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MOTIVATION Traumatic brain injury is characterized by chronically progressive axonal degeneration that
leads to neuronal cell death and neuropsychiatric impairment. Current laboratorymethods to assess axonal
integrity rely on postmortem histological characterization and are thus unable to monitor axonal degener-
ation in the same animal over time. Moreover, studies over extended periods of time require exceedingly
large numbers of animals. To overcome this limitation, we report here the development of a method for
in vivo multiphoton microscopy of calcium sensors that enables longitudinal recording and quantification
of functional axonal activity before and after injury at multiple time points in the same mouse.
SUMMARY
Traumatic brain injury (TBI)-induced axonal degeneration leads to acute and chronic neuropsychiatric
impairment, neuronal death, and accelerated neurodegenerative diseases of aging, including Alzheimer’s
and Parkinson’s diseases. In laboratory models, axonal degeneration is traditionally studied through
comprehensive postmortem histological evaluation of axonal integrity at multiple time points. This requires
large numbers of animals to power for statistical significance. Here, we developed amethod to longitudinally
monitor axonal functional activity before and after injury in vivo in the same animal over an extended period.
Specifically, after expressing an axonal-targeting genetically encoded calcium indicator in the mouse dorso-
lateral geniculate nucleus, we recorded axonal activity patterns in the visual cortex in response to visual stim-
ulation. In vivo aberrant axonal activity patterns after TBI were detectable from 3 days after injury and per-
sisted chronically. This method generates longitudinal same-animal data that substantially reduces the
number of required animals for preclinical studies of axonal degeneration.
INTRODUCTION

Worldwide, there are�50million annual cases of traumatic brain

injury (TBI).1 These typically entail acute and chronic complica-

tions, including visual deficits, post-traumatic stress disorder,

cognitive impairment, and major depression. TBI also incurs

tremendous annual healthcare costs, reaching $13.1 billion in

the United States alone, with an additional $64 billion in lost pro-

ductivity.2 An early and chronic consequence of TBI is axonal
Cell R
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degeneration, which impairs brain circuitry and leads to neuronal

death.3,4 TBI also increases the risk of aging-related neurode-

generative diseases,5 including Alzheimer’s disease (AD)6 and

Parkinson’s disease (PD).7 Although the mechanism for this

link is unknown, axonal degeneration is thought to play a funda-

mental role in the process.8 To meet the urgent unmet need for

neuroprotective strategies to stop axonal degeneration, it is crit-

ical to evaluate putative therapies in preclinical models. Howev-

er, long-term assessment of axonal degeneration using
eports Methods 3, 100481, May 22, 2023 ª 2023 The Author(s). 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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traditional histological methods in animal models requires

massive amounts of tissue for statistical power across a range

of acute and chronic time points. By contrast, sufficient statisti-

cal power for longitudinal studies can also be achieved when

repeated measurements are obtained from amuch smaller num-

ber of animals.9–11 Therefore, we developed amethod of longitu-

dinal monitoring of axonal integrity in vivo in the same animals

over extended periods of time to provide amore efficient method

of evaluating axonal degeneration.

Two-photon microscopy of the fluorescence signal from neu-

rons expressing a genetically encoded calcium indicator (GECI) al-

lows in vivo monitoring of neuronal activity over multiple

weeks.12–16 Most GECIs, such as the widely used GCaMP family

of sensors,13,17–19 increase their fluorescence signal upon binding

to calcium ions and therefore become brighter when neurons fire

action potentials and their intracellular calcium ion concentration

increases. This brighter fluorescence signal is apparent across

various neuronal components, including the soma,13,17,19 den-

drites and spines,20 and axons.18,21 We note that although several

post-processingalgorithms havebeendeveloped toextract action

potential timing fromGECI fluorescence traces,22–25 they relied on

somatic firing patterns, and axonal transients were not validated.

Therefore, we did not apply action potential extraction algorithms

in developing this method. Previous two-photon recordings of

GECI-labeled thalamocortical axons projecting from the dorsolat-

eral geniculate nucleus (dLGN) to the primary visual cortex (V1) de-

tected axonal fluorescence transients and suggested that axonal

tuningproperties tovisual stimuli variedasa functionof thedifferent

V1 layers.21 The development of an axon-targeting GECI, in which

the GAP43 targeting motif was fused into the previously published

GCaMP6s GECI to generate the GCaMP6s-axon construct,13,18

has been shown to increase the intra-axonal GECI concentration

and enhance the axonal recording signal-to-noise ratio.18 Thus,

we reasoned thatnonlinearmicroscopyof axonal functionality after

TBI could overcome some of the limitations of traditional histolog-

ical methods by generating data on pathology progression in the

same animals over time. We applied this approach to identify that

TBI affects the activity patterns of thalamocortical axons in the

mouse visual system, and we suggest that this modulation may

lead to changes in visual signal processing.

RESULTS

Monitoring axonal activity before and after multimodal
TBI
All mice were injected with adeno-associated virus (AAV) solu-

tion carrying the GCaMP6s-axon GECI sequence13,18 into the

dLGN. Weekly recording sessions were initiated 4 weeks later

in mice that were lightly anesthetized, as conducted previously

to characterize functional responses of primary visual cortex

neurons.13,16,17,26–28 Functional activity of dLGN axonal projec-

tions in Layer I of V1 was monitored before and after TBI

(Figures 1A and 1B), when a multi-directional drifting grating

movie was presented to the contralateral eye.21,29 In this TBI

model, an overpressure chamber delivers global concussion,

acceleration/deceleration injury, and early blast wave exposure

in an isolated manner to the head of an anesthetized mouse.

This generates a reproducible pattern of axonal degeneration,
2 Cell Reports Methods 3, 100481, May 22, 2023
cognitive impairment, blood-brain barrier disruption, systemic

metabolic alterations, and blood biomarkers that reliably mimic

human TBI.30 Following 2–3 baseline (pre-TBI) axonal activity re-

cordings, mice were randomly assigned to 2 groups (3 mice/

group): (1) TBI and (2) sham injury (control), in which mice were

subjected to the same procedure except that the overpressure

chamber was not activated. Post-TBI and sham injury record-

ings were conducted once per week over 7 weeks for all groups,

starting 3 days after TBI or sham injury (Figure S1A).

Changes in axonal activity patterns following TBI
We detected hundreds of axonal segments within each 200 3

200 mm2 field of view (FOV; median of 617 segments/FOV, range

240–1159, total number of 268 recordings from41FOVs in 6mice

that were segmented using Suite2P23; Figure 1C). Individual seg-

ments exhibited orientation- and direction-tuned activity when

the drifting grating stimulation was presented to the contralateral

eye (Figure 1D, see STAR Methods). Response amplitude and

additional properties, such as the fraction of segments tuned to

the stimulus appearance or to the grating movement in a specific

orientation, were substantially increased between the last weekly

recording before TBI and the first recording after TBI, with signif-

icant interactions of group and time (p < 0.0001, 0.0017, and

0.0033, respectively, F-test). The model-estimated mean frac-

tions of axonal segments, which were significantly tuned to the

stimulus and exhibited significant orientation selectivity (see

STARMethods for details), increasedby 74%and104%, respec-

tively, for the TBI group (Figures 1E and S1B–S1E and Video S1).

The response amplitudes in the TBI group were also increased

from a model-estimated mean (95% CI) of 20.7% pre-TBI

(12.5%, 31.0%) to 34.6% (23.6%, 47.7%) after TBI, and there

was no significant change in the control sham injury group (Fig-

ure 1F). Thus, TBI caused significant short-term increases in

axonal activity and tuning properties to visual stimuli.

Over the7weeks followingTBI, the fractionof axonal segments

with orientation preference showed significant group-by-time in-

teractions (p = 0.015, F-test). Axonal activity properties of the TBI

group remained above pre-TBI levels during the entire recording

period, with increases in the model-estimated mean of 100%,

70%, and 98% on weeks 1–2, 3–4, and 5–7, respectively

(adjusted p < 0.05 for these within-group time differences; Fig-

ure 2A). The control sham injury group showed smaller changes

compared with the baseline values. Comparing the two experi-

mental groups across different time points showed no significant

change (Holm-adjusted p > 0.05 for all of these within-group

comparisons), highlighting the increased statistical power of

same-subject, longitudinal monitoring (Figure 2A). The fraction

of tuned segments showed a similar, but non-significant, in-

crease as the oriented segments (p = 0.092, F-test; Figure S1F)

and the ratio of oriented-to-tuned segments gradually increased

with a significant group-by-time interaction (p = 0.0152, F-test).

This ratio increased significantly in TBI mice from a model-esti-

mated mean value of 46.4% pre-TBI to 63.8% and 65.6% in

weeks 3–4 and 5–7, respectively, while control sham injury group

values remained between 44% and 52% (Figure 2B). Comparing

the differences between the two groups across specific time

points did not yield any significant changes (adjusted p > 0.05

for all comparisons). A significant group-by-time interaction



Figure 1. Multimodal TBI causes short-term

changes in axonal properties

(A) Schematic of the overpressure chamber used

to produce multimodal TBI in mice.

(B) Illustration of the experimental setup. Mice

were injected with GCaMP6s-axon into their

dLGN, and axonal activity from Layer I of V1 was

recorded during the presentation of a drifting

grating movie, both before and after TBI.

(C) Example image of axons labeled with

GCaMP6s-axon (white over black background)

overlaid with the segmentation from Suite2P

(arbitrary colors to enhance the contrast of indi-

vidual segments).

(D) Fluorescence traces of 3 example segments

(indicated by orange circles in C). Single trials

(gray) and averages of five trials (black) are over-

laid. 8 grating motion directions are indicated by

arrows as shown above the traces.

(E) The model-estimated mean fraction of axonal

segments with significant orientation preference

(identified by ANOVA with p < 0.01 for each seg-

ment’s response to the visual stimulation; individ-

ual segment data not shown, see STAR Methods

for details) was increased from 16.9% to 34.5% for

the TBI group between the last weekly recording

before injury and the first recording 3–5 days following the injury. This fraction remained similar in the sham control group (gray; p = 0.003, F-test, for group-by-

time interactions; post-hoc time comparisons within each experimental group found a significant increase in the TBI group with Holm-adjusted p = 0.003 but not

for the sham control group). &&, p < 0.01 for group-by-time interaction; **, p < 0.01 for within-group changes; n.s., not significant.

(F) Fluorescence response amplitudes to visual stimulation showed a significant group-by-time interaction (p < 0.0001, F-test) with a significant increase in the

model-estimated mean for the TBI group of 67% from their pre-TBI levels (Holm-adjusted p < 0.0001), while the control group showed no significant changes

(same FOVs as in E; &&&, p < 0.001 for group-by-time interaction; ***, p < 0.001 for within-group changes; n.s., not significant). Within each experimental group,

different lines (solid, dotted, and dashed-dotted) showmedian data from different mice. The thick, solid lines connect the model-estimated mean values, and the

error bars show the model-estimated 95% confidence intervals. Figures and models each include 59 measures of 31 FOVs in 6 mice (3 per experimental group).
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was identified in the axonal response amplitudes (p < 0.0001,

F-test), with response amplitudes in the TBI group significantly

increased throughout the recording period, while sham control

group values stayed similar to baseline (Figure 2C, adjusted

p<0.01 for comparing pre-TBI toweeks 1–2, 3–4, and 5–7). Inter-

estingly, most of the increased response amplitudes for the TBI

group occurred within the first 2 weeks after injury and remained

elevated thereafter (Figure 2C). We also found a non-significant

reduction of 15.2% in the model-estimated mean number of

detectable axonal segments across all post-TBIweekly recorded

FOVs in the TBI group, which is in line with reported axonal

degeneration in this injury model3 (p = 0.108, F-test; Figure S1G).

These findings demonstrate a substantial change in axonal activ-

ity patterns following TBI, which may affect visual input process-

ing in the mouse thalamus and cortex and may also be related to

reported behavioral deficits in TBI mice.3,31–35

The ability of this method to detect subject-specific effects of

TBI on neuronal circuitry was demonstrated by monitoring indi-

vidual mice within the experimental groups. For example, while

all TBI mice exhibited enhanced axonal response amplitudes in

the first post-TBI week, 1 mouse in this group also showed sub-

sequent reduced response amplitudes and tuning metrics over

the following weeks, whereas the other 2 mice showed

increased response amplitudes and tuning (Figure S2). Taken

together, our results show that in vivomonitoring of axonal tuning

after TBI provides a real-time indicator of axonal degeneration

and post-TBI pathologic changes to neuronal circuitry.
Changes in single-axon visual acuity over time
As another physiologic functional measure, we also assessed

single-axon visual acuity by calculating both the direction sensi-

tivity index (DSI) and orientation sensitivity index (OSI) for individ-

ual tuned segments21,29 (Figures 2D and2E; seeSTARMethods).

We identified asignificant decrease inDSI (p<0.0001, F-test) and

a significant increase inOSI for both groupsover time (p=0.0289,

F-test). For the control sham injury group, we observed an�30%

longitudinal decrease in model-estimated mean DSI and an

�14% increase in OSI during the recording period, which may

be related to physiological changes in the visual system during

developmental maturation.36 For both DSI and OSI, there were

no significant interactions between time and experimental group

(p = 0.54 and p = 0.52, respectively). The TBI group exhibited

similar trends to the sham control group. Since both groups

showed modulated visual acuity over time without a significant

difference, the effects of TBI-related deficits on single-axon vi-

sual acuity indices could not be determined.

DISCUSSION

Here, we report a method of 2-photon microscopy of axonal-tar-

geting GECIs for in vivo monitoring of axonal integrity that en-

ables longitudinal quantification of TBI-induced acute and

chronic axonal damage. This method allows repeated measure-

ments from the same brain region within the samemouse over an

extended period of time and thereby may assist in reducing the
Cell Reports Methods 3, 100481, May 22, 2023 3



Figure 2. Multimodal TBI causes long-term

deficits to thalamocortical axonal activity

patterns and tuning to visual stimulation

(A) The fraction of oriented segments showed a

significant group-by-time interaction (p = 0.015,

F-test) with a significant increase in the fraction of

oriented segments observed in all post-TBI over

pre-TBI for the TBI group (Holm-adjusted p < 0.05

in post-hoc comparisons of time within experi-

mental group) but not for the sham control group

(Holm-adjusted p > 0.05 for all paired time com-

parisons). &, p < 0.05 for group-by-time interac-

tion; *, p < 0.05 for TBI within-group time differ-

ences; ***, p < 0.001 for TBI within-group time

differences.

(B) The ratio of oriented-to-tuned segments

showed a significant group-by-time interaction

(p = 0.015, F-test) with a significant increase in the

measured ratio for the TBI group after TBI (Holm-

adjusted p < 0.001 and p < 0.0001 for pre-TBI vs.

weeks 3–4 and 5–7, respectively) but no significant

changes for the sham control group (Holm-

adjusted p > 0.05 for all time comparisons).

(C) The measured fluorescence response ampli-

tudes for a drifting grating simulation showed a

group-by-time interaction (p < 0.0001, F-test), and

model-estimated mean amplitudes were 63%

higher in TBI mice in the first 1–2 weeks after TBI

compared with the pre-TBI period (Holm-adjusted p < 0.0001). Response amplitudes remained higher by 29% and 35% on weeks 3–4 and 5–7, respectively

(Holm-adjusted p < 0.01 and p < 0.001 respectively). The sham control group did not show such an increase, and therewas no significant difference in time effects

between them (Holm-adjusted p > 0.05 for all time comparisons).

(D) The median DSI value of the tuned segments showed a significant decrease over time for both groups (p < 0.0001, F-test) but without a group-by-time

interaction (p = 0.541, F-test). ###, p < 0.001 for time effect.

(E) ThemedianOSI value of the tuned segments showed a significant increase over time for both groups (p = 0.029, F-test) but without a group-by-time interaction

(p = 0.522, F-test; same FOVs as in C). Within each group, median data from individual mice are represented by different markers (square, triangle, circle). The

lines connect the model-estimated marginal mean values, and the error bars show the model-estimated 95% confidence intervals. Figures and models each

include 268 measures of 41 FOVs in 6 mice (3 per experimental group).
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number of animals needed for large longitudinal preclinical

studies. The potential reduction of sample size, which aligns

with the current literature,10,11,37 can be demonstrated by simu-

lating a power calculation to determine required mouse numbers

when comparing 2 groups with a large group-by-time interaction

effect (partial eta squared = 0.25) occurring in 2 groups

measured at 4 timeswith a correlation of 0.5. This shows that de-

tecting significant differences (adjusted p < 0.05) across groups

using measurements from the same subjects could be detected

with 80% power with a total of 6 subjects (n = 3 mice/group). By

contrast, detecting the same interaction partial eta squared in a

2-way ANOVA in which different subjects are measured at each

of 4 time points would require a total of 40 subjects (n = 5 mice/

group sacrificed at each time point) to achieve the same power.

These results align with the group size used in this study, as well

as the group size previously used to identify axonal degeneration

using standard histological processing.3 Additional advantages

of the presented method are extraction of the functional activity

patterns of axonal response to visual stimuli to assess some of

the mouse visual system properties, monitoring of changes in

specific axons and brain regions, and acquisition of data on lon-

gitudinal changes in the recovery patterns of specific animals.

We found that TBI-induced axonal pathology was detected

within days after injury and did not return to baseline during

the chronic recording period of 7 weeks. This finding aligns
4 Cell Reports Methods 3, 100481, May 22, 2023
with the known long-term effects of TBI.32 Our method also al-

lows in vivo identification of variability across animals (Fig-

ure S2), and future work may compare this variability with

behavioral deficits, such as impaired visual acuity. However,

we note that comprehensive description of variability across

mice after TBI will require testing a larger cohort size.

Here, we limited our scope to the proof of principle of this

method. Depending upon the injury, disease paradigm, and

expected effect size, application of this technique will require

different numbers of mice to achieve appropriate statistical

power.

We also note that 2-photon microscopy monitoring of GECI

signal provides additional advantages, which may be combined

with the presented method. For example, selective labeling of

genetically defined cellular populations, such as sub-types of

excitatory or inhibitory neurons,38,39 may enable studying poten-

tial differences in activity patterns across these populations dur-

ing recovery. Inaddition, applyingdual-colorGECI labeling28,40,41

to target different cellular populations or components, such as

axons and somata, may enable investigation of how themodified

axonal activity patterns we identified translates to somatic func-

tional activity of V1 neurons.

In conclusion, axonal degeneration plays a central role in

multiple neurodegenerative conditions, and the small size and

large distribution of axons across multiple brain regions makes
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it challenging to apply conventional tissue histological process-

ing to large preclinical studies. Moreover, postmortem histology

precludes monitoring of trends of recovery or degeneration of

axons within the same animal. Repeated measurements of

axonal function within the same animal reduce the complication

of between-animal variability9 that is otherwise inevitable when

using postmortem axonal assessment methods that require

sacrifice of multiple animals at various time points. Moreover,

applying statistical methods that incorporate same-subject,

longitudinal, and hierarchical data to increase statistical power,

such as the linear mixed-model effects analysis used in this

study (see STAR Methods for details), may facilitate more effi-

cient identification of different recovery patterns across the

studied subjects following TBI.42 Therefore, the presented

method will assist in reducing the required number of animals

for monitoring axonal degeneration after TBI, which will facili-

tate more efficient testing of new treatments. Notably, axonal

degeneration is an integral aspect of both normal aging as

well as most neurodegenerative conditions, including AD, PD,

and amyotrophic lateral sclerosis.43 Thus, this approach can

be similarly applied to monitor axonal degeneration in other

preclinical models of injury or neurodegeneration to investigate

pathology and evaluate putative neuroprotective treatments for

these conditions.

Limitations of the study
Functional recording from axons is limited to a sub-population of

axons that survive TBI. Once axons die, activity cannot be re-

corded. In addition, longitudinal monitoring of AAV-driven

GECI signal is limited to several months, as previous reports

show a gradual increase in intracellular GECI concentration

over the course of weeks, which eventually leads to cell

death.13,44
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C57Bl/6J mice Jackson Laboratories Cat#000664

Recombinant DNA

GCaMP6s-axon (Genetically-Encoded

Calcium Indicator)

Broussard et al.18 https://doi.org/10.1038/

s41593-018-0211-4

Software and algorithms

MATLAB Mathworks R2021b

Suite2P Pachitariu et al.23 https://doi.org/10.1101/061507

https://github.com/MouseLand/suite2p

ThorImage Thorlabs Version 4.0

R The R Project for Statistical

Computing

https://www.r-project.org/

Photoshop Adobe https://www.adobe.com/products/

photoshop.html

Canvas X Draw Canvas GFX https://www.canvasgfx.com/products/

canvas-x-draw

MATLAB scripts Mathworks Methods S1

Other

TBI-induction device Custom-made https://doi.org/10.1089/neur.2020.0020

Two-photon microscope Thorlabs Bergamo II
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Hod Dana

(danah@ccf.org).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d The data that support the findings of this study are available from the corresponding authors upon reasonable request.

d All original code generated in this study is included in this paper’s supplemental information.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
All surgical and experimental procedureswere conducted in accordancewith protocols approvedby the Institutional Animal Care and

Use Committee and Institutional Biosafety Committee of the Cleveland Clinic Lerner Research Institute, as well as the Louis Stokes

Cleveland Veterans Affairs Medical Center Institutional Animal Care and Use Committee. C57BL/6J mice (6 mice, 2 females and 4

males, 3.5 months old at the beginning of the study; Jackson Laboratories strain #000664) were group-housed in standard vivarium

conditions until the start of the study. The vivarium was maintained at 20–21�C and food (Teklad 2918 regular diet, Envigo) and water

were available ad libitum. Lights were kept on a 12-h light/12-h dark cycle, and experiments were conducted during the light time.
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Craniotomy surgeries and injection of viral particles
Six C57BL/6J mice (4 males and 2 females, 3.5 months of age) were anesthetized using isoflurane (3% for induction, 1.5% during

the surgery), placed on a heating pad, and then injected with local analgesic (0.5% Bupivacaine) and pain (Buprenorphine, 0.2 mg/

kg) medications followed by exposure of the skull bone above the left hemisphere. A 3 3 5 mm2 craniotomy was drilled above the

left cortex (covering the area from bregma to Lambda and midline+0.5mm to 3.5 mm laterally), the bone was gently removed, and

60 nL solution of adeno-associated virus 1 (AAV1) expressing the GCaMP6s-axon GECI under the human synapsin1 promoter

(SYN1; Addgene catalog number 111262-AAV1) was injected into the dLGN (9 injection spots per mouse at the following coordi-

nates21: �1.8mm/-2.2mm (AP/LV), �2.2mm/-2.2mm, and �2.4mm/-2.2mm; injection depths were 2.7mm, 3mm, and 3.3mm). All

injections were done using pulled and beveled 1mm glass micropipettes (Sutter Borosilicate glass micropipettes without filament,

B100-50-10; Sutter P-1000 and BV-10, for pulling and beveling, respectively) and a syringe pump (UMP3T-1, World Precision In-

struments) at a rate of 60 nL/min. The craniotomy was covered with a custom-made glass window (Tower Optical Corporation)

and cemented to the bone using dental cement (Contemporary ortho-Jet, Lang Dental). A custom-made stainless steel head

bar was attached to the skull. Mice were given post-operative care (Ketoprofen 5 mg/kg) and 4 weeks for recovery and to allow

for sufficient GECI expression.

Recording of axonal activity
Axonal activity recording was performed using a two-photon microscope with galvo-resonant scanners and GaAsP PMT detec-

tors (Bergamo II, Thorlabs) at 950 nm excitation wavelength (Insight X3, Spectra-Physics) using a 16x, 0.8 NA objective

(MRP07220, Nikon). Mice were lightly-anesthetized (0.5% isoflurane), injected with a sedative (Chlorprothixene Hydrochloride,

Sigma; intra-muscular injection of 30 mL of 0.33 mg/mL solution), and placed on a heating pad in the dark, as previously re-

ported.13,17,27,28 Fluorescence data were recorded using the ThorImage software (Thorlabs, version 4.0), which controlled the

microscope. Dense axonal labeling in Layer I of V1 was apparent four weeks after AAV injection. Visual stimulation was pre-

sented to the right eye, generated using the psychophysical toolbox45,46 in MATLAB (Mathworks), and synchronized with the

recording data using ThorSynch software. An LCD monitor was used for stimulus presentation (30 3 36 cm2 display, located

15 cm in from of the mouse right eye, tilted 45� with respect to the nose line, and covered with a blue plexiglass to minimize

fluorescence signal contamination) that subtended an angle of ±50� horizontally and ±45� vertically. The visual stimulus con-

sisted of black-and-white moving bars (a drifting grating) that appeared on the screen and moved parallelly in 1 of 8 directions

(from 0�, which corresponds to the grating moving upward on the screen, to 315�, with 45� increments) for 4 s, which were fol-

lowed by additional 4 s of gray display to allow the visual-evoked activity and GCaMP6 signal to subside. Then a grating moving

in the next movement direction appeared for 4 s, and so on. This stimulation cycle was repeated 5 times. Similar visual stimu-

lation protocols were previously used to elicit solid responses from dLGN axons and V1 neurons.13,21 FOVs of �200 3 200 mm2

with 512 3 512 pixels were recorded at 30Hz. Typically, 5 different FOVs were recorded from each mouse in each recording

session. The different FOVs were identified by their location with respect to bregma (using a motorized stage with 1-mm resolu-

tion), as well as the shape of the local vasculature, which was apparent in the two-photon microscopy images as black shapes

on the gray background of GCaMP6s-axon signal. During subsequent recordings, we returned to the same coordinates and used

the local vasculature as a map (See Video S1) to locate the brightest axons within the FOV so that we could then record from the

same location. If the exact location of a specific FOV could not be determined due to changes in the brain condition (i.e., degen-

eration of axons or changes in vasculature shape after TBI), then a nearby location (several hundred microns from the original

FOV) was recorded. Over the following weeks, we continued recording from the same modified location. FOVs were excluded

from analysis if there were severe movements, or if visual stimulation was not synchronized with recording. All mice were re-

corded 2–3 times before TBI and then every week for 7 weekly recordings after TBI except for mouse 5, which was removed

from the study after 5 weeks of recording due to a medical condition.

Multimodal TBI
Mice were assigned into TBI and sham injury groups (n = 3 mice/group). TBI mice were anesthetized with ketamine/xylazine

(100/10 mg/kg) via intraperitoneal injection and placed in an enclosed chamber constructed from an air tank partitioned into

two sides and separated by a port covered by a mylar membrane. Pressure in the side not containing the mouse was increased

to cause membrane rupture at 20 pounds per square inch (PSI), generating �1.0- to 1.5-m/s air jet flow of 137.9 ± 2.09 kPa that

passes through the animal’s head. The head was untethered in a padded holder while the body was shielded by a metal tube.

The jet of air produced upon membrane rupture produces a collimated high-speed jet flow with dynamic pressure that delivers a

compressive impulse. Variable rupture dynamics of the diaphragm through which the jet flow originates also generate a weak

shock front. There is also a minor component of acceleration–deceleration injury to the unrestrained head. The sham injury (con-

trol) group was anesthetized and passed through the same process except for the injury. After several hours of monitoring, mice

were returned to regular housing. All mice were included in the study and were randomly assigned to experimental groups and

recording days; no experimental blinding was used.
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Data analyses
Small drifts and movements of the imaged area throughout recording were corrected using TurboReg plug-in of ImageJ.47 Axonal

segmentation was done using Suite2P23 with experimenter supervision. Remaining analyses were conducted with custom

MATLAB scripts. Fluorescence signal was averaged from all pixels within each segment. Neuropil signal was subtracted, as previ-

ously done,13,26 with a coefficient of 0.7. Baseline fluorescence (Fbase) for each segment was calculated by averaging fluorescence

for 0.66 s before visual stimulation. The response amplitude (Fresp) was calculated as peak amplitude of fluorescence signal during

the drifting grating appearance and calculating:

DF

F0

=
Fresp � Fbase

Fbase

Detection of tuning of segments to visual stimulus (tuned segments) was calculated similar to previous studies13,16,17,26 using a

one-way ANOVA test (p = 0.01) between mean fluorescence signal during stimulus presentation vs. during presentation of gray

display. Segments that passed the ANOVA test and had a positive response amplitude larger than 5% were defined as tuned seg-

ments. A second one-way ANOVA test (p = 0.01) was conducted among the tuned segments between mean fluorescence signal

during presentation of each of the 8 directions determined whether these segments had an orientation preference (oriented

segment). Orientation sensitivity index (OSI) and direction sensitivity index (DSI) were calculated as previously defined.26,29 The

preferred angle for each tuned segment was determined as the grating angle that elicited the highest fluorescence amplitude change

(qpref). We calculatedOSI =
qpref�qorth
qpref + qorth

, where qorth = qpref +
p
2. Similarly,DSI=

qpref�qopposite
qpref + qoppoite

, where qopposite = qpref +p. MATLAB scripts with

the analysis code are attached to the Supplementary Information.

Statistical analyses
For comparing across groups and for the effect of time, we used a linear mixed-model effects approach tomodel our data.9,48,49 This

model allows analyzing hierarchical data structure with multiple non-independent recordings of FOVs from the same mouse, which

are nested in independent recordings across different mice. We grouped data together from 2 to 3 recording sessions (pre-TBI,

weeks 1–2, 3–4, and 5–7 post-TBI) to assess the effects of time, experimental group, and their interaction given the repeated mea-

sures of FOV and multiple FOVs measured within each mouse, considering FOV within mouse as nested random effects. The signif-

icance of the modeled fixed effects of time, experimental group, and their interaction were assessed with F-tests using the marginal

sum of squares and considered significant at p < 0.05. Model assumptions were assessed for each endpoint and square-root trans-

formations were imposed for percentage of tuned and oriented segments, response amplitude, OSI, and DSI. Model-estimated mar-

ginal means and 95% confidence intervals were calculated and overlayed on observed data in figures with distinct line types or sym-

bols for each mouse within a group. Measurements following small location changes in the FOV required across time as described

abovewere considered to be groupedwith themeasurements from the original FOV location as ameasured unit with a random effect.

The number of distinct FOVs reported in results and figures reflects this grouping.

When a significant interaction was detected, post-hoc tests were implemented to identify if the experimental groups differed in any

of the four time estimates or in which experimental group we observed significant changes over time (pairwise tests of time param-

eters within experimental group with containment degrees of freedom). Within each model, the p values of all post-hoc tests were

adjusted using the Holm method and considered significant at p < 0.05. All analyses were performed in R (Version 4.1.3)50 and

included functions from the nlme and emmeans packages.51,52 Power analyses presented in discussion were calculated using

G*Power.53
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