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Highlights 

 Inhibitory neurons are lost throughout brain injured visual cortex 

 Visually-evoked potentials are severely degraded after injury 

 Injured V1 neurons show weaker selectivity and tuning consistent with reduced interneurons 

 

Summary 

Primary sensory areas of the mammalian neocortex have a remarkable degree of plasticity, allowing neural 

circuits to adapt to dynamic environments. However, little is known about the effect of traumatic brain injury on 

visual system function. Here we applied a mild focal contusion injury to primary visual cortex (V1) in adult mice. 

We found that, although V1 was largely intact in brain-injured mice, there was a reduction in the number of 

inhibitory interneurons that extended into deep cortical layers. In general, we found a preferential reduction of 

interneurons located in superficial layers, near the impact site, while interneurons positioned in deeper layers 

were better preserved. Three months after injury, V1 neurons showed dramatically reduced responses to 

visual stimuli and weaker orientation selectivity and tuning, consistent with the loss of cortical inhibition. Our 

results demonstrate that V1 neurons no longer robustly and stably encode visual input following a mild 

traumatic injury. 
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Introduction 

In primary visual cortex (V1), GABAergic inhibition is essential for several basic functions, such as tuning a 

neuron’s preference for stimulus contrast, size and orientation (Sillito et al., 1985; Cardin et al., 2007; Lee et 

al., 2012) as well as higher-order processing, such as contrast perception (Cone et al., 2019). During 

development, cortical inhibition modulates critical periods, a transient time of enhanced sensitivity to sensory 

experience. This has been most extensively studied in juvenile V1, in which obstructing vision through one eye 

results in cortical blindness to this eye, even after normal vision is restored (Wiesel, 1982). Cortical inhibition is 

required for opening the developmental critical period in visual cortex (Hensch et al., 1998) and inactivating 

interneurons can prolong the critical period (Espinosa and Stryker, 2012) or impair cortical plasticity (Fagiolini 

et al., 2004). Even in adulthood, after binocular vision is well established, manipulating inhibition through 

pharmacology (Sillito et al., 1985; Fagiolini and Hensch, 2000) or interneuron transplantation (Davis et al., 

2015; Larminer et al., 2016) can have dramatic effects on cortical plasticity in response to monocular visual 

deprivation. Lesions also trigger cortical plasticity and functional disturbances in visual cortex (Girard et al., 

1991; Eysel et al., 1999; Imbrosci et al., 2010). However, no study has investigated the effect of traumatic brain 

injury (TBI) on visual circuit function in vivo. 

 

Posterior impact injuries to occipital cortex are extremely common in human, and TBI can lead to long-lasting 

visual impairments, such as visual acuity and field loss, binocular dysfunction and spatial perceptual deficits 

(Sano et al., 1967; Stelmack et al., 2009; Armstrong, 2018). Following TBI in human, histological studies have 

documented a reduction in the number of GABA-producing interneurons in hippocampus (Swartz et al., 2006) 

and neocortex (Buriticá et al., 2009). In rodent models, TBI produces region-specific reductions in interneurons 

in various brain regions (Lowenstein et al., 1992; Toth et al., 1997; Santhakumar et al., 2000; Cantu et al., 

2014; Huusko et al., 2015; Frankowski et al., 2018; Nichols et al., 2018; Vascak et al., 2018), and a loss of 

inhibition that does not recover with time (Toth et al., 1997; Li and Prince, 2002; Witgen et al., 2005; Hunt et 

al., 2011; Pavlov et al., 2011; Gupta et al., 2012; Butler et al., 2016; Almeida-Suhett et al., 2014, 2015; Vascak 

et al., 2018; Koenig et al., 2019). However, nearly all of the information about cellular responses to TBI in 

neocortex comes from studies evaluating somatosensory, motor or frontal cortex. A deeper understanding of 

functional disturbances in the traumatically injured visual cortex is important, because it has potential to 

provide a rational basis for therapy. To investigate central visual system trauma, we applied a focal controlled 

cortical impact (CCI) injury to produce a mild posterior impact TBI in mice. Then, we measured interneuron 

density and visually-evoked responses in V1 at chronic time points post injury.  

 

Results 

Occipital CCI produces a mild contusion in V1 

We first evaluated the effect of a single, mild contusion injury in V1. To do this, we delivered mild CCI injury 

centered over the rostral end of V1 in young-adult GAD67-GFP reporter mice at P60 (Fig 1A, B). We selected 

CCI as a model, because the injury is highly reproducible from animal to animal, reliably recapitulates 
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structural and functional deficits of TBI and focal contusion injuries are among the most common posterior 

impact injuries observed in human (Sano et al., 1967; Stelmack et al., 2009; Armstrong, 2018). In all CCI-

injured animals (n = 6 mice), the lesion consisted of mild tissue compression that was restricted to superficial 

layers of the cortex at the injury epicenter (Fig 1C). At 14d post-CCI, a time point when lesion volume is largely 

stable (Hall et al., 2005; Pleasant et al., 2011), there was no significant difference in cortical volume between 

uninjured control and CCI-injured littermates (CCI: 95 ± 3%, compared to 99 ± 1% in control; P= 0.25; Fig 1D). 

However, when we evaluated the thickness of cortical tissue remaining at the injury epicenter in the most 

severely contused portion of the section, we found a 20% decrease in cortical thickness (CCI: 699 ± 46 μm, 

Uninjured: 880 ± 22 μm, P= 0.011; Fig 1E). This difference was only observed at the injury epicenter (0μm); no 

difference in cortical thickness was observed in tissue sections 300μm and 600μm caudal to the epicenter (Fig 

1F). Thus, CCI produced a mild injury with minimal structural damage to V1. 

 

Inhibitory neuron loss after V1 injury 

Inhibition is critical for a wide range of V1 functions (Sillito et al., 1985; Cardin et al., 2007; Lee et al., 2012; 

Cone et al., 2019), and interneuron loss is a common feature of TBI in rodents and humans (Hunt et al., 2013). 

Therefore, we next quantified interneuron density in V1 using the same GAD67-GFP reporter mice. At 14d 

after CCI, we found ~20% decrease in the density of GAD67-GFP+ cells in V1 ipsilateral to the injury (Fig 2A; 

Table S1). No change in interneuron density was observed in the contralateral hemisphere. We also found that 

GFP+ cell loss was most severe at the injury epicenter and decreased with distance from the injury site (Fig 

2B), similar to severe CCI injuries that damage hippocampus (Frankowski et al., 2019). To determine if post-

traumatic interneuron loss was layer-specific, we quantified interneuron density in cortical layers 1, 2/3, 4, and 

5/6 of CCI-injured and uninjured control littermates (Fig 2C-H; Table S1). We found that cell loss extended 

throughout the cortical column ipsilateral to the injury, with significant reductions in GFP+ cells in cortical layers 

1, 2/3 and 5/6, but no interneuron loss was observed in layer 4. No change in GFP+ cell density was observed 

in any layer of the contralateral hemisphere.  

 

Visually evoked responses in V1 are disrupted by brain injury 

Although central visual system TBI is extremely common, and as many as 75% of military Service members 

suffer from visual dysfunction or functional blindness (Stelmack et al., 2009), there is essentially nothing known 

about visual circuit function after TBI. To evaluate the functional state of visual cortex following CCI, we 

measured visually evoked potentials (VEP) and single unit responses to a range of stimuli across a wide extent 

of injured V1 at 3 months after injury (Fig 3A). First, VEPs were recorded in response to brief flashes of light. 

Representative examples of flash-evoked responses are shown in individual animals (Fig 3B), along with 

population averages (Fig 3C). Compared to uninjured controls, evoked amplitudes were reduced significantly 

in brain injured mice, by more than 80% (Control: 3.2 ± 0.3 µV, compared to 1.4 ± 0.2 µV after CCI; P = 

0.0003; Fig 3D), and response latencies were more than 60% longer (Control: 62 ± 4 ms, compared to 102 ± 

10 ms after CCI; P = 0.001; Fig 3E). Of note, we also found that VEP amplitude reduced similarly across the 
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site of injury, and wave profiles lacked a negative wave component normally present in deeper cortical layers 

(Fig S1). 

 

To evaluate the functional profile of injured V1 in more detail, we next measured single neuron responses to a 

range of fundamental stimuli, including orientation, size, spatial frequency and temporal frequency.  

Representative examples of response profiles in Figure 4 show weaker tuning and selectivity to all four types 

of stimulus parameters in brain injured mice (Fig 4B,E,H,K) compared to uninjured controls (Fig 4A,D,G,J).  

For the cell population, these differences were significant for orientation (Fig 4C), size (Fig 4F) and spatial 

frequency (Fig 4I), but not temporal frequency (Fig 4L). The difference was quite striking for orientation and 

size tuning, both of which are strongly mediated through local cortical inhibition (Liu et al., 2011; Liu et al., 

2015; Liu et al., 2017).  For orientation, the tuning width (HWHH) of the preferred orientation is more than twice 

as sharp in the control example (24.3º vs 48.9º; Fig 4A,B), and this difference is also seen for the population 

(Control: 27.7º ± 2.4, compared to  47.9º ± 4.4 in CCI injured animals; P = 0.0009; Fig 4C). Broader tuning 

after TBI is consistent with orientation tuning mediated more through feedforward mechanisms and 

impairments in cortical inhibition (Liu et al., 2015; Liu et al., 2017). Similarly, the larger size preference in TBI 

compared to control neuron examples (73º vs. 35º; Fig 4D,E) and populations (52 ± 5 º, compared to 32 ± 3 º; 

P = 0.005; Fig 4F) also indicates a loss of cortical inhibition (Liu et al., 2011).    

 

Discussion  

Patients with TBI can show long-lasting deficits in visual system function, such as visual acuity and field loss, 

binocular dysfunction and spatial perceptual deficits (Armstrong, 2018). Here, we delivered a mild focal 

contusion injury directly to V1 to model occipital contusion injuries, which occur almost exclusively after a direct 

blow to the back of the head (Sano et al., 1967; Ommaya et al., 1971). We found that mild V1 injury produced 

inhibitory interneuron loss and long-lasting changes in visual circuit function. Although V1 was relatively well-

preserved, compared to traditional approaches that produce substantial tissue loss (Frankowski et al., 2019), 

we found interneuron loss at the injury site that extended into deep cortical layers. In vivo recordings revealed 

a massive loss of visually evoked potentials and dramatically altered tuning to visual stimuli, including 

orientation and size, which have been shown to be modulated by cortical interneurons (Lee et al., 2012). 

These findings are consistent with human studies showing visual field defects can occur in individuals with no 

measurable lesion (Silverman et al., 1993).  

 

Prior studies using blast injury have documented deficits in visual acuity and contrast sensitivity (Reiner et al., 

2014). However, the diffuse nature of blast injury makes it difficult to determine whether visual deficits were 

due to central visual system injury or traumatic injury in the periphery. While chemical or laser lesions produce 

a more focal injury in V1 (Eysel and Schweigart, 1999; Imbrosci et al., 2010), these injury paradigms do not 

fully recapitulate mechanisms of TBI, which involves a mechanical force that disrupts brain function (Mendelow 

and Crawford, 1997). As such, our results represent the first demonstration of visual circuit changes following 

central visual system TBI. 
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The laminar organization of visual cortex and functional specialization of each cortical layer in sensory 

processing is generally conserved across species (Callaway, 1998). Layer 4 receives the majority of input 

arising from the lateral geniculate nucleus (LGN) and projects to neurons in layer 2/3, which in turn projects to 

deeper layers and other cortical areas (Miller et al., 2001). Layer 4 also plays an important role in generating 

response properties, such as orientation and direction selectivity (Zhuang et al., 2013). We found that layer 4 

interneurons were not decreased in number after CCI injury. This may indicate that the first level of cortical 

processing in V1 could be preserved in these animals. In addition to visual input, V1 is a major relay for 

sensory information between other brain regions (Wandell and Smirnakis, 2009). For example, layer 1 contains 

a unique population of interneurons that receive sensory and neuromodulatory inputs, and they are responsive 

to sensory input beyond vision. These inhibitory neurons receive cholinergic input from the basal forebrain, 

which modulates the excitability of thalamocortical synapses in layer 4 (Alitto and Dan, 2012). Layer 1 also 

receives input from other sensory areas, such as primary auditory cortex (Ibrahim et al., 2016), and these 

neurons are strongly activated by non-visual input, such as locomotion, noise, and whisker stimulation (Mesik 

et al., 2019). Thus, interneurons located in layer 1 are involved in multi-modal sensory processing across 

different behavioral states. Based on our results demonstrating that layer 1 inhibitory neurons were most 

affected by visual cortex trauma, as compared to other cell layers, it is possible that the coordination of sensory 

information between different cortical areas may be profoundly disrupted in brain injured animals.  

 

Individuals with TBI can develop visual impairments independent from other injury-induced motor or cognitive 

deficits (Zihl and Kerkhoff., 1990; Padula et al., 1994; Du et al., 2005; McKenna et al., 2006). Increases in light 

intensity evoke inhibitory synaptic activity to prevent changes in luminance intensity from disrupting cortical 

circuit function (Tucker and Fitzpatrick, 2006) and inability to modulate cortical gain has been proposed as a 

potential mechanism of injury-related photosensitivity (Zihl and Kerkhoff, 1990; Du et al., 2005).  Here we show 

that basic visual processes in V1 are altered to reflect a distinct lack of cortically mediated inhibition. We found 

significantly broader orientation tuning widths consistent with reduced local inhibitory neuron activity (Lee et al., 

2012). Instead, in brain injured animals, V1 orientation tuning resembles the broader widths mediated through 

feedforward mechanisms from the thalamus (Liu et al., 2015; Liu et al., 2017), which are likely more intact.  

Similarly, increased spatial summation indicated by larger stimulus size preference in TBI is consistent with the 

loss of local inhibitory neurons mediating surround suppression (Adesnick et al., 2012) and likely reflects 

preservation of feedforward mediated mechanisms (Liu et al., 2011). 

 

Author Contributions 

J.C.F contributed to the execution and analysis of experiments and wrote the manuscript. A.T.F performed 

neurophysiology experiments and analyzed data. J.R.M. analyzed cell quantifications. D.C.L designed 

neurophysiology experiments, analyzed data, contributed funding and edited the manuscript. R.F.H contributed 

to the concept, design, analysis of experiments, funding and edited the manuscript. 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 20, 2020. ; https://doi.org/10.1101/2020.08.19.258335doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.19.258335


Acknowledgements  

This work was supported by funding from the National Institutes of Health grants R01–NS096012, F31–

NS106806, and R01–EY024890. We thank members of the Hunt lab for helpful discussions and comments on 

earlier versions of this manuscript.  

 

Declaration of Interests 

The authors declare no competing interests. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 20, 2020. ; https://doi.org/10.1101/2020.08.19.258335doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.19.258335


References 

1. Adesnik, H., Bruns, W., Taniguchi, H., Huang, Z.J., and Scanziani, M. (2012). A neural circuit for spatial 
summation in visual cortex. Nature 490, 226-231. 

2. Alitto, H.J., and Dan, Y. (2012). Cell-type-specific modulation of neocortical activity by basal forebrain 
input. Front Syst Neurosci 6, 79. 

3. Alitto, H.J., and Usrey, W.M. (2004). Influence of contrast on orientation and temporal frequency tuning 
in ferret primary visual cortex. J Neurophysiol 91, 2797-2808. 

4. Almeida-Suhett, C.P., Prager, E.M., Pidoplichko, V., Figueiredo, T.H., Marini, A.M., Li, Z., Eiden, L.E., 
and Braga, M.F. (2014). Reduced GABAergic inhibition in the basolateral amygdala and the 
development of anxiety-like behaviors after mild traumatic brain injury. PLoS One 9, e102627. 

5. Almeida-Suhett, C.P., Prager, E.M., Pidoplichko, V., Figueiredo, T.H., Marini, A.M., Li, Z., Eiden, L.E., 
and Braga, M.F. (2015). GABAergic interneuronal loss and reduced inhibitory synaptic transmission in 
the hippocampal CA1 region after mild traumatic brain injury. Exp Neurol 273, 11-23. 

6. Armstrong, R.A. (2018). Visual problems associated with traumatic brain injury. Clin Exp Optom 101, 
716-726. 

7. Brainard, D.H. (1997). The Psychophysics Toolbox. Spat. Vis. 10, 433–436. 

8. Buriticá, E., Villamil, L., Guzmán, F., Escobar, M.I., García-Cairasco, N., and Pimienta, H.J. (2009). 

Changes in calcium-binding protein expression in human cortical contusion tissue. J Neurotrauma 26, 

2145-2155. 

9. Butler, C.R., Boychuk, J.A., and Smith, B.N. (2016). Differential effects of rapamycin treatment on tonic 
and phasic GABAergic inhibition in dentate granule cells after focal brain injury in mice. Exp Neurol 
280, 30-40. 

10. Callaway, E.M. (1998). Local circuits in primary visual cortex of the macaque monkey. Annu Rev 
Neurosci 21, 47-74. 

11. Cantu, D., Walker, K., Andresen, L., Taylor-Weiner, A., Hampton, D., Tesco, G., and Dulla, C.G. 
(2015). Traumatic Brain Injury Increases Cortical Glutamate Network Activity by Compromising 
GABAergic Control. Cereb Cortex 25, 2306-2320. 

12. Carandini, M., and Ferster, D. (2000). Membrane potential and firing rate in cat primary visual cortex. J 
Neurosci 20, 470-484. 

13. Cardin, J.A., Palmer, L.A., and Contreras, D. (2007). Stimulus feature selectivity in excitatory and 
inhibitory neurons in primary visual cortex. J Neurosci 27, 10333-10344. 

14. Cone, J.J., Scantlen, M.D., Histed, M.H., and Maunsell, J.H.R. (2019). Different Inhibitory Interneuron 
Cell Classes Make Distinct Contributions to Visual Contrast Perception. eNeuro 6. 

15. Davis, M.F., Figueroa Velez, D.X., Guevarra, R.P., Yang, M.C., Habeeb, M., Carathedathu, M.C., 
Gandhi, S.P. (2015) Inhibitory Neuron Transplantation into Adult Visual Cortex Creates a New Critical 
Period that Rescues Impaired Vision. Neuron. 86, 1055-1066. 

16. DeAngelis, G.C., Ohzawa, I., and Freeman, R.D. (1993). Spatiotemporal organization of simple-cell 
receptive fields in the cat's striate cortex. II. Linearity of temporal and spatial summation. J 
Neurophysiol 69, 1118-1135. 

17. Du, T., Ciuffreda, K.J., and Kapoor, N. (2005). Elevated dark adaptation thresholds in traumatic brain 
injury. Brain Inj 19, 1125-1138. 

18. Espinosa, J.S., and Stryker, M.P. (2012). Development and plasticity of the primary visual cortex. 
Neuron 75, 230-249. 

19. Eysel, U.T., and Schweigart, G. (1999). Increased receptive field size in the surround of chronic lesions 
in the adult cat visual cortex. Cereb Cortex 9, 101-109. 

20. Fagiolini, M., Hensch, T.K. (2000) Nature. 404, 183–186. 
21. Fagiolini, M., Fritschy, J.M., Löw, K., Möhler, H., Rudolph, U., and Hensch, T.K. (2004). Specific 

GABAA circuits for visual cortical plasticity. Science 303, 1681-1683. 
22. Foik, A.T., Kublik, E., Sergeeva, E.G., Tatlisumak, T., Rossini, P.M., Sabel, B.A., and Waleszczyk, W.J. 

(2015). Retinal origin of electrically evoked potentials in response to transcorneal alternating current 
stimulation in the rat. Invest Ophthalmol Vis Sci 56, 1711-1718. 

23. Foik, A.T., Lean, G.A., Scholl, L.R., McLelland, B.T., Mathur, A., Aramant, R.B., Seiler, M.J., and Lyon, 
D.C. (2018). Detailed Visual Cortical Responses Generated by Retinal Sheet Transplants in Rats with 
Severe Retinal Degeneration. J Neurosci 38, 10709-10724. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 20, 2020. ; https://doi.org/10.1101/2020.08.19.258335doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.19.258335


24. Foik, A.T., Scholl, L.R., Lean, G.A., and Lyon, D.C. (2020). Visual Response Characteristics in Lateral 
and Medial Subdivisions of the Rat Pulvinar. Neuroscience 441, 117-130. 

25. Frankowski, J.C., Kim, Y.J., and Hunt, R.F. (2019). Selective vulnerability of hippocampal interneurons 
to graded traumatic brain injury. Neurobiol Dis 129, 208-216. 

26. Girard, P., Salin, P.A., and Bullier, J. (1991) Visual activity in macaque area V4 depends on area 17 
input. Neuroreport 2:81–84. 

27. Gupta, A., Elgammal, F.S., Proddutur, A., Shah, S., and Santhakumar, V. (2012). Decrease in tonic 
inhibition contributes to increase in dentate semilunar granule cell excitability after brain injury. J 
Neurosci 32, 2523-2537. 

28. Hall, E.D., Gibson, T.R., and Pavel, K.M. (2005). Lack of a gender difference in post-traumatic 
neurodegeneration in the mouse controlled cortical impact injury model. J Neurotrauma 22, 669-679. 

29. Hensch, T.K., Fagiolini, M., Mataga, N., Stryker, M.P., Baekkeskov, S., and Kash, S.F. (1998). Local 
GABA circuit control of experience-dependent plasticity in developing visual cortex. Science 282, 1504-
1508. 

30. Hunt, R.F., Boychuk, J.A., and Smith, B.N. (2013). Neural circuit mechanisms of post-traumatic 
epilepsy. Front Cell Neurosci 7, 89. 

31. Hunt, R.F., Scheff, S.W., and Smith, B.N. (2011). Synaptic reorganization of inhibitory hilar interneuron 
circuitry after traumatic brain injury in mice. J Neurosci 31, 6880-6890. 

32. Huusko, N., Römer, C., Ndode-Ekane, X.E., Lukasiuk, K., and Pitkänen, A. (2015). Loss of 
hippocampal interneurons and epileptogenesis: a comparison of two animal models of acquired 
epilepsy. Brain Struct Funct 220, 153-191. 

33. Ibrahim, L.A., Mesik, L., Ji, X.Y., Fang, Q., Li, H.F., Li, Y.T., Zingg, B., Zhang, L.I., and Tao, H.W. 
(2016). Cross-Modality Sharpening of Visual Cortical Processing through Layer-1-Mediated Inhibition 
and Disinhibition. Neuron 89, 1031-1045. 

34. Imbrosci, B., Eysel, U.T., and Mittmann, T. (2010). Metaplasticity of horizontal connections in the 
vicinity of focal laser lesions in rat visual cortex. J Physiol 588, 4695-4703. 

35. Kleiner, M., Brainard, D., Pelli, D., Ingling, A., Murray, R., and Broussard, C. (2007). What’s new in 

psychtoolbox-3. Perception 36, 1–16. 

36. Koenig, J.B., Cantu, D., Low, C., Sommer, M., Noubary, F., Croker, D., Whalen, M., Kong, D., and 

Dulla, C.G. (2019). Glycolytic inhibitor 2-deoxyglucose prevents cortical hyperexcitability after traumatic 

brain injury. JCI Insight 5. 

37. Larimer, P., Spatazza, J., Espinosa, J.S., Tang, Y., Kaneko, M., Hasenstaub, A.R., Stryker, M.P., 
Alvarez-Buylla, A. (2016) Caudal Ganglionic Eminence Precursor Transplants Disperse and Integrate 
as Lineage-Specific Interneurons but Do Not Induce Cortical Plasticity. Cell Rep. 16,1391-1404. 

38. Lee, S.H., Kwan, A.C., Zhang, S., Phoumthipphavong, V., Flannery, J.G., Masmanidis, S.C., Taniguchi, 
H., Huang, Z.J., Zhang, F., Boyden, E.S., et al. (2012). Activation of specific interneurons improves V1 
feature selectivity and visual perception. Nature 488, 379-383. 

39. Li, H., and Prince, D.A. (2002). Synaptic activity in chronically injured, epileptogenic sensory-motor 
neocortex. J Neurophysiol 88, 2-12. 

40. Liu, Y.J., Hashemi-Nezhad, M., and Lyon, D.C. (2011). Dynamics of extraclassical surround modulation 
in three types of V1 neurons. J Neurophysiol 105, 1306-1317. 

41. Liu, Y.J., Hashemi-Nezhad, M., and Lyon, D.C. (2015). Contrast invariance of orientation tuning in cat 
primary visual cortex neurons depends on stimulus size. J Physiol 593, 4485-4498. 

42. Liu, Y.J., Hashemi-Nezhad, M., and Lyon, D.C. (2017). Differences in orientation tuning between 
pinwheel and domain neurons in primary visual cortex depend on contrast and size. Neurophotonics 4, 
031209. 

43. Lowenstein, D.H., Thomas, M.J., Smith, D.H., and McIntosh, T.K. (1992). Selective vulnerability of 
dentate hilar neurons following traumatic brain injury: a potential mechanistic link between head trauma 
and disorders of the hippocampus. J Neurosci 12, 4846-4853. 

44. McKenna, K., Cooke, D.M., Fleming, J., Jefferson, A., and Ogden, S. (2006). The incidence of visual 
perceptual impairment in patients with severe traumatic brain injury. Brain Inj 20, 507-518. 

45. Mendelow DA, Crawford PJ (1997) Primary and secondary brain injury. In: Head Injury. (Reilly P, 
Bullock R, eds.). London: Chapman & Hall. pp 71-88. 

46. Mesik, L., Huang, J.J., Zhang, L.I., and Tao, H.W. (2019). Sensory- and Motor-Related Responses of 
Layer 1 Neurons in the Mouse Visual Cortex. J Neurosci 39, 10060-10070. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 20, 2020. ; https://doi.org/10.1101/2020.08.19.258335doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.19.258335


47. Miller, K.D., Pinto, D.J., and Simons, D.J. (2001). Processing in layer 4 of the neocortical circuit: new 
insights from visual and somatosensory cortex. Curr Opin Neurobiol 11, 488-497. 

48. Nichols, J., Bjorklund, G.R., Newbern, J., and Anderson, T. (2018). Parvalbumin fast-spiking 
interneurons are selectively altered by paediatric traumatic brain injury. J Physiol 596, 1277-1293. 

49. Ommaya, A.K., Grubb, R.L., and Naumann, R.A. (1971). Coup and contre-coup injury: observations on 
the mechanics of visible brain injuries in the rhesus monkey. J Neurosurg 35, 503-516. 

50. Padula, W.V., Argyris, S., and Ray, J. (1994). Visual evoked potentials (VEP) evaluating treatment for 
post-trauma vision syndrome (PTVS) in patients with traumatic brain injuries (TBI). Brain Inj 8, 125-133. 

51. Pavlov, I., Huusko, N., Drexel, M., Kirchmair, E., Sperk, G., Pitkänen, A., and Walker, M.C. (2011). 
Progressive loss of phasic, but not tonic, GABAA receptor-mediated inhibition in dentate granule cells 
in a model of post-traumatic epilepsy in rats. Neuroscience 194, 208-219. 

52. Pleasant, J.M., Carlson, S.W., Mao, H., Scheff, S.W., Yang, K.H., and Saatman, K.E. (2011). Rate of 
neurodegeneration in the mouse controlled cortical impact model is influenced by impactor tip shape: 
implications for mechanistic and therapeutic studies. J Neurotrauma 28, 2245-2262. 

53. Reiner, A., Heldt, S.A., Presley, C.S., Guley, N.H., Elberger, A.J., Deng, Y., D'Surney, L., Rogers, J.T., 
Ferrell, J., Bu, W., et al. (2014). Motor, visual and emotional deficits in mice after closed-head mild 
traumatic brain injury are alleviated by the novel CB2 inverse agonist SMM-189. Int J Mol Sci 16, 758-
787. 

54. Sano, K., Nakamura, N., Hirakawa, K., Masuzawa, H., and Hashizume, K. (1967). Mechanism and 
dynamics of closed head injuries (preliminary report). Neurol Med Chir (Tokyo) 9, 21-33. 

55. Santhakumar, V., Bender, R., Frotscher, M., Ross, S.T., Hollrigel, G.S., Toth, Z., and Soltesz, I. (2000). 
Granule cell hyperexcitability in the early post-traumatic rat dentate gyrus: the 'irritable mossy cell' 
hypothesis. J Physiol 524 Pt 1, 117-134. 

56. Sillito, A.M., Salt, T.E., and Kemp, J.A. (1985). Modulatory and inhibitory processes in the visual cortex. 
Vision Res 25, 375-381. 

57. Silverman, I.E., Galetta, S.L., Gray, L.G., Moster, M., Atlas, S.W., Maurer, A.H., and Alavi, A. (1993). 
SPECT in patients with cortical visual loss. J Nucl Med 34, 1447-1451. 

58. Stelmack, J.A., Frith, T., Van Koevering, D., Rinne, S., and Stelmack, T.R. (2009). Visual function in 
patients followed at a Veterans Affairs polytrauma network site: an electronic medical record review. 
Optometry 80, 419-424. 

59. Suh S, Choi EH, Leinonen H, Foik AT, Newby GA, Yeh WH, Dong Z, Kiser PD, Lyon DC, Liu DR,  
60. Palczewski K (in press) Treatment of an inherited retinal disease by in vivo base editing in an adult 

mouse model. Nature Biomedical Engineering. 
61. Pelli, D.G. (1997). The VideoToolbox software for visual psychophysics: transforming numbers into 

movies. Spat. Vis. 10, 437–442. 
62. Swartz, B.E., Houser, C.R., Tomiyasu, U., Walsh, G.O., DeSalles, A., Rich, J.R., and Delgado-Escueta, 

A. (2006). Hippocampal cell loss in posttraumatic human epilepsy. Epilepsia 47, 1373-1382. 
63. Toth, Z., Hollrigel, G.S., Gorcs, T., and Soltesz, I. (1997). Instantaneous perturbation of dentate 

interneuronal networks by a pressure wave-transient delivered to the neocortex. J Neurosci 17, 8106-
8117. 

64. Tucker, T.R., and Fitzpatrick, D. (2006). Luminance-evoked inhibition in primary visual cortex: a 
transient veto of simultaneous and ongoing response. J Neurosci 26, 13537-13547. 

65. Vascak, M., Jin, X., Jacobs, K.M., and Povlishock, J.T. (2018). Mild Traumatic Brain Injury Induces 
Structural and Functional Disconnection of Local Neocortical Inhibitory Networks via Parvalbumin 
Interneuron Diffuse Axonal Injury. Cereb Cortex 28, 1625-1644. 

66. Wandell, B.A., and Smirnakis, S.M. (2009). Plasticity and stability of visual field maps in adult primary 
visual cortex. Nat Rev Neurosci 10, 873-884. 

67. Wiesel T.N. (1984) Postnatal development of the visual cortex and the influence of environment. 

Nature. 299,583-91. 

68. Witgen, B.M., Lifshitz, J., Smith, M.L., Schwarzbach, E., Liang, S.L., Grady, M.S., and Cohen, A.S. 

(2005). Regional hippocampal alteration associated with cognitive deficit following experimental brain 

injury: a systems, network and cellular evaluation. Neuroscience 133, 1-15. 

69. Wypych, M., Nagy, A., Mochol, G., Foik, A., Benedek, G., and Waleszczyk, W.J. (2014). Spectral 
characteristics of phase sensitivity and discharge rate of neurons in the ascending tectofugal visual 
system. PLoS One 9, e103557. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 20, 2020. ; https://doi.org/10.1101/2020.08.19.258335doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.19.258335


70. Wypych, M., Wang, C., Nagy, A., Benedek, G., Dreher, B., and Waleszczyk, W.J. (2012). Standardized 
F1: a consistent measure of strength of modulation of visual responses to sine-wave drifting gratings. 
Vision Res 72, 14-33. 

71. Zhuang, J., Stoelzel, C.R., Bereshpolova, Y., Huff, J.M., Hei, X., Alonso, J.M., and Swadlow, H.A. 
(2013). Layer 4 in primary visual cortex of the awake rabbit: contrasting properties of simple cells and 
putative feedforward inhibitory interneurons. J Neurosci 33, 11372-11389. 

72. Zihl, J., and Kerkhoff, G. (1990). Foveal photopic and scotopic adaptation in patients with brain 
damage. Clinical Vision Sciences 5, 185-195. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 20, 2020. ; https://doi.org/10.1101/2020.08.19.258335doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.19.258335


Figures 

 

Figure 1. Visual cortex TBI produces a mild cortical lesion. A. Schematic of Allen Mouse Common 

Coordinate Framework showing the head rotation used to produce CCI injury over V1 (cyan). B. CCI injury was 

centered over rostral primary visual cortex (white circle). C. Coronal sections of DAPI labeling in a control 

animal and 14 days after CCI injury. D. Quantification of cortical tissue volume in control and CCI-injured 

litermates. E. Average thickness of cortex. *P = 0.012, two-tailed t- test, n = 6 mice / group .F. Average 

thickness of cortex with distance from the injury. *P = 0.011, Two-way repeated-measures ANOVA with Sidak 

post-hoc test, n = 6 mice per group. Scale bars, 1mm; error bars, SEM.  
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Figure 2. Interneuron loss in V1 after TBI. A, B. Quantification of GAD67-GFP+ cell density in control and 

brain-injured mice 14d after CCI. *P=0.0289; **P=0.0067; ***P = 0.0001, Two-way repeated-measures ANOVA 

with Sidak post-hoc test; n= 6 mice per group. C, E, G. Coronal images of V1 with GFP+ interneurons labeled 

in uninjured-control and CCI injury groups. D, F, H. Quantification of GFP+ cell density in layers 1, 2/3, and 5/6. 

*P= 0.0124, Layer I, injury site (D), *P= 0.0178, Layer III, injury site (D), *P= 0.0484, Layer V/VI, injury site (D), 

**P 0.0018 Layer I, 300um (F), Two-way repeated-measures ANOVA with Sidak post-hoc test; n= 6 mice per 

group. Scale bar, 500μm; error bars, SEM. 
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Figure 3. Visually evoked potentials are altered by TBI.  A. Schematic showing the location of electrode 

placement in V1 (blue circles) relative to CCI injury (orange circle, 3 mm in diameter). B. Evoked potentials 

from a single uninjured control animal (black trace) and an animal 3 months after CCI (blue trace). C. Average 

evoked potentials from 10 recording locations per brain injured animal (light blue) and 9 sites per uninjured 

control mice. D. Quantification of average evoked amplitude. ***P=0.0003, two-tailed Mann-Whitney U, n= 9 

locations (control), n= 10 locations (brain injury). E. Quantification of average response latency. **P=0.001, 

two-tailed Mann-Whitney U.  Individual data points represent the value for each of the recording locations. 

Error bars, SEM. 
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Figure 4. CCI disrupts V1 neuron tuning curves in response to drifting gratings. A-C. Orientation tuning 

curves for single neurons in an uninjured control (A) and CCI-injured mouse (B). HWHH tuning values are 

given in each panel and the population averages are quantified in (C). *** P = 0.0009, two-tailed Mann-Whitney 

U, n= 63 cells from 3 controls, n 39 cells from 3 brain injured mice. D-F. Single neuron examples and 

population average quantification of size. **P = 0.005, two-tailed Mann-Whitney U. G-I. Single neuron 

examples and quantification of spatial frequency (SF). ***P = 0.000004, two-tailed Mann-Whitney U. J-L. 

Single neuron examples and quantification of temporal frequency (TF). n.s., P = 0.15, two-tailed Mann-Whitney 

U. Optimal values for each parameter are given in each panel. Error bars, SEM. 
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Methods 

Contact for Reagent and Resource Sharing 

Further information and requests for resources and reagents should be directed to and will be fulfilled by the 

corresponding author, Robert F Hunt (robert.hunt@uci.edu). 

 

Experimental Model and Subject Details 

Animals 

Mice were maintained in standard housing conditions on a 12h light/dark cycle with food and water provided ad 

libitum. All protocols and procedures followed the guidelines of the University Laboratory Animal Resources at 

the University of California, Irvine and adhered to National Institutes of Health Guidelines for the Care and Use 

of Laboratory Animals. All core and CCI-specific Common Data Elements (CDEs) defined by the Preclinical 

TBI Working Groups and the NIH/NINDS/DOD CDE Team (https://fitbir.nih.gov/content/preclinical-common-

data-elements) can be found in Tables S2 and S3. For electrophysiology experiments, we used CD-1 mice 

(Charles River, cat no. 022), and for anatomy experiments, we used a hemizygous glutamic acid 

decarboxylase - enhanced green fluorescence protein (GAD67-GFP) knock-in line (Tamamaki et al., 2003) 

maintained on a CD-1 background for > 10 generations. 

 

Method Details 

Experimental design  

Male and female mice were randomly allocated to experimental groups prior to TBI. Brain injury was performed 

at P60 and experiments were performed 14d (immunostaining) or 3 months (electrophysiology) after TBI. No 

data or animals were excluded from analysis. 

  

Controlled cortical impact (CCI) 

Unilateral controlled cortical impact was performed as previously described (Frankowski et al., 2019; Zhu et al., 

2019), with modifications to the location and depth of injury. Mice were anesthetized with 2% isoflurane until 

unresponsive to toe-pinch, then placed into a stereotactic frame and maintained on 1% isoflurane. The fur 

overlying the skull was trimmed and the scalp was scrubbed with betadine before exposing the skull with a 

midline incision. The skull was rotated 20 degrees counterclockwise along the rostral-caudal axis and the 

rostral end of the skull was lowered 20 degrees relative to skull-flat. This orientation centered the impactor tip 

at the rostral end of V1 (Fig 1B). A ~4-5 mm craniotomy was centered 3 mm lateral to midline and 3 mm 

rostral to the lambdoid suture in the right hemisphere. The skull cap was removed leaving the dura intact. A 

computer-controlled pneumatically driven impactor (TBI-0310, Precision Systems and Instrumentation) with a 3 

mm beveled stainless-steel tip was used to deliver a 0.2 mm depth contusive injury perpendicular to the dura 

at 3.5m/s velocity and 500ms of impactor dwell time. The skull cap was not replaced, and the incision was 

closed with silk sutures. Animals undergoing surgical procedures received buprenorphine hydrochloride 

(Buprenex, 0.05mg/kg, delivered i.p.) pre-operatively and once daily for 3d. A post-operative health 

assessment was performed for 5d following surgical procedures.  
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Immunostaining 

Fourteen days after injury, mice were transcardially perfused with 4% paraformaldehyde (PFA) and free-

floating vibratome sections (50 µm) were processed using standard immunostaining procedures (Zhu et al., 

2019). Sections were stained with primary (GFP, 1:1000) and secondary (Alexa 488, 1:1000) antibodies and 

mounted on charged slides (Superfrost plus; Fisher Scientific) with Vectasheild containing DAPI. Images were 

obtained with a Leica DM6 epifluorescence microscope. Brightness and contrast were adjusted manually using 

Adobe Photoshop; z-stacks were generated using Leica software.  

 

Volumetric Analysis 

Quantification of cortical lesion volume was performed by measuring the area of cortical tissue remaining in 

both hemispheres in eight DAPI-labeled coronal sections along ~2400 μm of the rostral-caudal axis spaced 

300 µm apart as previously described (Frankowski et al., 2019; Zhu et al., 2019). Borders of the cortical plate 

were drawn between the dorsal aspect of the corpus callosum and the pial surface using ImageJ. Regions of 

the cortical subplate (e.g., amygdala) were excluded from analysis. The % of the ipsilateral cortex remaining 

for each animal was calculated using the following formula:   

                      
    

 

   
 

         

where i = the area of the ipsilateral cortex and c = the area of the contralateral cortex and n = the section 

number.  

 

Cortical thickness measurement 

Average cortical thickness was measured from a series of three DAPI-labeled x10 images of the entire cortical 

column centered at the injury epicenter and two 300 μm serial sections caudal to the epicenter. The area of 

tissue between the pial surface and the ventral aspect of layer 5/6 divided by the width of the frame (958.29 

µm) to obtain an average cortical thickness value along the width of the frame. For uninjured- controls, images 

were taken in corresponding brain sections at the most central portion of V1 as defined in the 2017 Allen 

Reference Atlas. 

 

Cell quantification 

Fluorescently labeled coronal brain sections were imaged using a Leica DM6 fluorescence microscope with an 

x10 objective and quantification was performed in ImageJ, as previously described (Frankowski et al., 2019; 

Zhu et al., 2019). For quantification of GFP+ cell density, three brain sections spaced 300 μm apart were 

counted, with the rostral-most section at the injury epicenter and the next two additional sections caudal to the 

epicenter.  

 

Neurophysiology 
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Animals were initially anesthetized with 2% isoflurane in a mixture of N2O/O2 (70%/30%) then placed into a 

stereotaxic apparatus. A small, custom-made plastic chamber was glued (Vetbond, St. Paul, MN, US) to the 

exposed skull. After one day of recovery, re-anesthetized animals were placed in a custom-made hammock, 

maintained under isoflurane anesthesia (1-2% in N2O/O2) and multiple single tungsten electrodes were 

inserted into V1 using the same craniotomy performed during the injury phase. Following electrodes 

placement, the chamber was filled with sterile agar and sealed with sterile bone wax. Animals were then 

sedated with chlorprothixene hydrochloride (1 mg/kg; IM; (Camillo et al., 2018)) and kept under light isoflurane 

anesthesia (0.2 – 0.4% in 30% O2) throughout the recording procedure. EEG and EKG were monitored 

throughout and body temperature was maintained with a heating pad (Harvard Apparatus, Holliston, MA).  

Data was acquired using a multi-channel Scout recording system (Ripple, UT, USA). Local field potentials 

(LFP) from multiple locations were band-pass filtered from 0.1 Hz to 250 Hz and stored along with spiking data 

at 1 kHz sampling rate. LFP signal was aligned to stimulus time stamps and averaged across trials for each 

recording location in order to calculate visually evoked potentials (VEP)(Foik et al., 2015; Suh et al., 2020). 

Single neuron spike signals were band-pass filtered from 500 Hz to 7 kHz and stored at a 30 kHz sampling 

frequency. Spikes were sorted online in Trellis (Ripple, UT, USA) while performing visual stimulation. Visual 

stimuli were generated in Matlab (Mathworks, USA) using Psychophysics Toolbox (Brainard, 1997; Pelli, 1997; 

Kleiner et al., 2007) and displayed on a gamma-corrected LCD monitor (55 inches, 60 Hz; 1920 x 1080 pixels; 

52 cd/m2 mean luminance). Stimulus onset times were corrected for monitor delay using an in-house designed 

photodiode system (Foik et al., 2018).  

Visual responses were assessed using methods similar to previous publications (Foik et al., 2018; Foik et al., 

2020; Suh et al., 2020). For recordings of visually evoked responses, cells were first tested with 100 repetitions 

of a 500 ms bright flash stimulus (105 cd/m2). Receptive fields for visually responsive cells were then located 

using square-wave drifting gratings, after which optimal orientation, direction, and spatial and temporal 

frequencies were determined using sine wave gratings. Spatial frequencies used ranged from 0.001 to 0.5 

cycles/º; Temporal frequencies used were from 0.1 to 10 cycles/s. Using optimal parameters, size tuning was 

assessed with apertures ranging from 1 to 110º at 100% contrast. With optimal size, orientation tuning of the 

cell was re-assessed using 8 orientations x 2 directions each, stepped by 22.5º increments.  

Local Field Potential (LFP) Analysis 

LFP signal was normalized using z-score standardization as we have done previously (Foik et al., 2015; 

Wypych et al., 2012, 2014). Amplitude of response was calculated as a difference between the peak of the 

positive and negative components of the VEP. Response latency was defined as the time point of maximum 

response. Maximum of the response was defined at the larger of the negative or positive peak. 

 

Single Unit Analysis 

Tuning curves were calculated based on average spike rate. Optimal visual parameters were chosen as the 

maximum response value. Orientation tuning was measured in degrees at the half-width at half-height (HWHH; 
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1.18 x σ) based on fits to Gaussian distributions (Alitto and Usrey, 2004; Carandini and Ferster, 2000; Foik et 

al., 2018, 2020; Liu et al., 2011, 2015) using: 

                 
 
       

 

       
 
           

 

     

where Os is the stimulus orientation, ROs is the response to different orientations, Op is the preferred 

orientation, Rp and Rn are the responses at the preferred and non-preferred direction, σ is the tuning width, and 

‘baseline’ is the offset of the Gaussian distribution. Gaussian fits were estimated without subtracting 

spontaneous activity, similar to the procedures of Alitto and Usrey (Alitto and Usrey, 2004).  

 

Size tuning curves were fitted by a difference of Gaussian (DoG) function:  

       
  

 
  
  

              
 
      

 

  

 

  

 

in which Rs is the response evoked by different aperture sizes. The free parameters, Ke and re, describe the 

strength and the size of the excitatory space, respectively; Ki and ri represent the strength and the size of the 

inhibitory space, respectively; and R0 is the spontaneous activity of the cell.  

 

The optimal spatial and temporal frequency was extracted from the data fitted to Gaussian distributions using 

the following equation (DeAngelis et al., 1993; Van Den Bergh et al., 2010; Foik et al., 2018, 2020): 

                       
 
                 

 

     

Where RSF/TF is the estimated response, Rpref indicates response at preferred spatial or temporal frequency, 

SF/TF indicates spatial or temporal frequency, σ is the standard deviation of the Gaussian, and baseline is 

Gaussian offset.  

Quantification and Statistical Analysis 

Anatomical data analysis was performed in Graphpad Prism 6 and Microsoft Excel. Experimental groups were 

compared by unpaired two-tailed t-test, two-way ANOVA with Tukey’s post-hoc tests, or repeated measures 

two-way ANOVA followed by Sidak’s post-hoc test. Neurophysiology data analysis was performed in Matlab 

(Mathworks, USA). Average differences between groups were compared using two-tailed Mann-Whitney U 

tests. All data are expressed as mean ± SEM. Significance was set at P < 0.05. 

 

Data and Software Availability 

All data that support the findings of this study are available from the corresponding authors upon reasonable 

request. 
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Supplementary Figures 

 

Figure S1.  Visual response profile in V1 is severely degraded by TBI.  A. In an uninjured control animal, 

the cortical VEP profile starts from large positive components indicating output from layer II/III that (0 – 400 

µm) reverses into negative components in layers IV, V, and VI (500 – 1,000 µm).  B. After CCI, from the edge 

to the center of the injury site (arrow), the cortical profile is abnormal compared to control. Amplitudes are 

smaller, particularly at 500 µm and deeper, and there is an absence of a robust negative wave component. 

Black lines represent average response to flash of light and grey shading indicates SEM. 
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