted from the Statistics 

module. The ratio of active neurons in each layer of V1 was calculated as (number of cFos+:NeuN+ puncta/total number of NeuN+ 

puncta) and plotted in GraphPad (Prism).

Intrinsic imaging analysis

To identify the position of cranial windows using intrinsic imaging, we took advantage of the retinotopic organization of the mouse 

primary visual cortex.153 Visual receptive fields indeed elicit strong responses in patches of primary visual cortex, with adjacent fields 

producing responses in neighboring and overlapping patches. Receptive fields along the top-down and temporal-nasal axes of the 

visual field are represented in patches along the antero-posterior and medio-lateral axes of the primary visual cortex, respectively.153

We thus presented four visual stimuli along the temporal-nasal axis of the visual field and analyzed the position of the responsive 

patches along the medio-lateral axis of the cranial window. Windows where the temporal-nasal axis matched the medio-lateral 

axis were defined as located above the primary visual cortex.

Calcium imaging analysis

Data analysis was performed using Suite2P130 and Matlab (Mathworks). Timeseries acquired with a two-photon microscope were 

first registered and cells automatically identified in Suite2P (with default parameters), followed by manual addition or removal of cells 

as necessary in Suite2P. After Suite2p, a custom Matlab code (vhlab-TwoPhoton-matlab, available on GitHub) was used to compute 

the change in fluorescence (ΔF/F) for each stimulus. The baseline was computed over the last 3 seconds of the inter-stimulus interval 

before each stimulus presentation, and the response was computed over the entire 5 second duration of the stimulus presentation. 

Tuning curves were subsequently calculated across all stimuli per receptive field property and the population average was computed 

using a custom nested analysis in Matlab (VH-Lab/vhtlab-mousehunting-matlab) to ensure an equal weight of all animals while 

including all imaged neurons. Representative images were prepared as the average of a timeseries with enhanced brightness and 

contrast in ImageJ (Fiji).

mEPSC recordings

Spontaneous mEPSC events were automatically detected using in-house scripts written with MATLAB as previously described.154

Briefly, the script slides a mEPSC event-shaped template to identify putative mEPSC events, which were then passed through 

multiple quality control modules to exclude false-positives. To include events from distal dendrites in the upper layers, rise 

time cutoff for detection was set to 3 ms. Mean amplitude and frequency were first calculated for each 30 s recording segment, 

which were then averaged to generate the mean value for each cell. Rise time and decay time constants were calculated from the 

waveform average traces for each cell. Rise time is defined as the time for the current to increase from 10% to 90% of the peak 

amplitude. Decay time constant (τ) is derived from a first-order exponential fit of the decay phase. Cumulative distributions of 
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mEPSC amplitudes and inter-event intervals, as well as the average waveforms, were generated by randomly selecting and pool

ing 100 events from each cell.

Statistical analysis

Exact sample sizes, their definition (events, spines, dendrites, cells, animals) and statistical tests are all reported in the corresponding 

figure legend. Exact p-values are provided in Table S1, with statistical significance defined as a p-value below 0.05 and indicated as * 

for p 0.05, ** for p < 0.01, and *** for p < 0.001. Data plotting and analysis was performed in Prism (GraphPad) or using custom Matlab 

scripts (MathWorks; available on GitHub, see key resources table). Individual data points represent single animals for behavioral 

panels, single morphological units (mEPSCs, dendrites or spines) for cumulative distributions in structural and electrophysiological 

panels, and single neurons for nested analyses in structural and calcium imaging panels. Data are expressed as mean with error bars 

as standard error of the mean (SEM).

To assess significance levels, datasets were first tested for normality using Shapiro-Wilke’s normality test. For normally distributed 

data, paired or non-paired t tests were used for one-way comparisons, and ANOVA with Tukey’s correction was used for multiple 

comparisons. For non-normally distributed data, Wilcoxon’s rank test was used for one-way comparisons, and a Mann-Whitney 

U-test was used for multiple comparisons. For regression analysis, a Pearson’s correlation (for normally distributed data) was 

used. Cumulative distributions of electrophysiological and structural parameters were compared using a Kolmogorov-Smirnov 

test. Statistical tests and exact significant p-values are listed in Table S1.

To confirm that total cumulative distributions were not skewed by neurons with higher number of spines or inhibitory contacts, we 

selected an equal number of spines or inhibitory contacts per neuron using undersampling: for each neuron in a given group, we 

generated 100 random distributions using the smallest number of spines or contacts collected and calculated the median distribu

tion, in which each neuron has equal weight; we then compared these median cumulative distributions for statistically significant dif

ferences using the Kolmogorov-Smirnov test. Results did not differ from those obtained using the full distributions, so full distribu

tions were used.

For structural and calcium imaging experiments, as different animals contributed substantially different numbers of events (cells, 

dendrites, spines, inhibitory synapses), we performed a nested analysis with the Matlab function fitlme with the equation (in Wilkinson 

notation) Y ∼ 1 + TREATMENT + (1 | neuron) or Y ∼ 1 + TREATMENT + (1 | animal). This constructs a model of the effect of each 

treatment condition (mock vs hunting) with a normally-distributed free parameter for each neuron or animal to account for the fact 

that observations of multiple cells within a neuron or animal are not independent. This code is available on GitHub (VH-Lab/ 

vhtlab-mousehunting-matlab). For structural experiments, we report both cumulative distributions (to show the shape of the data) 

and nested analysis (to account for the lack of independence of inhibitory puncta, spines or dendrites).

To quantify effect magnitudes across varying data structures, we selected the most appropriate calculations based on sample size 

and distributional assumptions. For parametric comparisons (including for post-hoc comparisons after ANOVA), Hedges’ g was used 

for independent groups to correct for small-sample bias (N < 20), while Cohen’s dav was applied to paired data. For non-normally 

distributed data, we utilized non-parametric alternatives: the rank-biserial correlation (r) was reported for matched pairs, and the 

probability of superiority (PS; equivalent to the Area Under the ROC Curve) was used to characterize shifts in cumulative distributions. 

The PS represents the likelihood that a randomly selected observation from the experimental group exceeds one from the control 

group. Finally, for linear mixed-effects modeling, effect sizes were expressed via standardized beta coefficients (β) and an approx

imation of Cohen’s d: Cohen’s d was used to quantify the magnitude of difference between independent groups by normalizing the 

mean difference by the pooled standard deviation, while standardized beta coefficients represent the change in the dependent var

iable in units of standard deviation while accounting for random subject-level variance. The codes for all tests are available on GitHub 

(VH-Lab/vhtlab-mousehunting-matlab and turrigiano/CodeSpace/Bissen2025). The name of the test and corresponding coefficients 

are reported in the figure legends and Table S1.
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