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Abstract

Visual systems evolved to extract behaviorally relevant information while
animals move through and interact with their world. Such ecological vi-
sion differs fundamentally from standard laboratory paradigms in many key
aspects, making this a much harder problem for the brain to solve, and
for the neuroscientist to study. However, emerging technologies and ex-
perimental approaches have enabled investigation of visual computations
under these ecological conditions. These approaches are particularly power-
ful in the mouse, combining well-developed genetic tools, high-throughput
recordings, and quantifiable ethological tasks. Here we review computations
that are engaged in ecological contexts, including active sensing, motion
processing, scene analysis, distance estimation, and spatial perception. We
delineate experimental approaches that engage these computations and syn-
thesize current understanding of their neural implementations based on
mouse research. These studies reveal how ecological vision engages dis-
tinct processing strategies and novel neural circuitry, while highlighting the
vast territory that remains unexplored in understanding real-world visual
computation.
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1. INTRODUCTION

Vision is fundamentally an active modality that enables interaction with the world. Yet much vision
research has focused on passive viewing paradigms or discrimination of simple stimuli. This pro-
vides a powerful approach to study the processing of specific features such as orientation selectivity
and object identity, as well as revealing general principles of neural circuit computation (Niell &
Scanziani 2021). However, it leaves vast territories of visual function unexplored, particularly those
computations engaged when animals actively navigate and interact with their environments.

The ecological approach to vision, articulated in the classic work of J.J. Gibson (1979), recog-
nizes that visual systems evolved not for abstract scene reconstruction but for guiding behavior
in complex environments. Here we emphasize three key principles that distinguish ecological vi-
sion from standard lab paradigms for vision. First, natural visual input consists of rich, dynamic
information from complex 3D scenes rather than impoverished laboratory stimuli. Second, vi-
sion operates through active exploration, with animals continuously moving their eyes, heads,
and bodies to sample their environment. Third, visual processing is inherently coupled to spe-
cific behavioral needs, extracting task-relevant information rather than (or in addition to) building
general-purpose representations. Here we review the computational challenges that the visual sys-
tem must solve to function in this context (Figure 1), enabling successful interaction with natural
environments.

The mouse provides an excellent model system for investigating ecological vision because it
must achieve many of the fundamental behavioral goals shared across species, such as navigating
complex environments, detecting predators, and identifying food sources. In fact, these aspects of
natural vision, and the associated challenges, are more likely what the mouse visual system evolved
for than the standard lab paradigms that are often used in the mouse. Combined with powerful
genetic tools for circuit dissection (Huberman & Niell 2011, Luo et al. 2008) and amenability to
both virtual reality paradigms (Harvey et al. 2009, Saleem et al. 2018) and freely moving behavioral
studies (Skyberg & Niell 2024), the mouse enables detailed mechanistic investigation of visual
computations in naturalistic contexts.

In this review we focus on the broad computational challenges inherent in ecological vision
and discuss the neural circuit mechanisms implementing these computations where known. We
do not focus on specific visually guided behaviors, which have been reviewed elsewhere (Branco
& Redgrave 2020, Saleem & Busse 2023, Skyberg & Niell 2024, Zhao et al. 2023), although we do
examine how behavioral demands provide experimental access and reveal distinct computational
strategies. Notably, our understanding of neural circuits for ecological vision remains far more
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Figure 1

Overview of computational challenges in ecological vision reviewed here. (#) Head and eye movements allow active sensing and shape
visual input through stabilization and gaze shifts. ()) Multiple forms of motion processing are required, including optic flow induced by
locomotion and object motion. (¢) Complex scene analysis to identify object and landmarks involves challenges such as texture and
occlusion. (d) Estimation of distance to points in the scene is enabled by a range of binocular and monocular cues. (¢) Spatial processing
enables navigation through the environment. Figure adapted from images created by Gil Costa.
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MODEL ALIGNMENT UNDER ECOLOGICAL OBJECTIVES

In fitting quantitative models to neural coding, the target objective matters. In current models, mouse cortex aligns
better with shallower, lower-resolution, self-supervised (contrastive) models, while the primate ventral stream aligns
with deeper, category-supervised pipelines (Nayebi et al. 2023). Cross-species evaluation improves with sparse-
positive alignment metrics that capture species-specific inductive biases rather than neuron-wise matching (Conwell
et al. 2024). Consistent with this view, Xu et al. (2023) showed that a multimodal V1 model in freely moving
mice exhibits mixed selectivity to visual and self-motion variables—an early integration signature expected un-
der ecology-first objectives. Looking ahead, foundation models trained on large, multimouse, multimodal datasets
can capture broad regularities and generalize across stimuli and animals, supporting tasks from neural prediction
to cell type inference (Wang et al. 2025). Objectives emphasizing stability under self-motion, affordance detection,
and rapid threat/opportunity routing likely shape mouse codes as much as anatomy, yielding concrete hypotheses
(e.g., low-rank flow decomposition, prediction-error parsing) and sharper task suites to bridge mouse and primate
vision.

limited than for classical visual processing, and so we emphasize new approaches and important
directions for future inquiry.

2. MOUSE VISION FROM AN ECOLOGICAL PERSPECTIVE

WEe first provide an overview of mouse vision, in terms of visual system organization, visual en-
vironment, and experimental tools, to provide context for its use in studying ecological vision.
These factors are also likely to serve as important constraints in computational models of visual
processing in the mouse (see the sidebar titled Model Alignment Under Ecological Objectives).

The mouse visual system shares many aspects of the general mammalian organization, includ-
ing that of primates. This includes the major cell types of the retina, pathways from retina to
thalamus to cortex, the layered structure of cortex, and the presence of a number of higher visual
areas (HVAs) beyond primary visual cortex (V1) (Busse 2018, Glickfeld & Olsen 2017, Hiibener
2003, Huberman & Niell 2011, Seabrook et al. 2017). Mice also share the pathway from retina
to superior colliculus (SC), and in fact this pathway dwarfs that of primates, with the majority of
retinal ganglion cells (RGCs) projecting to SC, in contrast to a small fraction projecting in the
primate. In this sense, mice represent an evolutionary intermediate between nonmammalian ver-
tebrates such as fish, birds, and reptiles, where the optic tectum (homolog of SC) dominates, and
primates, where the cortical pathway dominates (Knudsen 2020).

An important constraint on mouse vision is their small eyes and correspondingly low spatial
resolution, roughly 100-fold lower than primate peak acuity. This difference is compounded by
the fact that mice lack a fovea that could create a region of enhanced acuity. It also makes the mouse
retina more uniform than that of primates, although recent evidence supports a region of increased
density of one RGC type (Bleckert et al. 2014), suggested to be evolutionarily related to primate
midget ganglion cells (Hahn et al. 2023), in the central lower visual field. This region, which has
been termed the focea or functional focus, has increased cortical representation (van Beest et al.
2021) and may represent a behaviorally relevant specialization (Holmgren etal. 2021). The mouse
retina is rod dominated, with only a small fraction, roughly 3%, of cones (Jeon et al. 1998). These
cones express opsins centered on green and ultraviolet (UV), with many cones coexpressing both
opsins, and UV opsins concentrated in the upper visual field (Applebury et al. 2000). Furthermore,
their eyes are on the sides of the head, resulting in a large lateral field of view but limited binoc-
ular overlap of approximately 40°. The combination of lateral eyes, low spatial resolution, and a
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rod-dominated retina makes mouse vision overall most analogous to peripheral vision in primates.
The small eye size eliminates the need for accommodation, maintaining focus across their visual
range (Balkema & Pinto 1982). As discussed below, mice make a range of eye movements, in-
cluding both vestibulo-ocular reflex (VOR) and optokinetic reflex (OKR) stabilization and rapid
saccades, with a typical range of up to 20° (Ambrad Giovannetti & Rancz 2024).

The visual statistics of the mouse’s natural environment differ dramatically from typical labo-
ratory stimuli or even standard natural scene databases collected from human eye height. Recent
studies have provided quantitative assessment of the static scene statistics from the mouse’s per-
spective. This has revealed differences in spectral wavelength distributions matched to the cone
densities (Qiu et al. 2021), and the statistics of the scene are also reflected in variations in spatial
receptive fields across the retina (Gupta et al. 2023). Less is known about the dynamic properties
of the visual scene. Video from freely walking humans has shown how self-movement patterns
dramatically alter scene dynamics, in ways that can be both a confound and informative about
the visual scene (Matthis et al. 2022). Mice experience a ground-level view characterized by rapid
self-motion through cluttered environments, creating dynamic optic flow patterns fundamentally
different from the static images or even natural movies (generally popular culture movies, from a
human viewpoint) often used in experiments.

While their spatial resolution is relatively low compared to many mammals, mice are able to
adeptly use their vision for diverse behavioral goals. These goals include detecting and avoiding
overhead threats (Yilmaz & Meister 2013), capturing prey through visually guided pursuit (Hoy
et al. 2016), estimating distance to guide movement (Boone et al. 2021, Parker et al. 2022a), navi-
gating to safety (Campagner etal. 2023, Morris et al. 1982), and recognizing conspecifics for social
interactions (Greer et al. 2025). These natural behaviors demonstrate sophisticated visual capabil-
ities that may be surprising given the apparent difficulty mice have with some simple laboratory
discrimination tasks.

Indeed, the notion that mice have supposedly poor vision is perpetuated by experimental
paradigms that may not engage their natural visual capabilities. While mice take extended time to
learn, and often employ alternate strategies for, two-alternative forced-choice discriminations of
seemingly distinct stimuli (Ashwood et al. 2022, Busse et al. 2011, Luongo et al. 2023), especially
under head-fixed conditions, they readily master complex visual tasks that better match their eco-
logical needs. In fact, many ecologically relevant behaviors require no training whatsoever: Prey
capture, predator avoidance, and gap jumping emerge spontaneously in the appropriate behavioral
context. Furthermore, it is apparent that mice can use many visual features that take effort to train.
For example, mice may take weeks to learn to discriminate a horizontal versus vertical stimulus
(Wekselblatt et al. 2016), but they readily jump onto horizontal surfaces (Parker et al. 2022a) and
do not jump onto vertical ones (i.e., walls). This apparent paradox—that mice are challenged in
performing standard primate-centric tasks but naturally perform a number of ethological tasks
using the same information—suggests the challenge lies not in visual discrimination but in map-
ping arbitrary visual features to learned behavioral responses and finding ways to reinforce those
mappings in training paradigms. This also limits the ability to use trained tasks to assay what a
mouse can see, as mice may very well be able to see a feature, but they simply do not learn to
associate it with an arbitrary action and reward.

In addition to the genetic tools that helped establish the mouse as a model for studying
vision (Huberman & Niell 2011, Luo et al. 2008), there are also a range of recent experimental
approaches that have been developed to better engage ecological vision while maintaining
experimental accessibility and control. Notably, these approaches must concurrently solve the
challenges of measuring neural activity during naturalistic interaction with the environment, and
either measuring or controlling the visual input in such conditions. Freely moving paradigms
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with head-mounted recording devices allow unrestrained interactions with the environment
(Newman et al. 2025), while head-mounted cameras enable eye tracking and reconstruction
of retinal input (Meyer et al. 2018, Parker et al. 2022b). Neural recording capabilities during
free movement are limited compared to head fixation, though advances in high-density silicon
probes (Steinmetz et al. 2021) and miniaturized two-photon microscopes (Zong et al. 2022) help
narrow the gap. On the other hand, in head-fixed conditions, virtual reality systems provide
precise stimulus control and enable extensive neural recordings and manipulations, though they
sacrifice real-world physical interactions. Intermediate approaches, such as air-lifted platforms
(Kislin et al. 2014) and rotating imaging systems (Voigts & Harnett 2020), have the potential to
combine benefits of both paradigms. These complementary experimental approaches, together
with computational methods to quantify continuous behavior and relate it to neural activity
(Datta et al. 2019, Mathis & Mathis 2025, Pereira et al. 2020), provide the tools necessary to
investigate how visual computations operate under ecological conditions.

3. ECOLOGICAL VISUAL COMPUTATIONS
3.1. Active Sensing and Head/Eye Movements

Active sensing enables animals to strategically acquire visual information through coordinated
movements of their sensory apparatus. While animals must move to achieve behavioral goals,
they can also reposition their head and eye to gather information. In primates, including humans,
targeted saccades direct gaze toward task-relevant features, demonstrating active visual sampling
strategies (Hayhoe & Ballard 2005, Yarbus 1967).

3.1.1. Head and eye movements during behavior. Recent advances using miniature head-
mounted cameras have revealed the complexity of mouse eye movements during natural behavior.
Mice and rats employ compensatory mechanisms to stabilize their visual field during locomotion
(Meyer et al. 2020, Michaiel et al. 2020, Wallace et al. 2013), but due to the lateral positioning
and angular orientation of their eyes, these compensatory movements differ markedly from those
of primates. For instance, when tilting the head downward, mice move their eyes upward and
backward while simultaneously rotating around the pupil axis (cyclotorsion). However, compen-
satory movements have limited range, particularly along the horizontal axis, necessitating rapid
reset saccades—the quick phase of the VOR. Together, this creates a saccade-and-fixate pattern
seen across the animal kingdom (Land 1999), resulting in rapid shifts of the visual input when the
eye saccades, interspersed between periods of stabilized visual input when the head and eyes move
in opposite directions (compensatory/fixation). These saccades occur frequently during both free
exploration and targeted behaviors (Meyer et al. 2020, Michaiel et al. 2020) but do not appear to
target specific points such as prey (Michaiel et al. 2020). During prey capture, mice do position
prey targets in the focea (described above), which also corresponds to the region of low optic flow
(Holmgren et al. 2021), though whether this reflects active visual targeting or is primarily a con-
sequence of aiming the head toward prey to facilitate capture is unclear. It remains possible that
concurrent head- and eye-orienting movements could serve as a rapid targeting mechanism, as
seen in primates (Bizzi et al. 1972).

Notably, this also means that eye movements are tightly coupled to head movements, raising
important caveats about the study of eye movements in head-fixed preparations. In fact, saccades
in head-fixed mice have been shown to correspond to attempts to move the head, rather than
independent movements of the eyes themselves, based on measurements of the force applied to
the head restraint during saccades (Meyer et al. 2020, Zahler et al. 2021).

These movement patterns have subsequent implications for the nature of the visual input.
Given their low spatial resolution and relatively large retinal specializations, mice may not
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require precise eye positioning for target acquisition, as in primate saccades that bring relevant
stimuli to the fovea. Thus, rather than information acquisition, that is, collecting new visual input,
mouse eye movements may be best considered as primarily serving for information formatting,
that is, putting the retinal input into a form that is useful for neural processing. Without compen-
satory mechanisms, every head or body movement would sweep images across the retina, creating
a challenging image-processing problem. Instead, the VOR and OKR create a biological “steady-
cam,” segmenting visual experience into stable epochs separated by saccadic transitions, with the
abrupt shift of saccades providing a discrete time point for arrival of new visual input and subse-
quent processing. Stabilizing movements also maintain alignment between retinal specializations
and environmental features, such as the vertical gradient of cone sensitivity (Qiu et al. 2021) and
receptive field structure relative to the horizon (Gupta et al. 2023).

3.1.2. Neural processing in head and eye movements. The pattern of head and eye move-
ments also has significant consequences for the neural processing of visual input. As noted above,
rather than parsing a continuous visual scene, the brain must analyze short sequences of stabilized
input interspersed by abrupt gaze shifts. Additionally, it must stitch together the different views
of the world that result from the jumps in gaze direction.

The impact of the saccade-and-fixate pattern on processing in V1 was recently studied by
combining head-mounted eye tracking with chronic electrophysiology (Parker et al. 2023). This
revealed that each gaze shift results in a temporal sequence of activity across the population, from
neurons responding immediately after the saccade to neurons responding primarily during the
subsequent fixation. This sequence also corresponded to spatial frequency tuning, with the ear-
liest neurons encoding low spatial frequency and later neurons encoding high spatial frequency,
consistent with a coarse-to-fine computational principle of visual processing, proposed from hu-
man psychophysics and supported by recordings in head-fixed monkeys and mice (Boi et al. 2017,
Bredfeldt & Ringach 2002, Hegdé 2008, Skyberg et al. 2022). Notably, the formatting of visual
input by the saccade-and-fixate movement pattern means that the coarse-to-fine computation is
engaged by the arrival of new visual information with each gaze shift. Strikingly, a similar pattern
following saccades was observed in freely gazing monkeys viewing natural scenes (Parker et al.
2023), suggesting that despite the differences in mouse and primate vision, aspects of ecological
visual processing are shared.

Another important computational challenge is conveying information about eye movements
to the rest of the visual system. A recent study demonstrated that the pulvinar conveys a signal
from SC to visual cortex, tuned to the direction of eye movement during a saccade (Miura &
Scanziani 2022). In V1 neurons, this information was integrated with standard direction selectivity
randomly—there was no clear alignment between the tuning for direction of movement of the
visual scene and movement of the eyes. While this may appear to confound processing, this could
also serve to disambiguate the two sources of motion by orthogonalizing the representation at the
population level. Intriguingly, information about eye movements is conveyed even during REM
sleep, since head direction tuning in thalamus updates with eye movements, as predicted if the
animal was shifting its gaze while dreaming (Senzai & Scanziani 2022), based on drive from SC
(Senzai & Scanziani 2024), suggesting that active sensing circuitry is engaged even in dreams.

Head and eye movements are also a component of other behavioral and active sensing goals,
for example, orienting to targets such as prey, or moving to generate motion parallax, which is
discussed in following sections. However, the many roles of head and eye movements also raise
the challenge of determining the motivation and impact of specific movements. For example, in
the context of prey capture, does the mouse turn its head to look at the cricket, to chase the cricket,
or both?
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3.2. Motion Processing in Ecological Vision

Natural behavior places continuous demands on motion computation: Moving animals must sta-
bilize retinal input, infer self-motion in six degrees of freedom, segregate object motion from
self-generated flow, estimate time to collision, and convert these estimates into behavioral output.
In mice, these computations draw on retinal direction-selective tiling, vestibular and proprio-
ceptive signals, corollary discharge, and state-dependent gain that converge across subcortical
and cortical circuits (Niell & Scanziani 2021, Saleem & Busse 2023, Skyberg & Niell 2024).
We organize this section around three computations: optic flow, self- versus object motion, and
looming/time to collision.

3.2.1. Optic-flow estimation and self-motion readout. Locomotion transforms local retinal
motion into global flow whose translational and rotational components specify heading, speed,
and ground-plane geometry. In the mouse retina, direction-selective RGCs aligned to the body
axes tile visual space, providing a basis for parsing optic flow (Sabbah et al. 2017). Accessory optic
and cerebellar pathways use these signals for gaze stabilization, while cortex contributes multi-
sensory integration and higher-order readout. In V1, deep-layer neurons combine visual motion
with vestibular input consistent with self-motion estimation (Vélez-Fort et al. 2018). Dorsal HVAs
show selectivity for translational and rotational flow and a relative specialization for motion over
texture (Rasmussen et al. 2021, Yu et al. 2022). Retinotopic asymmetries, including lower visual
field bias, indicate encoding tuned to a ground-dwelling niche (Sit & Goard 2020).

Retrosplenial cortex (RSC) anchors heading to visual landmarks and integrates self-motion
signals, though optic-flow tuning in RSC remains limited (Keshavarzi et al. 2022). In contrast,
dorsal HVAs (RL/AL/AM) show robust translational/rotational optic-flow selectivity and likely
provide motion-derived inputs to association cortices (Rasmussen et al. 2021, Sit & Goard 2020).
At the algorithmic level, posterior parietal cortex (PPC) adaptively integrates self-motion with
behavioral goals (Alexander et al. 2022, Lian et al. 2023). Converging evidence and theory further
suggest that RSC and PPC may employ conjunctive (mixed-selectivity) codes linking motion,
heading, and landmarks (Alexander et al. 2023, Beyeler et al. 2019, Pouget & Sejnowski 1997).

Together, these results outline a computation that assembles 2D direction-tuned inputs into a
3D self-motion estimate and routes it to navigation circuits. An open question is how full 3D flow
(i.e., pitch, roll, yaw, and linear translations) is reconstructed from 2D retinal tiling and aligned to
body axes across development and experience. This self-motion estimate then supplies the predic-
tion needed for the next computation: subtracting expected reafference to reveal independently
moving objects.

3.2.2. Flow parsing: segregating self- and object motion. To determine whether observed
motion arises from self-movement or external objects, the core computation is prediction and
subtraction: Estimate the reafferent motion (sensory input resulting from one’s own movement)
and subtract it to expose externally caused motion. In mouse V1, mismatch neurons report local
deviations between expected and observed motion, consistent with corollary discharge reaching
early visual cortex and driving prediction-error signals (Jordan & Keller 2020, Keller et al. 2012,
Zmarz & Keller 2016). Downstream, PPC can integrate these residual signals with goals and
actions, yielding mixed selectivity codes that support flexible visuomotor behavior (Alexander
et al. 2022, Goard et al. 2016, Pho et al. 2018). A potential confound is that locomotion also
modulates V1 responses through state-dependent gain control mediated by inhibitory circuitry,
often described as a VIP to SST to PV disinhibitory motif (Dipoppa et al. 2018, Fu et al. 2014,
Niell & Stryker 2010). However, this mechanism is largely global, scaling responses broadly with
behavioral state, whereas mismatch responses are stimulus specific and spatially local, appearing
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only where visual input violates the movement-based prediction. Consistent with this distinction,
locomotion-induced gain changes alone do not account for mismatch responses (Vasilevskaya
et al. 2023), supporting the interpretation that mismatch activity reflects a computation beyond
global state gain, namely a local comparison between predicted and actual motion (low parsing).
Key unknowns include where and when efference-copy signals enter the visual hierarchy and
how mismatch tuning adapts as environmental statistics change. This parsing computation also
supplies motion-defined segmentation cues for complex scene analysis.

3.2.3. Looming and collision avoidance. Detection of incoming objects, whether an ap-
proaching obstacle or a looming predator, is a key ecological demand. Imminent collision can
be read out from the rate of image expansion. Retinal small-field OFF pathways and W3-like
RGCs feed SC, which drives rapid freeze/flight via dorsal periaqueductal gray circuits (Evans
et al. 2018, Shang et al. 2018, Yilmaz & Meister 2013). Layer-specific SC activity distinguishes
self- from object-generated loom, and looming gain is strongly state dependent (Relota et al.
2025, Zucca et al. 2025). These findings support looming as a dedicated, thresholded compu-
tation whose sensitivity is tuned by arousal and ongoing behavior. Open questions include how
these threat channels are gated during intentional approach (e.g., hunting) and the extent to which
cortical inputs modulate sensitivity to image expansion beyond SC.

3.3. Complex Scene Analysis

Once we start relaxing restrictions on visual stimuli, away from simple parameterized stimuli, and
toward an ecological context with richer stimuli that span more degrees of freedom, the brain is
faced with an array of complexity that must be reckoned with to support robust adaptive behavior.
The natural world is filled with textures, objects, and other agents that must be segmented and
represented in neuronal activity to guide behavior. These processes are extraordinarily robust to
changes in low-level appearance, e.g., lighting or occlusions. Moreover, they must be robust to
out-of-distribution stimuli the mouse has never seen before, in environments it did not evolve
within, such as modern houses or subway stations. We know this robustness must exist, because
we observe that mouse behavior itself is highly robust. Whether in a forest, a prairie, a house, or
a sterile laboratory environment, mice exhibit stereotypically robust behavior, the likes of which
our best human-made systems can not yet replicate with any amount of energy consumption, let
alone the 1-W power envelope that mouse brains operate within.

Texture is a fundamental component of visual perception (Victor et al. 2017). Distinguishing
textures requires a sensitivity to spatial frequency, which can be mapped with simple grating stim-
uli. V1 and HVAs can be precisely delineated by retinotopy, and these cortical areas vary in their
mean population responses as a function of the spatiotemporal characteristics of stimuli presented
(Andermann et al. 2011, Glickfeld & Olsen 2017, Marshel et al. 2011, Smith et al. 2017, Wang &
Burkhalter 2007). Studies with Gabor filter-based models of visual neuron turning indicate that
there is a trade-off between encoding texture or form stimuli and motion stimuli (Glickfeld et al.
2013, Saleem et al. 2013, Yu et al. 2022), and this could account for some diversity in preferences
among HVAs. Neurons whose activity is well-correlated to texture parameters are enriched in
mouse HVAs (Yu et al. 2022), supporting a role in scene analysis.

HVAs are critical for visually driven behavior in mice (Goldbach etal. 2021), and while there are
differences between primates and rodents in trained behavior (Luongo etal. 2023), in both species,
texture stimuli have been used to discern functional differences among visual areas (Bolafios et al.
2024, Freeman et al. 2013, Okazawa et al. 2015, Victor et al. 2017, Yu et al. 2022, Ziemba et al.
2016). In large-scale studies, mouse area LM appears to exhibit neural dynamics that correlate
with texture stimulus parameters with high fidelity (Bolafios et al. 2024, Yu et al. 2022), and the
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activity of neurons in HVAs correlates with categories of stimuli after learning (Goltstein et al.
2021).

Segmentation can follow quickly from texture, as edges and borders help break a visual stimulus
up into components (Schnabel et al. 2018). Mice can readily discriminate monochrome natural-
istic scenery images presented on video displays (Yu et al. 2018), yet more subtle manipulations
of visual stimuli, such as removing or rescaling components of an image, are not reliably detected
(S.L. Smith, unpublished data, available upon request). Thus, it seems as though mice experi-
ence perceptions of visual stimuli with moderate semantic detail, yet this is sufficient to support
behavior in their ecological niche.

In real-world situations, object transformations, noise, occlusions, and other perturbations of-
ten occur, and perception must be robust to these perturbations. In artificial neural networks, this
can be facilitated by recurrent circuitry, rather than pure feedforward networks, and relatedly, pri-
mates show processing delays that could be consistent with biological implementations of similar
recurrent mechanisms (Tang et al. 2018). Recent data from mice are also consistent with this idea
(Shin etal. 2025). Rodents can recognize shaped objects despite transformations (Froudarakis et al.
2020, Zoccolan et al. 2009). Mice can recognize motion in the presence of noise (Marques et al.
2018, Stirman et al. 2016), and perform visual tasks with complex stimuli [including stimuli with
constant luminance but contrast or textural changes (Khastkhodaei et al. 2016)], despite occlusions,
fog, and other visual perturbations (Schneider et al. 2025; https://robustforaging.github.io/).
Thus, mice have extensive capabilities for parsing complex scenes to guide behavior. Elucidating
the neural circuitry that enables this analysis of complex natural scenes can reveal novel mecha-
nisms for robust extraction of behaviorally relevant information. Ecologically, mice can use these
capabilities to visually sense the world around them, their place in it, and how they can interact
with it.

3.4. Distance Estimation

Knowledge of object distance is crucial both for direct interaction with objects in the environment,
such as reaching or prey capture, and for spatial navigation through environments containing
obstacles and landmarks. Despite possessing limited binocular overlap (~40°) and low visual acuity,
mice behaviorally demonstrate highly capable distance estimation using multiple visual strategies.

Evidence for depth perception emerged early in research in mouse vision based on the visual
cliff test (Walk & Gibson 1961), wherein animals (including humans) will avoid walking across a
transparent floor that covers a drop-off. An early study assayed five mouse strains on the visual
cliff, showing that strains with intact vision avoid the cliff while a strain with retinal degeneration
did not (Fox 1965). A modern variant of this task was developed in which a mouse climbs down a
pole toward platforms at different depths below the transparent floor, allowing estimation of the
decision point and better control of the visual cues (Boone et al. 2021). An alternative approach to
study ecological distance estimation is based on the animal’s ability to jump across gaps of different
distances, as assayed in Mongolian gerbils (Ellard et al. 1984) and more recently in mice (Parker
etal. 2022a).

Most studies of distance estimation in the mouse have focused on binocular vision based
on disparity, the difference in the retinal image between the two eyes. This emphasis likely
stems from the fact that disparity can be precisely controlled in head-fixed experiments and
computational principles are well-understood in primates (Qian 1997). Although the region of
binocular overlap in mice is smaller than in primates, due to their lateral eye position, it does
subtend a substantial portion of the visual field, approximately 40° (Gordon & Stryker 1996).
Head-fixed mice can discriminate depth from stereoscopic images separately to the two eyes in
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trained decision tasks (Samonds et al. 2019, Boone et al. 2021). Neural recordings have revealed
the coding of binocular information in the mouse cortex, including disparity tuning and the
matching of information between the two eyes (Cang et al. 2023; Fu et al. 2023; La Chioma
et al. 2019, 2020; Scholl et al. 2013). Intriguingly, disparity tuning varies across visual areas and
retinotopic locations (La Chioma et al. 2019), potentially reflecting ecological relevance.

However, real-world depth perception extends far beyond stereopsis. Indeed, a significant
proportion of humans lack functional stereo vision, often undiagnosed, yet navigate successfully
using other cues (Chopin et al. 2019). These additional monocular depth signals—including mo-
tion parallax, occlusion, size constancy, and perspective—critically depend on either natural scene
statistics or active movement, making them less accessible in traditional laboratory paradigms but
an essential part of ecological vision.

However, the neural mechanisms underlying monocular depth perception remain relatively
unexplored. Recent studies have begun to address one such cue, motion parallax—the distance-
dependent shift in the retinal image resulting from self-movement, where objects that are far
away appear to move less than objects that are close up (Kim et al. 2016). Behavioral evidence for
the use of motion parallax in mice comes from gap-jumping experiments (Parker et al. 2022a),
where it was shown that mice can perform accurately when one eye is closed (monocular occlu-
sion), demonstrating that they do not need binocular vision in this context. Furthermore, before
jumping, mice performed vertical head-bob movements that could generate the appropriate mo-
tion parallax cues, and these movements were performed more often under monocular conditions
where motion parallax information is needed (Parker et al. 2022a).

The first study of motion parallax encoding in the mouse was recently performed in head-fixed
mice, where motion of a virtual reality stimulus dependent on locomotion was used to emulate the
effects of motion parallax. This revealed neurons in V1 tuned to different distances, as defined by
motion parallax selectivity, at each location of retinotopic space, effectively generating a map of
3D space (He etal. 2024). The circuit basis by which information about self- and retinal movement
are combined to calculate effective depth remains to be investigated.

Given the multiple cues beyond stereopsis that can be used to estimate distance in natural
contexts, there are likely a range of underlying circuit mechanisms that remain to be discov-
ered. Furthermore, distance information must be transmitted to downstream areas to be used
for behavior, such as generating the appropriate force to jump across a gap. In particular, distance
estimation is used to create a spatial representation of the surroundings for use in navigation,
which is discussed further below.

3.5. Visual Contributions to Spatial Perception

One key task for which mice share a reliance on vision is perceiving the structure of the local
spatial environment. For mice, survival very much depends on being able to sense obstacles and
affordances in order to guide motor plans, navigation, and escape behaviors. The mouse visual
system, despite its low resolution, is well-suited to accurately localizing distal features, invisible
to their other senses, and using this input to generate egocentric and allocentric internal models
of the local spatial environment. Here, we review how mice use their visual system for spatial
perception.

3.5.1. Using retinotopic input for egocentric spatial perception. After entering a room and
briefly scanning the visual environment, we create an internal model of the spatial structure of
the environment, allowing us to accurately estimate the bearing and distance of objects, walls,
or other salient features even with our eyes closed. Although this capability is seemingly effort-
less, transforming retinotopic visual input into a 3D spatial model requires sophisticated neural
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computations. One component of this transformation is the accurate perception of the distance
of features of the environment, discussed earlier in this review. A second critical component is
our ability to transform the location of features from an eye-centered (retinotopic) coordinate
system to a head-centered (egocentric) coordinate system. This egocentric representation is a
common coordinate space that enables motor planning and action, as well as serving as the basis
for allocentric representations (Bicanski & Burgess 2020, Martins et al. 2024).

The operating assumption is that visual information entering the mammalian visual system is
encoded in a retinotopic coordinate system, based on the pattern of light landing on the retina,
but that this information is converted into an egocentric coordinate system somewhere along the
cortical hierarchy. Physiology studies in primates found that neurons in the parietal cortex ex-
hibit responses to retinotopic visual stimuli, but that the responses are highly modulated by the
gaze direction, called a gain field (Andersen & Mountcastle 1983; Andersen et al. 1985, 1990).
This discovery prompted several groups to develop coordinate transformation models (Pouget
& Sejnowski 1994, Salinas & Thier 2000, Zipser & Andersen 1988) in which retinotopically
organized inputs are combined with gaze direction inputs to generate neurons with gain field
responses. These neurons can in turn be used as a basis set for encoding visual objects in ego-
centric coordinates. However, it should be noted that while V1 neurons primarily encode visual
input in retinotopic coordinates, their responses are also modulated by gaze direction (Morris &
Krekelberg 2019, Trotter & Celebrini 1999), so the distinction between retinotopic and egocentric
coding across areas appears to be graded rather than absolute.

Despite decades of work on this problem in primates, we still have only a rudimentary un-
derstanding of how retinotopic input is converted into an egocentric representation at the circuit
level. Given the powerful tools we have for mapping, measuring, and manipulating neural circuitry
in the mouse, this could be a powerful model system for studying this important transformation.
Similar to those of primates, mouse V1 neurons have primarily retinotopic receptive fields, though
their responses can be modulated by eye position in a manner consistent with gain fields (Parker
et al. 2022b). On the other hand, neurons in mouse association regions such as PPC and RSC
exhibit egocentric coding of environmental boundaries (Alexander et al. 2020, van Wijngaarden
et al. 2020) and salient objects or features (Alexander et al. 2022, Wilber et al. 2014). Using new
technical approaches, researchers are starting to examine the nature of inputs coding gaze position
to the visual cortex (King et al. 2023, Miura & Scanziani 2022, Parker et al. 2022b), including in
freely moving animals. Future studies will hopefully reveal the circuit-level mechanisms underly-
ing the transformation in response properties, and help confirm or improve existing coordinate
transformation models (Pouget & Sejnowski 1997, Zipser & Andersen 1988).

3.5.2. Using visual inputs to orient and map environments. In order to generate an allo-
centric model of the environment, animals need to know both where things are relative to their
body and which direction they are facing in an allocentric reference frame. Influential models of
spatial transformations (Bicanski & Burgess 2018, Byrne et al. 2007) have proposed that neurons
can combine egocentric signals (e.g., “there is a wall on my left side”) with orientation signals (“I
am facing north”) to generate allocentric representations (“there is a wall due west of me”). As dis-
cussed in the previous section, visual input is crucial for generating egocentric representations, but
italso plays a key role in allowing animals to orient themselves relative to their environment. Early
work on head direction cells, neurons that are active only in particular head orientations within
an environment (Taube 2007, Taube et al. 1990a), found that coding of head direction relies on
vestibular input (Yoder & Taube 2009, 2014). However, the researchers also found that rodents
use vision to align head direction cell activity to specific cues in the environment (Taube et al.
1990b, Yoder & Taube 2014). For example, if a visual cue card is moved with an environment, the
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head direction cells will coherently rotate their preferred tuning (Taube et al. 1990b). Intuitively,
this makes sense—if a person were to walk around a familiar location blindfolded, their sense of
orientation might drift from their actual orientation, but raising the blindfold would allow them to
rapidly correct any error. Consistent with this, recent studies have shown that sighted mice placed
in the dark show impaired head direction tuning (Asumbisa et al. 2022), although blind mice are
still able to orient using stereo olfaction in the absence of visual input (Asumbisa et al. 2022,2025).
Mice without either vision or olfaction continued to show head direction tuning, consistent with
ring attractor models of the head direction system (Peyrache et al. 2015, Skaggs etal. 1995, Zhang
1996), but the encoded head direction was untethered to the external environment (Asumbisa et al.
2022).

Recent work has examined how visual input is used to anchor the head direction system to visual
landmarks for accurate orienting. The primary hub of the head direction system, the anterior tha-
lamic nucleus (ATN), does not receive direct visual input. However, two reciprocally connected
regions, the postsubiculum and RSC, have both head direction tuning and strong visual input.
Moreover, lesions to either of these regions impair stable anchoring of head direction to the ex-
ternal environment (Clark et al. 2010). In RSC, researchers have used symmetrical environments
to investigate neural responses, finding that subsets of neurons appear to encode visual landmarks,
while other neurons encode head direction alone (Jacob etal. 2016, Sit & Goard 2023, Zhang et al.
2022). These neurons are thought to register head direction tuning to visual cues and allow for the
recovery of accurate orienting after periods of darkness (Bicanski & Burgess 2016, Page & Jeffery
2018, Sit & Goard 2023). However, stable head direction tuning also has a mnemonic component.
For example, when a visual cue is rotated around an animal, the ATN head direction representa-
tion continues to rotate even in the dark (Ajabi et al. 2023). Further work is necessary to determine
how visual input acts with other senses and short-term memory to produce stable head direction
signals.

Allocentric coding in the hippocampal formation and entorhinal cortex has traditionally been
viewed as a sensory modality—independent cognitive map of position (O’Keefe & Nadel 1978).
However, a number of studies in primates have found spatial view cells—neurons that fire in re-
sponse to viewing particular remote locations in allocentric space (Killian et al. 2012, Piza et al.
2024, Rolls et al. 1997). Although there is no strong evidence for allocentric spatial view cells in
mice, recent studies have found that the hippocampus can be strongly driven by naturalistic visual
scenes, even during passive viewing (Purandare & Mehta 2023). This suggests that in rich envi-
ronments, visual activity may modulate or drive allocentric responses in mice, though there may
be fundamental differences between species based on how they explore visual space (Martinez-
Trujillo 2025). Studying visual processing during active navigation will be critical for determining
how vision is leveraged for spatial perception.

4. CONCLUSION

The field of visual neuroscience is beginning a shift toward ecological vision, along with its exper-
imental and conceptual challenges. As reviewed here, researchers are developing new behavioral
paradigms, mapping computations to specific brain regions, and characterizing neural coding that
emerges specifically in naturalistic contexts. These studies reveal computational strategies—from
active sensing to flexible coordinate transformations—that are often not engaged in traditional
laboratory vision paradigms. As Gibson (1979, p. 303) remarked, “The standard approach to vi-
sion begins with the eye fixed and exposed to a momentary pattern of stimuli.. .. The ecological
approach to visual perception works from the opposite end. It begins with the flowing array of
the observer who walks from one vista to another, moves around an object of interest, and can
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approach it.” Modern experimental approaches are making this ecological approach feasible,
coupled with precise and large-scale measurements of neural activity.

Moving forward, the mouse model offers powerful opportunities to apply circuit-level analysis
to ecological vision. The powerful genetic circuit dissection approaches that revealed mechanisms
of features such as orientation selectivity, direction selectivity, and surround suppression in simpli-
fied contexts can now be directed toward understanding how these circuits operate during natural
behavior. Cell type-specific recordings, connectivity mapping, and targeted perturbations have
the potential to reveal how distinct neuronal populations contribute to ecological computations.
However, a critical challenge lies in bridging knowledge of basic feature encoding with function
in complex environments. To what extent do tuning properties measured with conventional ap-
proaches predict responses during ecological behaviors? What components of naturalistic visual
stimuli are robustly represented in neural activity to guide ethological behavior? Which brain ar-
eas and circuits are critical for creating these robust neural dynamics that guide behavior? These
questions highlight the need for investigation of neural dynamics during naturalistic visual stimuli
and ethological behavior. By studying vision as it evolved to function—processing dynamic, be-
haviorally relevant information during active exploration—we may gain insight into overlooked,
yet fundamental, aspects of neural circuit organization and computation in the visual system.

1. What are the relative contributions of cortical and subcortical processing in the mouse,
and how are these coordinated?

2. Are there novel circuit motifs that are engaged during ecological vision, or is sim-
ilar circuitry as that engaged by simpler stimuli (such as for orientation selectivity)
repurposed?

3. Canvisual processing during ecological vision be predicted from known aspects of vision
from reductionist studies?

4. How does the visual system analyze scenes in a robust manner despite the complexity of
ecological contexts such as variable illumination and occlusion?

5. How will findings in the mouse translate to primates and particularly humans? Will
ecological processing be more generalizable across species, since these are fundamental
challenges all animals face rather than specializations for a specific niche?
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