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ABSTRACT OF THE DISSERTATION 

Neural circuit reorganization and functional plasticity following traumatic brain injury 

by 

Alexa Marie Tierno 

Doctor of Philosophy in Biomedical Sciences 

University of California, Irvine, 2026 

Associate Professor Robert F. Hunt, Chair 

 

Traumatic brain injury produces lasting cognitive impairments that can persist long after the initial 

insult. Although the primary injury may be spatially restricted, its effects on neural circuits can be 

widespread, beyond the site of tissue damage and evolve over time. In this dissertation, I 

investigated the effects of brain injury across multiple levels of neural circuit organization, from 

early patterns of neuronal activation to the functional integrity of hippocampal spatial 

representations. First, I examined the spatial extent of neuronal activation during the initial 

response to focal injury using a targeted recombination in active populations (TRAP) reporter 

mouse model. I found widespread activation of neurons that extended well beyond the glial 

response to injury. Second, using rabies virus whole-brain tracing, I found that brain injury 

reorganized inhibitory circuits in the hippocampus, converting interneurons into hyperconnected 

hubs while reducing their long-range inputs. Interestingly, this same pattern of reorganization was 

seen in a distant brain region, the prefrontal cortex, that is not directly damaged by the injury. 

Finally, I examined the functional consequences of chronic circuit disruption within the 

hippocampus, a structure critical for learning and spatial memory. Using longitudinal in vivo 

calcium imaging of CA1 neurons in freely behaving mice, I evaluated how brain injury alters the 

activity and spatial coding of individual neurons. Despite relatively preserved overall neuronal 

activity and the continued presence of place cells, brain injury degraded the precision of spatial 
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representations in the hippocampus. Place cells exhibited broader tuning and the population of 

cells capable of participating in spatial representations was diminished after injury. These 

alterations were accompanied by impaired spatial novelty discrimination, linking disrupted spatial 

coding and cognitive impairment. Together, these findings support a model in which chronic 

dysfunction after injury emerges not only from neuronal loss but from widespread and lasting 

changes in the organization and function of surviving circuits. 
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INTRODUCTION 

The complexity of the brain arises not only from the activity of individual neurons, but from their 

organization into interconnected networks. Within these networks, patterns of activity are 

continuously shaped by the integration of sensory input, internal brain states and prior 

experiences, allowing neural populations to encode and retain information that ultimately translate 

into behavior. The integrity of neurons and their connections is therefore fundamental to brain 

function, and perturbations to these relationships can alter information processing across these 

interconnected circuits. The hippocampus provides an example of this relationship between circuit 

and function given its anatomical organization, defined pathways and diverse neuronal 

populations supporting learning and memory. Importantly, organization can be disrupted by 

neurological disorders, such as traumatic brain injury (TBI), which initiates acute and chronic 

changes in neuronal activity and circuit connectivity. Examining hippocampal anatomy and 

physiology alongside the mechanisms and consequences of TBI aids in our understanding of 

circuit reorganization, neural function, and behavior after injury.  

 

Anatomical organization of the hippocampus 

A critical hub for learning and memory through its convergence of a variety of cortical and 

subcortical inputs is the hippocampus (Squire, 1992). The hippocampus contains not only a 

diversity of cellular subtypes but each division within the structure has a role in shaping memory 

processing. As first described by Lorente de No (1934), the main regions of the hippocampus 

include CA1, CA2, CA3, along with the dentate gyrus, each with a layered structure that allows 

for inputs and outputs to be distributed. Much of what we know about the hippocampus is through 

studying the classical cortico-hippocampal circuit, or trisynaptic path. Information from the 

entorhinal cortex enters the hippocampus through the perforant path and synapses onto the 

granule cells of the dentate gyrus (Steward and Scoville, 1976). These granule cells send mossy 
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fiber projections to CA3 pyramidal neurons, which in turn send excitatory input to CA1 neurons 

through Schaffer collaterals. CA1 neurons comprise the main output of the hippocampus, 

projecting to subiculum, entorhinal cortex, and other cortical regions (Amaral et al., 1991). The 

information flow through the circuit depends on the coordinated activity of excitatory principal 

neurons and the diverse populations of inhibitory neurons. The principal excitatory neurons of 

CA1, CA2, and CA3 are classified as glutamatergic, pyramidal cells, whose highly organized 

morphology and laminar arrangement allow integration of activity and hippocampal output 

(Amaral and Witter, 1989). The pyramidal layer (stratum pyramidale, SP) contains somas of 

principal neurons whose dendrites extend apically, into the stratum radiatum (SR) and stratum 

lacunosum-moleculare (SLM), and basally into the stratum oriens (SO). Although hippocampal 

pyramidal neurons share many similarities, their location within the circuit dictates their 

connectivity and function. Of relevance, CA1 pyramidal neurons integrate pathways locally and 

from cortical regions, serving as the major processing center and output of the hippocampus.  

 

CA1 pyramidal neurons  

Pyramidal neurons in CA1 are organized in a laminar fashion, with their somas arranged in the 

pyramidal layer and their dendrites extending into superficial and deep layers (Spruston, 2008). 

The dendrites are comprised of two domains: the apical and basal dendrites. The apical dendrite 

extends from the apex of the soma into stratum radiatum and stratum lacunosum-moleculare, 

while the basal dendrite extends from the base of the soma and into stratum oriens. The dendrites 

play a pivotal role in synaptic integration that ultimately leads to an action potential, exciting the 

neuron’s postsynaptic targets. 

 

Pyramidal neurons receive inputs at various locations along the dendritic tree and soma. One of 

the major excitatory inputs comes from CA3, which arrives at the proximal apical dendrite or 

sometimes the soma of CA1 neurons through the Schaffer collaterals. CA2 pyramidal neurons 



3 
 

also make excitatory synapses with CA1 neurons, providing an additional source of modulation 

(Chevaleyre and Siegelbaum, 2010). The most distal part of the apical dendrite receives input 

from the temporoammonic pathway that originates from the entorhinal cortex. Inputs from the 

entorhinal cortex come from both the medial and lateral regions. Neurons from layer II/III of the 

medial entorhinal cortex (MEC) synapse on the proximal end of CA1 while neurons from the lateral 

entorhinal cortex (LEC) mostly synapse on the distal end. The integration of inputs depends not 

only on excitatory drive but on the convergence of inhibitory interneuron inputs as well. 

 

Interneurons 

Intermingled within each layer are important modulators of the network, the interneurons (Pelkey 

et al., 2017). This diverse group of cells can be divided into several subtypes, characterized by 

morphology, projection type, firing patterns, or neurochemical expression profile. Over the years, 

studies find that even within interneuron subtypes, there are developmental differences that shape 

the gene expression profiles and thereby how they interact with the hippocampal network. Nearly 

all interneurons share a common theme which is the use of gamma-aminobutyric acid, or GABA, 

as their neurotransmitter (Pelkey et al., 2017). GABA neurons have been localized in the brain 

using immunohistochemistry or in situ hybridization for the enzyme that synthesizes GABA, which 

is glutamate decarboxylase (GAD) (Erlander et al., 1991). GAD65 and GAD67 have been 

extensively used to label interneurons, although other markers exist including but not limited to 

somatostatin (SST), parvalbumin (PV), calretinin (CR), neuronal nitric oxide synthase (nNOS), 

reelin, neuropeptide Y (NPY), cholecystokinin (CCK), and vasoactive intestinal peptide (VIP) 

(Freund and Buzsaki, 1996; Klausberger and Somogyi, 2008; Rudy et al., 2011). 

Developmentally, interneurons are born in the ganglionic eminence, which is subdivided into the 

medial, lateral, and caudal ganglionic eminences (Wonders and Anderson, 2006). Each of these 

structures gives rise to different interneuron subtypes. The medial ganglionic eminence (MGE) 

gives rise to SST and PV cells. These migrate tangentially and populate the neocortex and 
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hippocampus (Wichterle et al., 1999; Butt et al., 2005). VIP and CCK interneurons are born in the 

caudal ganglionic eminence (Anderson et al., 2001) while medium spiny neurons that ultimately 

reside in the basal ganglia migrate from the lateral ganglionic eminence (Stenman et al., 2003). 

MGE-derived neurons have been studied extensively, especially through their use in cell 

transplantation studies (Wichterle et al., 1999; Alvarez-Dolado et al., 2006; Baraban et al., 2009; 

Hunt et al., 2013b; Zhu et al., 2019).  

 

Interneurons innervate specific subcellular compartments of pyramidal neurons and provide 

precise control over their excitability, synaptic integration and output. For example, SST neurons 

synapse on the distal parts of the basal dendrites while PV interneurons provide axo-somatic 

inputs. CCK interneurons also provide somatic inhibition onto CA1 neurons (Figure 1.1). In this 

way, interneurons regulate glutamatergic input and control network activity. This unique ability to 

control shape synaptic plasticity and downstream behaviors is exemplified by SST interneurons. 

 

Figure 1.1: Hippocampal CA1 principal cell inputs. CA1 principal neurons (green) receive excitatory input through 
Schaffer collaterals from CA3 (blue) more proximally on their dendrites, while inputs from the entorhinal cortex (EC; 
orange) synapse on the most distal dendrites of CA1 neurons (shown on the left side). Interneurons provide different 
types of inhibitory inputs onto principal cells (shown on the right). PV basket cells provide perisomatic inhibition (purple) 
while SST interneurons (pink) provide dendritic inhibition. 
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SST interneurons are found in the neocortex and in the hippocampus (Pelkey et al., 2017). 

Hippocampal SST neurons are mainly located in stratum oriens of CA1 and the hilus of the 

dentate gyrus (Katona et al., 1999). CA1 SST neurons extend their processes across several 

layers and ultimately synapse on the distal dendrites of pyramidal neurons. This allows for 

modulation of signals coming from the entorhinal cortex, for example (Leão et al., 2012). SST 

neurons comprise a majority of inhibitory neurons in the hilus and mainly send their projections 

onto local granule cells and to the septal nucleus (Yuan et al., 2017). They are considered non-

fast-spiking cells based on their electrophysiological properties (Pelkey et al., 2017; Klausberger 

and Somogyi, 2008). Inputs onto SST interneurons are not restricted to the hippocampus, but can 

arise from the medial septum, diagonal band, and entorhinal cortex. A more in-depth discussion 

of SST interneuron inputs using rabies tracing and brain clearing experiments that demonstrate 

brain-wide inputs in the context of brain injury is described in Chapter 3. 

 

Immediate early genes 

Anatomical connectivity ultimately shapes when and where neurons become active. One way to 

identify populations of neurons active by a particular experience is through activity-dependent 

gene expression. This can be modulated by neurotransmitters, electrical activity, and growth 

factors, all which play a role in mediating communication and plasticity in the nervous system. A 

class of genes that are rapidly and transiently transcribed within minutes of a stimulus are called 

immediate early genes (IEG). These genes were first discovered as proto-oncogenes (Curran 

and Teich, 1982) but have since been used to study active populations of neurons after 

stimulation. These include but are not limited to: c-fos, c-jun, Krox24, and Arc (Sheng and 

Greenberg, 1990). 

 

One of the most commonly studied IEGs is c-fos, whose gene expression was first studied in 

fibroblasts and differentiated PC13 cell lines (Greenberg and Ziff, 1984; Curran and Morgan, 
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1985). C-fos protein levels are relatively low in neurons at basal levels (Sagar et al., 1988; Hughes 

et al., 1992). However, within minutes of application of nerve growth factor (NGF), c-fos 

transcription levels increase. Other stimuli such as activation of voltage-gated calcium channels 

and neurotransmitter release can also elicit c-fos expression (Greenberg et al., 1986; Morgan and 

Curran, 1986). Specifically, extracellular calcium entry through NMDA receptor activation leads 

to increases in c-fos mRNA, which can be blocked using a calcium chelator (Gissel et al., 1997). 

Additionally, depolarizing stimuli like high potassium concentrations can also lead to the transient 

expression of c-fos (Didier et al., 1989). This leads to the idea that expression of c-fos can be 

used as a marker, or correlate, of neuronal activity. 

 

Early studies performed to understand the time dynamics of c-fos were done in models of 

hyperactivity (Dragunow and Robertson, 1987). In these initial studies, hippocampal seizures 

were induced and the time course of c-fos immunoreactivity was recorded. Granule cells in the 

dentate gyrus expressed c-fos at high levels between 30 minutes and 8 hours after seizure 

activity. In addition to other areas of the hippocampus such as CA1 and CA3 displaying c-fos 

expression, deeper cortical regions like the amygdala and striatum were also labeled. Given this 

information, the authors also sought to study c-fos expression in the context of brain injury 

(Dragunow and Robertson, 1988). Again, a time course of c-fos expression was performed after 

penetrating injury to the brain and showed that between 1 and 72 hours after injury, there was a 

massive increase in c-fos expression after injury. Interestingly, this study showed both neurons 

and glia-like cells expressed c-fos after injury. 

 

In a rat model of TBI, specifically fluid percussion injury, c-fos expression increased within 2 hours 

and up to 24 hours after injury throughout the ipsilateral cortex, with bilateral expression in areas 

of the hippocampus (Raghupathi et al., 1995b). CA1 neurons are also intensely labeled by 15 

minutes post-injury, returning to baseline by 24 hours (Phillips and Belardo, 1992). Together these 
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data show that c-fos expression is reliably elevated after injury but the spatial brain-wide extent 

of this activation has not been carefully characterized. Given the transient nature of IEG 

expression, injury methodology, and differences in immunohistochemistry antibodies and 

methods, there are conflicting results on the expression pattern of c-fos following a brain injury 

and what the implications of this labeling could be.  

 

In the past decade, technological advances have been made to overcome the challenge of 

transient IEG protein expression. The approach called targeted recombination in active 

populations (TRAP) was engineered to permanently label neurons that were transiently activated 

by a stimulus (Guenthner et al., 2013). Mice are genetically engineered to express two important 

components: a drug-dependent recombinase and a transgene that expresses an effector protein 

in a recombination-dependent manner. Specifically, a tamoxifen-inducible Cre-recombinase 

(CreERT2) mouse is crossed to reporter mouse that expresses the red fluorescent protein, 

tdTomato, given excision of the floxed STOP codon. Only upon delivery of tamoxifen, or its active 

metabolite, 4-hydroxytamoxifen (4-OHT), is a neuron labeled with tdTomato if it was “active,” or 

expressing c-fos during the recombination window (Figure 1.2). Throughout Chapter 2, the term 

“active” is used to describe Ai14-labeled neurons. Given what we know about c-fos expression, 

“activity” is most likely due to the influx of calcium upon NMDA receptor activation. Improvements 

to this mouse model have been made (TRAP2), such that endogenous fos expression is 

preserved, more brain regions are reliably labeled, and the original Cre is codon-optimized 

(DeNardo et al., 2019). This technique has been extensively used in modern neuroscience to 

study learning and memory, stress, and neurological disorders (Roy et al., 2022; Lesuis et al., 

2025; Brodovskaya et al., 2021, 2025). The spatial extent of a focal injury in mice during the early 

phase of TBI is described in Chapter 2 using this transgenic model. 
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Figure 1.2: Schematic of TRAP2 transgenic mouse model. Upon tamoxifen delivery, Cre is activated, excising the 
STOP codon, and Ai14 is thereby expressed in neurons where Fos was transcribed 

 
Correlation of spatial representations and place cells 

Spatial representations of the external world are critical for survival, navigation and problem-

solving. The hippocampus has become the center for studying memory and navigation since the 

surgical removal of significant portions of patient H.M.’s temporal lobe bilaterally after years of 

suffering from epilepsy (Scoville and Milner, 1957). One key symptom that was noted in patient 

H.M. following the surgery, apart from the well-documented retrograde amnesia, was his inability 

to navigate his way around the hospital, for example to locate the bathroom. This set up a series 

of fundamental studies for understanding how the hippocampus functions to create and store 

memories (Squire, 1992).  

 

The development of methods to record hippocampal neuron activity was necessary for our 

understanding of brain function in awake, behaving mice. Using electrodes capable of recording 

the activity of single neurons, the relationship between hippocampal cell activity and an animal’s 

location in space could be directly tested and thus the discovery of “place cells” emerged (O’Keefe 

and Dostrovsky, 1971). Place fields emerge when a place cell will preferentially fire as an animal 

enters a specific location in their environment (O’Keefe and Conway, 1978). Collectively, the 

activity of hippocampal place cells forms a neural representation, or cognitive map, of the 

environment (O’Keefe, 1976). 
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Place cell dynamics 

A defining characteristic of place cells is their ability to consistently fire in specific patterns across 

repeated experiences of the same environment. When an animal repeatedly explores a familiar 

environment, individual place cells exhibit increased firing within specific regions in space, 

referred to as place fields (O’Keefe, 1976) (Figure 1.3). These spatial firing patterns can remain 

remarkably consistent, with neurons maintaining similar place field locations and activity patterns 

over time (Thompson and Best, 1990). This suggests that hippocampal networks can maintain 

reliable representations of familiar environments allowing spatial information to be represented 

across experiences. This is an important feature of hippocampal function and spatial memory.  

 

Stability of place cells can be characterized by looking at a single neuron or a population of 

neurons. At the single-cell level, the stability of a place cell can be assessed by features such as 

location, size and firing rate similarity across repeated exposure to an environment. A common 

approach is to compare the spatial firing rates across two exposures to the same environment 

using a spatial correlation. Higher correlation values reflect similar patterns of activity, suggesting 

more stable representations. At the population level, stability can be assessed by determining 

whether the firing pattern of all neurons remains consistent across experiences. Examining 

stability at different levels of organization can provide insight into how reliable the hippocampal 

network represents a specific environment.  

 

Although place cells can maintain consistent spatial firing patterns in familiar environments, their 

activity is also dynamic, updating rapidly with changes in the environment (Leutgeb et al., 2005). 

Changes to the shape of the enclosure in which animals are tested alters the activity of place 

cells, causing them to start firing, stop firing or completely change their firing location (Muller and 

Kubie, 1987). When an animal is placed in a novel environment, initially the population of place 
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cells fire less robustly, but with exploration, a place cell code emerges that differs from the familiar 

environment one (Wilson and McNaughton, 1993). Together, the ability for the population of place 

cells to change their firing patterns, creating new cognitive maps (remapping), allows animals to 

distinguish between environments. Importantly, this suggests that place cells participate in 

multiple representations, allowing the hippocampus to store memories based on different patterns 

of neural activity. Additionally, the balance between stability and flexibility of the hippocampal 

network is critical for understanding how disease or injury can alter the dynamics of spatial 

representations.  

 

Figure 1.3: Place cell schematic. CA1 pyramidal neurons in the hippocampus that fire preferentially when an animal 
enters an environment, such as when an animal traverses a linear track are called place cells. Their distinct firing 
patterns create place fields, which correspond to areas of the track where a neuron will maximally fire (red). Together, 
these place fields create a cognitive map of the animal’s environment. 
 

 
 
The dynamic nature of place cells relies heavily on network activity and the ability of pyramidal 

neurons to integrate inputs locally and from extrahippocampal brain regions. Interneurons play a 

crucial role in the firing patterns of CA1 pyramidal neurons and hence, spatially modulated cells. 

Inhibition allows for spatial selectivity in place cells by suppressing out-of-field firing (Grienberger 

et al., 2017). SST interneurons, providing dendritic inhibition, can regulate the bursting patterns 

of place cells (Royer et al., 2012). On the other hand, perisomatic inhibition by PV interneurons 
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regulates pyramidal neuron spiking and oscillation patterns. Local inhibition can therefore 

constrain the activity of pyramidal neurons into a sparce spatial code needed for processing of 

spatial representations (Jeong and Singer, 2022). 

 

Using miniaturized calcium imaging to study neuronal population activity  

In vivo recording of neurons using electrophysiology paved the way for functional studies and 

expanded our understanding of neuronal activity at the single-cell level. However, the need to 

record populations of neurons in a single animal became more important as a way to study 

network activity. This is particularly important when studying spatial coding given the need to 

assess spatial responsiveness, tuning and stability at the population-level. Therefore, calcium 

imaging emerged as a way to simultaneously record hundreds of neurons in a single animal.  

 

Genetically encoded calcium indicators, such as GCaMP, are used to image activity in defined 

neuronal populations, specifically translating activity-dependent changes in intracellular calcium 

into changes in fluorescence (Tian et al., 2009; Zhang et al., 2023). In combination with GCaMP, 

two-photon imaging allows for structural and functional imaging of neurons at cellular resolution 

(Denk et al., 1990). Although powerful, this technique often requires animals to be head-fixed, 

which limits the types of behaviors that can be tested. Electrophysiological methods allow for 

freely moving behaviors but lack the cell-type specificity of calcium imaging. Thus, miniaturized 

microscopes, or miniscopes, overcome these limitations by allowing optical recordings from 

fluorescently labeled neurons in freely moving animals that can be longitudinally tracked (Ghosh 

et al., 2011). UCLA miniscopes have become a popular option for in vivo studies given their open-

source documentation and relative ease of use (Shuman et al., 2020). For hippocampal 

preparations, a gradient refractive index (GRIN) lens is implanted into the brain by carefully 

aspirating the overlying cortex to allow access to hippocampal structures, such as CA1. The 
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combination of cellular resolution and unrestricted movement make miniscopes an optimal tool 

for studying hippocampal neuronal activity as it relates to spatial navigation and memory.  

 

The ability to repeatedly record CA1 neuronal activity during freely moving behavior provides a 

unique opportunity to examine spatial representations over time (Ziv et al., 2013). Individual 

neurons can be identified as having spatially selective firing patterns. Furthermore, their spatial 

tuning can be characterized through place field size and stability. The distribution of populations 

of spatially responsive neurons can also be examined to determine how spatial representations 

change or reorganize. Thus, using miniscopes to study the hippocampus and other subcortical 

regions has emerged as a popular and useful tool, especially in disease contexts (Cai et al., 2016; 

Shuman et al., 2020; Guo et al., 2023; Antonoudiou et al., 2024; de Sousa et al., 2026). 

  

Place cells and disease 

Stable and spatially precise place cell activity depends on the coordinated activity of local 

hippocampal circuits and their afferent inputs. Consequently, disruptions to any part of these 

circuits can have damaging results on spatial representation, even when place cells remain 

present. Pathological changes may manifest as more subtle alterations in spatial tuning, place 

field stability, or remapping. These changes have been observed across several neurological 

conditions and experimental models of hippocampal dysfunction, suggesting the integrity of the 

hippocampal place code is sensitive to disturbances in the cellular and network mechanisms 

supporting normal hippocampal function. 

 

Alterations in place cell dysfunction have been well characterized in conditions related to 

hippocampal-dependent cognitive impairment. In models of epilepsy, characterized by cell loss in 

hippocampal regions together with circuit reorganization, place cells have been shown to be 

dysfunctional. Following status epilepticus, place cells display disorganized place fields that are 
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less stable, leading to deficits in spatial memory tasks (Liu et al., 2003). In contrast, an acute 

seizure produces transient suppression of place cell activity and memory performance, which 

recovers by 24 hours. In epileptic mice, place cells display reduced firing rates and decreased in 

spatial information, while previously inactive neurons displayed spatially modulated firing patterns 

(Lenck-Santini and Holmes, 2008). These observations suggest that seizure activity can induce 

remapping of hippocampal representations, potentially disrupting the fidelity of neural 

representation of familiar environments.   

 

Impaired spatial coding can arise not only from neuronal loss but from disruption of the temporal 

coordination of hippocampal circuits. In a model of temporal lobe epilepsy, the pattern of 

interneuron firing was desynchronized between CA1 and the dentate gyrus (Shuman et al., 2020). 

Rodents also display profound reductions in place cells numbers and their information content, 

accompanied by progressive deterioration of stability across repeated sessions shown through 

remapping. Together, these findings suggest that precise coordination of inhibitory and network 

activity is crucial for maintaining spatial representations and disruptions to this coordination may 

contribute to cognitive impairment in epilepsy.  

 

Alzheimer’s disease provides another well-characterized model of how pathological disruption of 

hippocampal circuitry can affect spatial representations without complete elimination of place cell 

activity. The Tg2576 model of Alzheimer’s disease, animals exhibited larger place fields and 

reduces spatial information in conjunction with spatial memory deficits (Cacucci et al., 2008). 

Whereas repeated exposure to a familiar environment increases stability of spatial 

representations, in the case of APP transgenic mice, spatial firing maps were less reliable and 

precise (Zhao et al., 2014). Hippocampal disruption of spatial representations extends beyond 

the single neuron level deficit. In the 3xTg model, not only were CA1 place cell representations 

less stable, but the coordination of place cell firing with theta and slow-gamma oscillations was 
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reduced (Mably et al., 2017). Importantly, the effects of Alzheimer’s-related pathology on spatial 

deficits are not uniform. Grid cells of the entorhinal cortex from young APP knock-in mice 

displayed spatial coding impairments while their CA1 place cells showed no deficits in their ability 

to code for space (Jun et al., 2020). This points to the idea that different components of the 

entorhinal-hippocampal circuit may exhibit distinct temporal vulnerabilities to pathological 

disruption.  

 

The relationship between hippocampal circuit integrity and spatial coding is particularly relevant 

in the context of brain injury. TBI can produce persistent alterations in hippocampal cellular and 

circuit dysfunction and is frequently associated with deficits in learning and memory. Few 

electrophysiological studies, however, have demonstrated alterations in hippocampal neuronal 

representations following a mild brain injury. Following a mild fluid percussion injury, rats 

demonstrated a reduction in the number of neurons exhibiting task-related spatial activity (Eakin 

and Miller, 2012). More direct examination of hippocampal CA1 place cells has shown that a mild 

fluid percussion injury reduces the spatial information context of CA1 neurons and produces 

larger, less stable place fields (Broussard et al., 2020). Additionally, place cells failed to exhibit 

the normal increase in firing rate associated with novelty, coinciding with poor performance on an 

object location memory task. Notably, these alterations occur in the absence of overt neuronal 

loss. Determining whether these circuit-level alterations are accompanied by changes in the 

development, maintenance and precision of hippocampal place cell representations may provide 

insight into mechanisms of cognitive dysfunction after brain injury. 

 

Traumatic brain injury (TBI) – epidemiology and classification 

TBI is defined as an external force, such as a forceful bump, blow, or jolt to the head that disrupts 

normal brain function (Center for Disease Control and Prevention, 2025; Menon et al., 2010). TBI 

is a heterogeneous brain disorder with considerable variability in presentation. Brain injuries can 
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be penetrating, nonpenetrating or both depending on the cause of the injury. Nonpenetrating 

injuries commonly occur as a result of a fall, motor vehicle accident, sports-related injury, or 

assault. A penetrating injury occurs when an object, such as a bullet or bone fragment, enters the 

brain tissue. Immediately after a brain injury, patients report dizziness, headache, or confusion. 

Depending on the injury severity, symptoms can evolve to loss of consciousness, coma or even 

death. 

 

Over 60,000 deaths in the United States can be attributed to TBIs (Center for Disease Control 

and Prevention, 2021). This brain disorder affects people of all ages but is more common in males 

than in females (Maas et al., 2022). Although mild TBIs, such as concussions, can resolve on 

their own, patients with severe brain injuries typically live with long-lasting disabilities that affect 

their independence and daily activities (Thornhill et al., 2000; Corrigan and Hammond, 2013). 

 

The difficulty of diagnosing and treating brain injuries stems from the heterogeneity of TBI. 

Clinicians commonly use the Glasgow Coma Scale (GCS) to diagnose patients who have 

sustained a brain injury based on their level of consciousness by testing eye, motor and verbal 

function (Teasdale and Jennett, 1974). Broadly, mild TBI occurs when the patient has suffered 

only a transient alteration in their mental state, while a severe TBI involves an extended period of 

time when the patient lost consciousness or has suffered amnesia (Obasa et al., 2024). Injury 

severity is rated on a 15-point scale, with 13-15 being a mild TBI, 9-12 being a moderate TBI, and 

<9 being a severe TBI. The GCS, however, does not consider the pathophysiology, anatomy, or 

mechanism of the injury. It is also difficult to diagnose different age populations using the GCS 

alone, especially in mild TBI cases that may not present with overt symptoms. 

  

Anatomical location of the injury can also aid in classifying the injury type and severity (Saatman 

et al., 2008). Paired with computed tomography (CT) scans or magnetic resonance imaging 
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(MRI), this classification helps reveal more about the structural damage to the brain and insights 

on how to proceed with treatment (Maas et al., 2008). Advances in imaging resolution, including 

diffusion tensor imaging, can identify more mild damage to small white matter tracts and small 

brain bleeds. In addition, the mechanisms of injury can lead to reasonable predictions about the 

severity of the injury. For example, contusion or epidural hematomas can result from focal injuries, 

such as when the head is struck or strikes an object (contact injury). In contrast, noncontact 

injuries where the brain moves within the skull, can cause more diffuse injuries like concussion, 

subdural hematomas, or diffuse axonal injury (Saatman et al., 2008). 

 

Whereas clinical TBI can be classified using GCS, loss of consciousness and imaging, 

experimental TBI is defined according to model or mechanism of injury, injury severity, focal 

versus diffuse pathology, single versus repetitive injury, and post-injury timepoint. These 

distinctions are important because different experimental TBI methods reproduce different 

components of the heterogeneous pathology observed in human TBI patients, especially related 

to memory dysfunction and seizure occurrence. 

 

Memory after TBI  

The initial presentation and characteristics of brain injury are not always necessarily a predictor 

of the neurological consequences that emerge post-injury. TBI patients commonly report 

persistent cognitive, behavioral, and neurological impairments. Of these, memory impairments 

and post-traumatic epilepsy are the most related to hippocampal dysfunction after TBI.   

 

Memory problems constitute a common and potentially long-lasting consequence of brain injury. 

Deficits in learning and memory are frequently reported after TBI and can persist beyond the 

acute stages of injury, particularly following moderate to severe injuries (Vakil, 2005). These 

impairments are not restricted to a single memory process but can affect encoding, acquisition 
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and retrieval of information, such as in episodic memory (Paterno et al., 2017). The persistence 

of cognitive impairment varies across patients, typically influenced by severity and characteristics 

of the injury. Although severe TBI is strongly associated with long-term cognitive dysfunction, the 

location of injury can also factor in determining long-term impairment. The hippocampus is 

particularly relevant to memory dysfunction after TBI. Hippocampal atrophy is commonly 

observed in TBI patients, accompanied by memory problems (Bigler et al., 2002; Himanen et al., 

2005; Ariza et al., 2006). Damage, however, is not restricted to the hippocampus. Diffuse axonal 

injury and disruption of white matter pathways can interfere with communication between brain 

regions that are involved in memory processing, and the severity and type of impairment can 

depend on the specific pathway damaged (Kinnunen et al., 2011). 

 

Greater injury severity and the extent of structural damage are associated with poorer cognitive 

outcomes (Dikmen et al., 2009). Structural changes to the brain can continue well beyond the 

acute injury period, including progressive tissue loss and alterations in white matter (Farbota et 

al., 2012). This suggests that memory dysfunction cannot be attributed solely to damage 

sustained at the time of injury, but the progressive cellular and circuit-level changes that develop 

following injury. 

 

Post-traumatic epilepsy (PTE) 

In addition to persistent cognitive impairment, TBI can produce long-term alterations in neuronal 

excitability that increase the risk of recurrent seizures and development of PTE. PTE refers to the 

development of recurrent unprovoked seizures attributable to the TBI and is highly prevalent after 

TBI (Frey, 2003; Pease et al., 2024). Seizures occurring within the first 7 days of injury are referred 

to as post-traumatic seizures, whereas seizures occurring after that are considered late post-

traumatic seizures (Agrawal et al., 2006).  
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The incidence of PTE varies across patient populations and is strongly influenced by 

characteristics and severity of TBI (Annegers et al., 1998; Zhong et al., 2025). The risk of PTE is 

particularly high following severe TBI and can persist for many years. Importantly, PTE can 

emerge in the latent period after injury, ranging from 8 days to 20 years (Yu et al., 2021). The 

delayed onset is also indicative of the progressive changes of neural circuits within the injured 

brain, not simply as a direct consequence of the mechanical insult. Greater injury severity, 

prolonged loss of consciousness, post-traumatic amnesia, intracranial hemorrhage, subdural 

hematoma, contusions, and skull fracture are all risk factors for developing PTE (Hunt et al., 

2013a). The occurrence of post-traumatic seizures can also predict whether a patient will develop 

PTE (Ferguson et al., 2010; Ritter et al., 2016).  

 

The persistence of cognitive dysfunction and increased susceptibility to epilepsy demonstrates 

that the consequences of TBI extend well beyond the initial insult. Therefore, it is necessary to 

understand the progression of cellular and circuit-level changes that arise after TBI to link the 

acute injury to long-lasting neurological dysfunction and alterations in network excitability. 

 

TBI – cellular and circuit plasticity 

TBI is a dynamic process in which the primary injury initiates a series of secondary cellular 

responses that continue to alter neural circuits throughout the post-injury timeline. These 

processes occur across overlapping timescales, starting with immediate structural damage and 

cell death, followed by secondary biochemical and inflammatory responses and ultimately long-

term circuit reorganization (Pearn et al., 2017). Thus, understanding TBI disease progression is 

critical for determining how acute injury affects cognitive outcomes (Figure 1.4).  
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Figure 1.4: Timeline of traumatic brain injury. 

 

Primary injury refers to the immediate and largely irreversible damage to brain tissue caused by 

the biomechanics of the initial insult (Ray et al., 2002). Depending on the mechanisms of injury, 

compression, tension and shear forces all contribute to the disruption of neuronal membranes, 

axons, blood vessels and surrounding tissue. Within the first minutes to hours after injury, 

mechanical deformation of the plasma membrane can lead to a dysregulation of ion flow with 

detrimental effects. With higher shear forces, blood vessels can rupture, leading to intracranial 

hemorrhage. At the tissue level, these processes can result in contusion, edema, diffuse axonal 

injury and direct neuronal loss (Werner and Engelhard, 2007; Maas et al., 2008). Primary injuries 

initiate a cascade of events that lead to secondary injury mechanisms. 

 

Although tissue damage is greatest focally, at the site of injury, neuronal degeneration is not 

necessarily restricted to the region directly damaged by the mechanical insult. Brain regions 

anatomically connected to the injured tissue can undergo degeneration. One such structure that 

is particularly susceptible to neuronal loss after TBI is the hippocampus (Hunt et al., 2013a). 

Damage within hippocampal subregions is especially relevant given the role of the hippocampus 

in learning and memory. The initial loss of neurons following TBI removed cells from the circuit in 

addition to setting the stage for subsequent circuit reorganization.    

 

In response to primary injury, secondary injury evolves over minutes to days after TBI and involves 

cellular and physiological mechanisms that can lead to progressive tissue damage (Werner and 
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Engelhard, 2007). Ionic homeostasis is disrupted and increases in intracellular calcium can 

activate proteases that degrade the cytoskeleton (Wolf et al., 2001; Saatman et al., 2010). 

Excessive glutamate release and the activation of NMDA receptors, as a consequence of 

elevated calcium levels, can further increase calcium influx. This cycle of excitotoxicity continues 

and exacerbates ion leakage, compromising neuronal function and survival. Delayed cell death 

occurs during this phase of injury, leading to the release of toxins into the extracellular space. 

Ionic imbalance creates substantial energetic demands as neurons attempt to maintain 

membrane potential, contributing to mitochondrial dysfunction and free radical and reactive 

oxygen species buildup (Hunt et al., 2013a). Excitotoxicity is accompanied by blood-brain-barrier 

disruption, edema, and a robust and rapid inflammatory response which involves microglia, 

astrocytes and infiltrating immune cells, peaking within the first days after injury (Morganti-

Kossmann et al., 2002). Secondary injury responses create an environment in which surviving 

neurons and circuits attempt to retain function.  

 

While neuronal loss is a prominent consequence of both primary and secondary injury, the long-

term functional outcome of TBI is also determined by how surviving neurons respond to the post-

injury environment. Loss of neurons and their synaptic connections disrupts patterns of excitation 

and inhibition, which requires circuits to adapt to changes in local and long-range inputs. This is 

particularly important in the hippocampus, as it undergoes substantial circuit reorganization after 

TBI. In addition to loss of principal neurons, injury can disrupt inhibitory interneuron populations 

(Lowenstein et al., 1992; Toth et al., 1997; Santhakumar et al., 2000; Buritica et al., 2009; Swartz 

et al., 2006; Cantu et al., 2015; Almeida-Suhett et al., 2015; Frankowski et al., 2019). Changes in 

GABAergic signaling, including reductions in GABAA receptor expression and inhibitory synaptic 

transmission, can shift the balance between excitation and inhibition within CA1 and dentate gyrus 

of the hippocampus (Almeida-Suhett et al., 2015; Raible et al., 2015; Becerra et al., 2021). At the 

same time, surviving neurons undergo a number of electrophysiological changes after TBI that 
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can ultimately affect function. These changes are not necessarily uniform across neuronal 

populations. For example, following experimental TBI, dentate granule cells receive more 

excitatory inputs, accompanied by a decrease in inhibitory inputs (Hunt et al., 2010, 2011). On 

the other hand, inhibitory neurons in the hilus have increases in excitatory inputs after injury (Hunt 

et al., 2011).  

 

Chronic injury is characterized by the emergence of neural circuit reorganization in response to 

the neuronal loss, inflammation, and disrupted connectivity. As acute cellular responses subside, 

structural and functional alterations can persist for months to years following TBI. Commonly seen 

in temporal lobe epilepsy models, dentate granule cells of the hippocampus sprout collaterals and 

form recurrent networks, also known as mossy fiber sprouting (Cronin and Dudek, 1988; Swartz 

et al., 2006). This mossy fiber sprouting is also present after TBI and is more robust in cases of 

severe TBI compared to mild TBI (Hunt et al., 2009). These anatomical changes can be 

associated with network dysfunction as these newly formed, functional recurrent networks could 

be contributing to synchronous activity seen after brain injury (Hunt et al., 2009, 2010). Persistent 

changes can lead to hippocampal excitability and subsequently PTE (Gupta et al., 2014; Agrawal 

et al., 2006). Additionally, post-traumatic plasticity can also disrupt the precise organization of 

hippocampal circuits, changing the way information, such as memory, is processed.  

 

Chronic functional deficits despite the survival of neuronal populations suggest that neuronal loss 

alone cannot account for chronic neurological dysfunction after brain injury. To better understand 

the mechanisms by which brain injury affects circuit function and behavior over time, a variety of 

pre-clinical models of TBI have been established.  

 

In vivo modeling of TBI using rodent models 
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Several preclinical models of brain injury have been proposed in an attempt to understand how 

cellular and physiological changes after TBI contribute to the long-term neurological outcomes. 

The advantage of using these models is the ability to investigate injury processes under controlled 

conditions, changing the biomechanics, severity and timing of injury. No experimental model 

captures the full heterogeneity of human TBI, thus model selection depends on the biological 

question. 

 

Closed head injury models, where the skull remains intact prior to impact, can lead to blood-brain-

barrier disruptions, edema, and neurological function deficits (Shapira et al., 1993). Weight drop 

TBI induces injury through the impact of a falling mass and depending on the experimental 

preparation, can produce focal and diffuse pathology (Feeney et al., 1981; Marmarou et al., 1994). 

Blast injury models, mimicking the type of injuries military personnel sustain, use a compression-

driven shock tube to simulate blast effects, resulting in diffuse axonal injury, cerebral edema and 

neurological dysfunction (Cheng et al., 2010; Reneer et al., 2011). Recently, a Closed-Head 

Impact Model of Engineered Rotational Acceleration (CHIMERA) was developed, causing 

damage to major white matter tracts along with inflammation and neurodegeneration, without 

causing obvious tissue deformation (Namjoshi et al., 2014; McNamara et al., 2020).  

 

On the other hand, open head injury models create an injury through a craniotomy, or open skull, 

and impact the dura directly. The lateral fluid percussion model inflicts an insult by a pendulum 

striking a piston of a reservoir of fluid to generate a fluid pressure pulse to the intact dura 

(McIntosh et al., 1987, 1989; Dixon et al., 1987). This model can replicate the intracranial 

hemorrhage, edema and progressive grey matter damage seen in human TBI patients (Graham 

et al., 2000; Xiong et al., 2013). The controlled cortical impact (CCI) is another commonly used 

model for open head injury, where the rigid impactor will directly strike the intact dura, creating a 

TBI. The work described in subsequent chapters utilizes the CCI model, described below. 
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Developed over 30 years ago to study brain injury in ferrets, the controlled cortical impact (CCI) 

model is one of the most widely used experimental closed head TBI models that has since been 

refined (Lighthall 1988). The biomechanics of the injury can be studied well using this model 

(Dixon et al., 1991). Not only are the experimental parameters tightly controlled but CCI can model 

contusive injuries that are restricted to particular brain regions. The CCI device is composed of a 

steel small-bore impactor with a pneumatically-driven piston that is electronically controlled. The 

impactor is mounted on a crossbar with adjustable height that allows the impactor tip to contact 

and compress the brain surface through a craniotomy to a predetermined depth. The velocity of 

the impactor can also be adjusted by controlling the air pressure. Since its development, it has 

been adapted to study TBI in other species such as rats (Dixon et al., 1991), mice (Smith et al., 

1995), swine (Alessandri et al., 2003; Manley et al., 2006), and non-human primates (King et al., 

2010).  

 

An important advantage of CCI is its ability to reproduce several pathological and functional 

consequences observed following TBI. One common feature in humans after TBI is neuron loss 

that occurs rapidly in neocortex and hippocampus (Buritica et al., 2009; Swartz et al., 2006). CCI 

also reproduces this, with cell death reported as early as 1 hour after impact in the CA3 region of 

the hippocampus (Baldwin et al., 1997). Neuronal loss remains prevalent at 48 hours after CCI in 

mice, with degenerating neurons present near the injury site (Smith et al., 1995). Fluorojade and 

silver staining reveal similar patterns of neurodegeneration in the hippocampus that peak at 48 

hours post-TBI and largely subside by 7 days (Anderson et al., 2005; Hall et al., 2005, 2008). 

These changes are accompanied by a robust microglial and astrocytic response (Smith et al., 

1995, Zhu et al., 2019; Frankowski et al., 2021) and by structural pathology extending beyond the 

focal site of impact (Hall et al., 2008). Although CCI causes an initial spatially restricted injury, the 
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downstream consequences are not restricted to the immediate lesion. Brain-wide effects after 

CCI will be discussed further in Chapters 2 and 3.  

 

CCI is a widely used model for studying the evolution of brain injury and its long-term 

consequences relevant to human TBI. Experimental TBI can produce alterations in neuronal 

excitability and spontaneous seizure activity which make CCI useful for investigating the 

mechanisms contributing to the development of PTE. The incidence of seizure activity is 

influenced by injury severity, with more severe injuries resulting in a higher likelihood of 

spontaneous seizures. In addition, memory deficits can be experimentally replicated using the 

CCI model. For example, latency to find a hidden platform on a Morris Water Maze is significantly 

increased in mice with TBI suggesting deficits in spatial navigation (Hamm et al., 1992; Smith et 

al., 1995). Additionally, CCI can disrupt the ability for a mouse to discern between a moved object 

in an object location memory task (Zhu et al., 2019). More specifically, spatial memory deficits are 

evident in CCI mice, where they display a lack of discrimination between a novel environment in 

a fear conditioning paradigm (Zhu et al., 2019). 

 

To understand how neural circuit function and network activity is affected after TBI, a brain-wide 

to cellular-level approach is necessary. In the next chapters, I will be discussing the brain-wide 

extent of neuronal activation (Chapter 2), circuit reorganization (Chapter 3), and how hippocampal 

place cell activity is disrupted following TBI (Chapter 4). Finally, I will conclude with final remarks 

related to my work and describe potential future experiments. 
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CHAPTER TWO 

 Cortex-wide neuron activation after traumatic brain injury in mice 

 

Abstract 

Following a traumatic brain injury (TBI), the neocortex undergoes time-dependent cellular 

responses including immediate tissue deformation, enhanced excitability, and elevated 

expression of immediate early genes. However, the spatial extent of early neuronal activity after 

a focal injury remains unclear. Here we use targeted recombination in active populations reporter 

mice of both sexes to identify neurons activated in the acute phase following a controlled cortical 

impact injury applied to the somatosensory neocortex. We find widespread cell activation across 

large portions of the cortex that extends beyond the astrocytic and microglial responses marking 

the injury site. Activated cells are predominantly neurons, and few cells co-label with GFAP or 

IBA1. Our findings reveal that even focal injury engages cortical circuits across large portions of 

the injured brain, highlighting the importance of considering cortex-wide neuronal dynamics in the 

early postinjury period and their potential impact on network excitability, remodeling, and 

recovery. 

 

Introduction 

Traumatic brain injury (TBI) can lead to life-long physical, emotional, and cognitive disabilities. 

The initial response to injury involves a wide range of modifications to brain structure and function, 

including tissue deformation, excitotoxicity, cell death, neuroinflammation, metabolic dysfunction, 

and progressive neural circuit remodeling (Hunt et al., 2013). One of the most robust indicators 

of acute brain damage is the activation of immediate early genes (IEGs; Herrera and Robertson, 

1996). IEGs, such as fos and Arc, are genes that are expressed at low levels in quiescent cells 

but become rapidly activated by cellular stimulation (Sheng and Greenberg, 1990; Lanahan and 



26 
 

Worley, 1998). As a result, IEG expression is frequently used as a marker of neuronal activity in 

studies attempting to link brain circuit function to behavior (Guzowski et al., 2005; DeNardo and 

Luo, 2017; Nambu et al., 2022) and in experimental models of epilepsy (Dragunow and 

Robertson, 1987; Lauterborn et al., 1996), ischemia (Kiessling and Gass, 1993), or TBI in rodent 

and human (Dragunow and Robertson, 1988; Raghupathi et al., 1995b; Dutcher et al., 1999). 

 

In experimental models, TBI is almost immediately followed by increased expression of IEGs in 

the neocortex and hippocampus, as determined by histological analysis. Among studies of 

comparable injury severities, some have shown IEG activation focally restricted to areas near the 

lesion (Dragunow and Robertson, 1988; Dragunow et al., 1990; Förstner and Knöll, 2020) 

whereas other studies have documented more widespread patterns of IEG activation involving c-

fos expression in one or both hemispheres (Phillips and Belardo, 1992; Yang et al., 1994, 1995; 

Belluardo et al., 1995; Raghupathi et al., 1995a; Abrous et al., 1999). Although more commonly 

used as an activity marker, IEGs have been repeatedly shown to participate in molecular 

mechanisms of plasticity underlying behavior, such as memory (Nambu et al., 2022). This raises 

the possibility that acute IEG expression may mark sites of future circuit remodeling, which could 

involve areas across the brain beyond the site of injury (Harris et al., 2016; Frankowski et al., 

2022). Therefore, a deeper understanding of acute neuron activation in response to TBI is 

important, because it has the potential to reveal the earliest evidence that a neuron will undergo 

synaptic changes. Here we used a transgenic mouse line, called targeted recombination in active 

populations (TRAP), to label all of the cell populations that were activated by a controlled cortical 

impact (CCI) injury. This approach revealed extensive neuron activation across the neocortex, 

hippocampus, and select subcortical brain areas. 

 

Materials and methods 

Animals 



27 
 

All animal procedures were performed under Institutional Animal Care and Use Committee 

(IACUC) approval by the University Laboratory Animal Resources and adhered to National 

Institutes of Health Guidelines for the Care and Use of Laboratory Animals. Experiments were 

performed on adult mice of both sexes maintained in standard housing conditions on a 12 h 

light/dark cycle with food and water provided ad libitum. Homozygous Fostm2.1(icre/ERT2)Luo/J (or 

TRAP2) mice (Jax Stock No: 030323) were crossed with homozygous Cg-Gt(ROSA)26Sortm14(CAG-

tdTomato)Hze/J (or Ai14) reporter mice (Jax Stock No: 007914) to produce hemizygous offspring, as 

done previously (DeNardo et al., 2019).  

 

Brain injury 

CCI injury was performed on male and female mice at Postnatal Day(P)60 (Frankowski et al., 

2022). Briefly, mice were anesthetized by 2% isoflurane inhalation and placed on a custom 

stereotaxic frame. The skull was exposed by a midline incision, and a 4–5 mm craniotomy was 

made ∼1 mm from the sagittal suture and centered between the lambda and bregma. The skull 

cap was removed using fine forceps. The CCI device consisted of a computer-controlled, 

pneumatically driven impactor fitted with a beveled stainless-steel tip 3 mm in diameter (Precision 

Systems and Instrumentation; TBI-0310). Brain injury was delivered to the neocortex using the 

following parameters: depth, 1.0 mm; velocity, 3.5 m/s; and dwell time, 500 ms. The incision was 

sutured without replacing the skull cap, and animals were allowed to recover on a heating pad. 

All animals, except a portion of controls, received buprenorphine hydrochloride (Buprenex; 0.05 

mg/kg, i.p.) at the time of surgery and 12 h later. Control mice were anesthetized by 2% isoflurane 

and remained anesthetized for ∼30 min (or about the duration of a CCI surgery) and allowed to 

recover on a heating pad. 

 

Tamoxifen preparation and delivery 
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Tamoxifen (Sigma-Aldrich, catalog #5648) was dissolved at 20 mg/ml in corn oil (Sigma-Aldrich, 

catalog #C8267) by shaking at 37°C overnight. Immediately prior to CCI surgery, all mice were 

injected intraperitoneally with 75 mg/kg of tamoxifen. Similar studies using tamoxifen injections 

have been performed in a contusion model of spinal cord injury (Brown et al., 2022). 

 

Immunohistochemistry 

Mice were transcardially perfused with 4% paraformaldehyde (v/v), and free-floating vibratome 

sections (50 μm) were processed using standard immunostaining procedures. Primary antibodies 

were chicken anti-NEUN (1:1,000; Millipore, catalog #Abn91, RRID:AB_11205760), rabbit anti-

DsRed (1:1,000; Takara Bio, catalog #632496, RRID:AB_10013483), mouse anti-GFAP (1:500; 

Millipore, catalog #MAB3402, RRID:AB_94844), and rabbit anti-IBA1 (1:1,000; FUJIFILM Wako 

Pure Chemical, catalog #019-19741, RRID:AB_839504). For secondary antibodies (1:1,000; Life 

Technologies), we used Alexa Fluor 488-conjugated goat antibody to mouse IgG (catalog #A-

11029, RRID:AB_2534088), goat anti-chicken (catalog #A-11039, RRID:AB_2534096), Alexa 

Fluor 546-conjugated goat antibody to rabbit (catalog #A-11035, RRID:AB_2534093), and Alexa 

Fluor 647-conjugated goat antibody to rabbit (catalog #A-21244, RRID:AB_2535812). Blocking 

buffer consisted of 10% normal goat serum, 1% BSA, and 0.1% Triton X-100 in PBS; primary 

antibodies were incubated overnight at 4°C and secondary antibodies incubated at room 

temperature for 2 h. As expression of tdTomato was already strong in activated cells, we did not 

perform immunostaining against tdTomato in most experiments. Sections were then mounted on 

charged slides (Superfrost plus, Thermo Fisher Scientific) with Fluoromount-G that contained 

DAPI. Epifluorescent images were obtained using a Leica DM6 microscope with the Leica LAS X 

software. Confocal images were obtained with an Olympus FV3000 laser scanning microscope. 

Brightness and contrast were adjusted manually using FIJI (ImageJ) and applied to the entire 

image. 
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Volumetric analysis 

Coronal brain sections (50 μm thick, 300 μm apart) that comprised the entire rostral to caudal 

extent of the lesion were mounted on slides and coverslipped with Fluoromount-G containing 

DAPI. Sections were imaged at 5× magnification using a Leica DM6 microscope. Eight sections 

were analyzed per animal, and the percentage of the ipsilateral cortex remaining was calculated 

by outlining the borders of the neocortex in both hemispheres using FIJI (ImageJ) and calculating 

the ratio of ipsilateral to contralateral cortex volume (Frankowski et al., 2019; Zhu et al., 2019). 

The neocortex was defined as the region between the dorsal aspect of the corpus callosum and 

the pial surface. Regions of the cortical subplate (e.g., amygdala, endopiriform nucleus) were 

excluded from analysis. 

 

Immunostaining analysis 

Fluorescently labeled sections (50 μm, 300 μm apart) were imaged at 5–40× using a Leica DM6 

microscope or Olympus FV3000 confocal microscope and quantified using FIJI (ImageJ). For 

quantification of the percentage area, the ipsilateral and contralateral cortical area was outlined, 

and the percentage area above the fluorescence threshold was measured using ImageJ 

according to a previous protocol (Jensen, 2013; Frankowski et al., 2021). The same settings were 

used for all sections. For measurements of the dorsal neocortex, a region of interest was drawn 

2 mm lateral to the edge of the cavity in the ipsilateral neocortex, and 16 consecutive sections 

(every sixth coronal section, 300 μm apart) were quantified and averaged per animal. For 

paraventricular nucleus of the thalamus (PVT) and somatosensory neocortex analyses, three 

consecutive brain sections 300 μm apart were analyzed through the PVT or somatosensory 

cortex per animal. For colocalization analysis, a region of interest was randomly selected lateral 

to the contusion cavity in the ipsilateral neocortex. All cells that expressed Ai14 and/or NEUN, 

GFAP, and IBA1 were counted at the lesion epicenter and ±300 μm from the lesion epicenter, 

and the values were averaged to obtain a mean percent cell colocalization per animal. 

https://www.eneuro.org/content/13/5/ENEURO.0020-26.2026#ref-14
https://www.eneuro.org/content/13/5/ENEURO.0020-26.2026#ref-46
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Statistical analysis 

All statistical tests were performed with GraphPad Prism 10. Data were compared by two-tailed 

Student's t test, two-way ANOVA followed by a Tukey post hoc test for multiple comparisons, two-

way repeated–measures ANOVA followed by Bonferroni’s post hoc test or Fisher's exact test. 

Normality was assessed in GraphPad at the time of analysis. Data are expressed as mean ± SEM, 

N = animals, and significance was set at p < 0.05. 

 

Results 

To visualize early neuron activation in response to TBI, we used TRAP, which allows for 

permanent genetic labeling by a specific experience (DeNardo et al., 2019). We crossed a TRAP2 

Cre-driver mouse line with mice expressing Ai14 as a reporter and delivered a 1.0 mm depth CCI 

injury over the somatosensory cortex at P60 (Figure 2.1A). Control mice were anesthetized but 

did not receive a brain injury. Mice were administered tamoxifen immediately prior to brain injury 

to label cells activated within a recombination window up to 36 h after the time of brain injury 

(Guenthner et al., 2013; Onishi et al., 2024). Upon visual inspection of the lesion site after impact, 

the dura was found to be intact in the brain-injured animals. 

 

At 7 d after TBI, the lesion consisted of a cavity extending through the thickness of the neocortex 

and included substantial distortion of the hippocampus (N = 3 mice). Uninjured controls showed 

no overt cortical lesion in any animal examined (Figure 2.1). Brain-injured animals had ∼20% 

decrease in cortical volume ipsilateral to the injury, as compared with uninjured controls (Figure 

2.1B; control, 100 ± 0.3%; TBI, 83 ± 1.1%; p = 0.002; two-tailed t test). This is nearly identical to 

prior observations using similar impact parameters (Frankowski et al., 2019; Zhu et al., 2019). 

Next, we examined neuronal activation after TBI by quantifying Ai14 reporter expression, which 

labels cells that were active around the time of injury, in the ipsilateral and contralateral neocortex. 

https://www.eneuro.org/content/13/5/ENEURO.0020-26.2026#F1
https://www.eneuro.org/content/13/5/ENEURO.0020-26.2026#ref-14
https://www.eneuro.org/content/13/5/ENEURO.0020-26.2026#ref-46
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In uninjured controls, Ai14 expression was very low, as expected (DeNardo et al., 2019), with 

Ai14-labeled cells found sparsely distributed throughout the brain (Figure 2.1C,D). We found a 

significant increase in the percentage of Ai14 area in the ipsilateral, but not contralateral, 

hemisphere in mice that received a TBI, as compared with controls (Figure 2.1C,D). In brain-

injured animals, Ai14+ cells were found throughout the ipsilateral neocortex. We also noted 

substantial Ai14+ expression in the amygdala, internal capsule, cerebral peduncle, and lateral 

thalamic nuclei known to interact with the somatosensory neocortex, including the reticular 

thalamus and ventrobasal complex. In the hippocampus, moderate Ai14+ expression was 

observed in dentate gyrus granule cells of the contralateral hemisphere at the injury epicenter of 

all brain-injured animals. Ai14 expression was sparse or absent in these brain areas of control 

animals. These results suggest brain injury produces an early, but selective, activation of multiple 

cortical and subcortical brain areas. 

 

Having previously observed brain-wide reorganization of interneuron circuitry in the prefrontal 

cortex (PFC) (Frankowski et al., 2022), which interacts with the dorsal hippocampus but is not 

directly damaged by CCI injury (Hall et al., 2005, 2008; Frankowski et al., 2022), we asked 

whether PFC is activated by the acute injury. Quantification of Ai14+ cells in the prelimbic area of 

PFC revealed a significant increase in cell activation in the injured hemisphere (Figure 2.1E,F). 
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Figure 2.1: Hemisphere-wide cell activation following TBI. A. Experimental design schematic. B. Quantification of 
the percentage tissue remaining ipsilateral to the injury in control and brain-injured mice. **p = 2.3 × 10−3, control versus 
TBI; two-tailed t test, N = 3–4 mice per group. C. Quantification of the percentage area of Ai14 expression in 
contralateral or ipsilateral hemispheres. **p = 2.27 × 10−6, control versus brain injury; **p = 4.59 × 10−6, brain injury 
ipsilateral versus contralateral; two-way ANOVA with Tukey's post hoc analysis, N = 3–4 mice per group. D. Coronal 
brain sections of Ai14 reporter expression every 300 μm through the brain of representative control and brain-injured 
animals. Scale bar, 1 mm. E. Ai14 reporter expression in the prelimbic area of PFC. Scale bar, 100 µm. F. Quantification 
of Ai14 + cell density in contralateral and ipsilateral hemisphere of PFC in control and brain-injured animals. 
**p = 7.3 × 10−3, ipsilateral control versus brain injury; two-way ANOVA with Tukey's post hoc analysis, N = 3–4 mice per 
group. 

  

 
During surgery, animals were administered buprenorphine, a synthetic opioid analgesic that acts 

as a partial mixed opioid agonist at the μ-receptor (Kumar et al., 2024) and has potential to 

activate neurons independent from TBI. To test the effect of buprenorphine on neuron activation, 

we examined Ai14 expression in the somatosensory neocortex and PVT, a brain area that exhibits 

opioid receptor-dependent modulation of firing (Hou et al., 2023), in mice with and without a 

buprenorphine injection. These experiments were only performed in uninjured control animals, 

because it is not ethical to withhold analgesics from brain-injured animals. In both brain areas, we 

observed a significant increase in Ai14-labeled cells following buprenorphine administration, as 

compared with animals that did not receive buprenorphine (Figure 2.2). However, the increase in 

Ai14 expression was modest. We conclude that the increase in cell activation after TBI is much 

more likely to be driven by TBI than a heightened response to analgesics. 
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Figure 2.2: Buprenorphine activates a small number of cells. A. Ai14 expression in the somatosensory neocortex 
(top) and PVT (bottom) of mice with and without a single administration of 0.05 mg/kg buprenorphine. Scale bar, 100 
µm. B, C. Quantification of Ai14 expression in the somatosensory cortex (B) and PVT (C). PVT: *p = 4.2 × 10−2; −Bup 
versus + Bup; N = 4 mice per group; two-tailed t test. SSp, primary somatosensory cortex; 3V, third ventricle. 
 

To label the extent of the lesion, we examined glial responses in the neocortex (Figure 2.3A). To 

do this, we performed an immunostaining analysis at 7 d after injury for glial fibrillary acidic protein 

(GFAP), a marker of astrocytes, and ionized calcium-binding adaptor molecule 1 (IBA1), a marker 

of activated microglia. Comparisons were made between age-matched uninjured controls and 

brain-injured animals. In all brain-injured animals, the impact site could be clearly identified by a 

dense pattern of GFAP and IBA1 staining ipsilateral to the injury. No overt neocortical lesion was 

observed in any uninjured control animal. Analysis of the glial responses every 300 μm along the 

anterior–posterior axis revealed GFAP and IBA1 immunostaining was most robust at the lesion 

site, decreased with distance from the injury epicenter and was significantly higher in brain-injured 

mice compared with controls (Figure 2.3B,C). In contralateral hemisphere, we did not observe a 

difference between groups, consistent with the relatively focal lesion produced by CCI injury. This 

pattern of neuroinflammation is qualitatively similar with prior studies demonstrating increases in 

glial responses following 1.0 mm impact depths (Zhu et al., 2019). 
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Analysis of Ai14 expression every 300 μm along the anterior–posterior axis revealed intense 

immunostaining throughout the ipsilateral hemisphere that did not decrease with distance from 

the injury epicenter (Figure 2.3D). In these animals, the area of cell activation did not peak at the 

lesion area and taper with distance from the injury epicenter, as seen with GFAP and IBA1 

expression. Instead, we observed elevated Ai14 immunostaining throughout most of the ipsilateral 

neocortex. Taken together, these results suggest there is broad cell activation in the ipsilateral 

hemisphere in the early period after a contusion injury that extends beyond the area directly 

damaged by the injury. 

 

 

Figure 2.3: Cell activation extends beyond the glia scar. A. Coronal brain sections of Ai14 (orange), GFAP 
(magenta), and IBA1 (blue) at the injury epicenter of a control and brain-injured mouse. Representative animals are 
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from N = 4 controls and 3 TBI animals. Scale bar, 100 µm. B–D. Quantification of GFAP (B), IBA1 (C), or Ai14 (D) 
expression in 16 sequential brain sections of the neocortex along the anterior–posterior (AP) axis contralateral (left) 
and ipsilateral (right) to the injury (GFAP, **p = 3.7 × 10−9, control vs brain injury; IBA1, **p = 3.3 × 10−6, control vs brain 
injury; Ai14, **p = 4.6 × 10−4, control vs brain injury; two-way rmANOVA with Bonferroni’s post hoc analysis). 
 

Nearly all Ai14+ cells were morphologically identified as neurons, consistent with prior studies 

reporting that TRAP preferentially labels neurons (Guenthner et al., 2013). This was confirmed 

by colabeling with NEUN, and no difference was detected between groups (control, 92 ± 3%; TBI, 

90 ± 1%; p = 0.49; two-tailed t test; N = 3–4 mice per group; Figure 2.4A,C). To test whether glia 

were also labeled after TBI, we quantified Ai14+ cell colocalization with GFAP and IBA1 in the 

neocortex just lateral to the injury site. In controls, none of the Ai14+ cells expressed GFAP or 

IBA1 (Figure 2.4B,C). In brain-injured animals, only ∼2% of Ai14+ cells expressed GFAP or IBA1. 

No differences were detected in the proportion of cells labeled for either marker (p = 0.99; N = 3–

4 mice per group, Fisher's exact test). This result suggests the increase in Ai14 expression 

observed ipsilateral to the injury was not driven by Ai14+ activated glia. 

 

 

Figure 2.4: Ai14+ cells are putative neurons. A. Coronal brain sections of Ai14 (orange) and NEUN (blue) near the 
injury site in the neocortex of a control and brain-injured mouse. B. Coronal brain sections of Ai14 (orange), GFAP 
(magenta), and IBA1 (blue) at the injury site in the neocortex of a control and brain-injured mouse. Scale bar, 50 µm. C. 
Quantification of Ai14+ cells that colabel for NEUN, GFAP, or IBA1. 
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Discussion 

There is little question that neurons rapidly become activated in response to brain damage. Here, 

we applied a focal contusion injury to the somatosensory neocortex and evaluated brain cell 

activation around the time of injury. Consistent with prior IEG labeling studies (Dragunow and 

Robertson, 1988; Dragunow et al., 1990; Phillips and Belardo, 1992; Yang et al., 1994, 1995; 

Belluardo et al., 1995; Raghupathi et al., 1995a; Abrous et al., 1999; Förstner and Knöll, 2020), 

our results show focal contusion injury leads to early activation of neurons across the neocortex. 

Ai14+ neurons were observed broadly throughout the ipsilateral hemisphere, including ventral 

and subcortical brain areas. The area of neuron activation extended well beyond the lesion area, 

as determined by the presence of cortical cavity and GFAP immunostaining and remained 

elevated in all tissue sections examined. These observations highlight the importance of 

considering brain-wide effects of acute injury in neurotrauma studies. 

 

Prior studies have reported wide variation in IEG expression after experimental brain injuries, with 

some studies showing IEG activation primarily near the lesion site (Dragunow and Robertson, 

1988; Dragunow et al., 1990; Förstner and Knöll, 2020) and other studies reporting more 

widespread IEG activation (Phillips and Belardo, 1992; Yang et al., 1994, 1995; Belluardo et al., 

1995; Raghupathi et al., 1995a; Abrous et al., 1999). Using a TRAP2 reporter line, which 

consistently labels c-fos–activated neurons throughout the brain, we observed broad, 

hemisphere-wide c-fos expression in a widely used focal cortical contusion model. Many cortical 

areas had noticeable increases in Ai14+ neurons, including the piriform cortex, hippocampus, 

entorhinal cortex, PFC, auditory cortex, and cortical amygdala; the basolateral amygdala also had 

overt increases in Ai14+ cells but was not quantified here. Therefore, a focal nonpenetrating 

contusion injury has potential to broadly affect the brain in the early postinjury period, even in 

brain areas that are not directly damaged by the mechanical insult. Support for this idea is 
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provided by fMRI studies in rodents and humans showing broad activation of dispersed brain 

regions after brain injury compared with healthy controls (McAllister et al., 1999; Christodoulou et 

al., 2001; Harris et al., 2016). 

 

One possibility for widespread neuron activation after TBI is the presence of injury-induced 

seizures, which have been reported immediately after CCI in mice (Hunt et al., 2010). However, 

seizures in these animals are often generalized events that would likely produce bilateral Ai14 

expression (Naik et al., 2022), and seizures are only observed in a small minority of animals 

during the time window immediately following TBI in which neurons would be tagged by TRAP 

(Hunt et al., 2010). Another possibility is cortical spreading depolarization, which has long been 

suspected to contribute to the hemisphere-wide pattern of neuron activation after injury (Herrera 

and Robertson, 1996). Spreading depolarization occurs in >50% of people with TBI (Hartings et 

al., 2011) and in animal models (Aboghazleh et al., 2021). However, these events are rare in 

animal models, often involve only a single depolarization wave, and only occasionally involve the 

entire hemisphere in human patients (Taş et al., 2019). It is currently unknown precisely how far 

a spreading depolarization event might extend from the injury site in an animal model of TBI. 

Nonetheless, widespread network activity spanning anterior to posterior cortex has been 

documented in brain slices of a genetic model of epilepsy (Hou et al., 2021). 

 

Following TBI, injured brain circuits undergo time-dependent structural and functional 

reorganization. This includes cell-type–specific changes in neuron morphology, intrinsic 

properties, and synaptic and circuit function (Hunt et al., 2013). While the cellular trigger for these 

plasticity responses is unknown, an emerging literature provides broad support for synaptic circuit 

reorganization at the level of cell ensembles. At a behavioral level, post-traumatic retrograde 

amnesia can be rescued by activating neurons that were tagged during the memory-forming 

experience prior to injury, suggesting the ensemble representing the lost memory physically exists 
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after TBI but may be more difficult to access (Chapman et al., 2024). At a structural level, synaptic 

inputs are selectively gained or removed in a cell-type–specific manner (Hunt et al., 2009, 2010, 

2011; Frankowski et al., 2022), and grafted inhibitory neurons are capable of reestablishing long-

range connections lost to TBI (Frankowski et al., 2022), which likely underlies the prevention of 

epilepsy and improved memory precision after TBI (Zhu et al., 2019). While speculative, it is 

enticing to hypothesize that neurons activated at the time of injury may participate in an “injury 

cell ensemble” and function differently later in life, as compared with neurons not acutely activated 

by the initial injury.  

 

Our results show there is broad neuron activation across large portions of the cortex early after a 

contusion injury in mice, but it is largely restricted to the ipsilateral hemisphere. These results 

highlight the importance of considering injury dynamics in the initial response to injury and may 

explain why brain areas distant from the injury become rewired even when not directly damaged 

by the mechanical insult. 
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CHAPTER THREE 

Brain-wide reconstruction of inhibitory circuits after traumatic brain injury 

 

Abstract 

Despite the fundamental importance of understanding the brain’s wiring diagram, our knowledge 

of how neuronal connectivity is rewired by traumatic brain injury remains remarkably incomplete. 

Here we use cellular resolution whole-brain imaging to generate brain-wide maps of the input to 

inhibitory neurons in a mouse model of traumatic brain injury. We find that somatostatin 

interneurons are converted into hyperconnected hubs in multiple brain regions, with rich local 

network connections but diminished long-range inputs, even at areas not directly damaged. The 

loss of long-range input does not correlate with cell loss in distant brain regions. Interneurons 

transplanted into the injury site receive orthotopic local and long-range input, suggesting the 

machinery for establishing distant connections remains intact even after a severe injury. Our 

results uncover a potential strategy to sustain and optimize inhibition after traumatic brain injury 

that involves spatial reorganization of the direct inputs to inhibitory neurons across the brain. 

 

Introduction 

Brain function relies on an extremely diverse group of inhibitory interneurons that control the input 

and output of local networks (Klausberger and Somogyi 2008; Kepecs and Fishell, 2014; 

Tremblay et al., 2016). In the cerebral cortex, one of the largest populations of interneurons 

expresses the neuropeptide, somatostatin (SST) (Freund and Buzsaki, 1996; Ascoli et al., 2008; 

Pelkey et al., 2017). These cells inhibit dendrites and thereby regulate the integration of 

glutamatergic input to local principal neurons. This endows them with unique roles in shaping 

synaptic plasticity, learning, and memory (Larkum et al., 1999; Spruston, 2008; Royer et al., 2012; 

Lovett-Barron et al., 2014; Stefanelli et al., 2016; Cummings and Clem, 2020; Udakis et al., 2020; 
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Morales et al., 2021). However, SST interneurons are among the most vulnerable to cell death 

following a brain injury, and their loss has been well documented in experimental models of 

epilepsy, traumatic brain injury (TBI), and Alzheimer’s disease (Lowenstein et al., 1992; Cantu et 

al., 2015; Butler et al., 2016; Frankowski et al., 2019; Xu et al., 2020), and in humans (de Lanerolle 

et al., 1989; Beal et al., 1986). In the hippocampus, surviving SST interneurons receive more 

excitatory drive, form new inhibitory synapses onto glutamatergic neurons and even grow into 

territories they normally do not occupy (Zhang et al., 2009; Halabisky et al., 2010; Hunt et al., 

2011; Peng et al., 2013). This pattern of local circuit rewiring raises the question of whether brain 

damage reorganizes interneuron connectivity on a much larger scale. 

 

To address this possibility in an unbiased manner, we took advantage of a retrograde 

monosynaptic rabies virus system and enhanced whole-brain tissue clearing techniques to create 

brain-wide maps of the direct input to SST interneurons in a mouse model of focal TBI. We found 

dramatic quantitative differences in both the local and long-range input to hippocampal SST 

interneurons at the injury site. However, there was no neuron loss within the distant input regions 

themselves, and the proportion of neuron subtypes targeting starter neurons was stable. To our 

surprise, we uncovered a similar pattern of circuit reorganization far away from the injury in the 

prefrontal cortex (PFC), which interacts with the hippocampus bidirectionally (Jin and Maren, 

2015) but was not directly damaged by the initial insult. Interneuron progenitors grafted into the 

lesioned hippocampus successfully established appropriate long-range connections; however, 

graft-derived interneurons retained the enhanced local input seen after TBI. Thus, our 

experiments provide new insights about large-scale circuit remodeling following brain injury and 

suggest that brain damage, even when focally restricted, has a far broader impact on neural circuit 

function across the entire brain than previously appreciated. 

 

Methods 
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Animals 

All animal procedures were performed under Institutional Animal Care and Use Committee 

(IACUC) approval by 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. Experiments were performed on adult mice of both sexes maintained in standard 

housing conditions on a 12 h light/dark cycle with food and water provided ad libitum. For SST 

cell quantifications, we used GIN mice maintained on a FVB background (Jax Stock No: 003718). 

For rabies circuit tracing, we used Sst-IRES-Cre mice maintained on a C57BL/6 J background 

(Jax Stock No: 018973). We used C57BL/6 J mice (Jax Stock No: 000664) for fluoro-jade C 

experiments. For cell transplantations, embryonic donor tissue was produced by crossing Sst-

IRES-Cre J mice with C57BL/6 J mice (Jax Stock No: 000664) or Ai6-ZsGreen reporter mice (Jax 

Stock No: 007906); host mice were C57BL/6 J mice (Jax Stock No: 000664). 

 

Experimental Design 

Experiments were performed on male and female littermates between P55 and P139. Upon 

weaning, animals were coded and randomly assigned into uninjured (naïve control), TBI or MGE-

injected treatment groups. Brain injured mice and age-matched controls were housed together 

(2–5 animals per cage) within a temperature- (21–22 °C), humidity- (40–51%), and light- (12 h 

light:dark cycle) controlled vivarium. The order of injury, virus injection and cell transplantation 

was also randomized. Blinding was not possible due to the presence of an injury in TBI treatment 

group. CHAT immunostaining experiments were replicated using a separate, independent cohort 

of control and brain-injured animals. No other replication studies were performed. 

 

Brain injury 

CCI injury was performed on adult male and female mice at P55 (Frankowski et al., 2019). Briefly, 

mice were anesthetized by 2% isoflurane inhalation and placed in a custom stereotaxic frame. 
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The skull was exposed by midline incision, and a 4–5 mm craniotomy was made ~1 mm lateral to 

the sagittal suture and centered between bregma and lambda. The skull cap was removed without 

damaging the underlying dura. The contusion device consisted of a computer-controlled, 

pneumatically driven impactor fitted with a beveled stainless-steel tip 3 mm in diameter (Precision 

Systems and Instrumentation; TBI-0310). Brain injury was delivered using this device to compress 

the cortex to a depth of 1.0 mm at a velocity of 3.5 m s−1 and 500 ms duration. The incision was 

sutured without replacing the skull cap, and the animal was allowed to recover on a heating pad. 

A qualitative postoperative health assessment was performed daily for 7 d after TBI and 

periodically thereafter. All animals that received surgery were treated with buprenorphine 

hydrochloride (Buprenex; 0.05 mg/kg, delivered i.p.) at the time of surgery and 24 h later. All brain-

injured mice survived and remained otherwise healthy until the day of experimentation. 

 

Virus injections 

AAV8-hSyn-FLEX-TVA-P2A-GFP-2A-oG with a titer of 1.2 × 1013 genome copies/mL was 

obtained from the GT3 Core Facility of the Salk Institute and diluted to a titer of 2.4 × 1011 genome 

copies/mL in sterile 0.9% NaCl prior to use, to prevent impairments in tracing performance (Lavin 

et al., 2020). RVΔG-mCherry was produced as previously described (Wickersham et al., 2007) 

with a titer of 5 × 109 infectious units/mL. Virus was front loaded into beveled glass micropipettes 

(40 μm tip diameter, Wiretol 5 μl, Drummond Scientific) and injected into the brains of adult 

uninjured control and brain injured mice at a rate of 15 nL min–1 and the needle was left in place 

for 5 min before retraction. Target coordinates were first verified in a series of preliminary injection 

studies into control and brain injured mice to determine ideal target locations (e.g., hilus) and the 

titer and volume of virus that could be delivered into hilus or PFC without leakage into nearby 

regions. AAV injections (200 nL) were made into hilus of dentate gyrus at the following stereotaxic 

coordinates: anterior-posterior (AP) −2.0 mm, medial-lateral (ML) 1.30 mm, dorsal-ventral (DV) 

−1.9 mm. In separate cohort of animals, injections were made into prelimbic cortex: AP 1.8 mm, 
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ML 0.35 mm and DV −1.4 mm. RVΔG-mCherry (100nL) was injected 3 weeks later at the same 

location. 

 

Tissue clearing and whole-brain immunostaining 

Mice were transcardially perfused with 0.1 M PBS containing 1uL/mL of 10 mg/mL heparin sodium 

(Serva cat no. 24590.01) followed by 4% PFA in 0.1 M PBS. Samples were postfixed overnight in 

4% PFA in 0.1 M PBS. Subsequent steps were performed in 5 mL centrifuge tubes (Eppendorf 

cat. No 0030119401) with 0.01% sodium azide added to each solution. First, samples were 

decolorized in 10% 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS, 

Anatrace cat. no. C316S) and 25% N-methyl diethanolamine (MDEA, Alfa-Aesar cat. no. L15712) 

in 0.1 M PBS for 48 h at 37 °C with nutation. Samples were then washed in 0.1 M PBS for 24 h, 

dehydrated in a methanol/water gradient (20%, 40%, 60%, 80%, 100%, 100%) for 1 h each and 

delipidated in 2:1 DCM:MeOH overnight. The next day, samples were washed twice in 100% 

MeOH for 4 h to remove DCM:MeOH and bleached in 5% H2O2 in 80% MeOH overnight at 4 °C 

without shaking. Samples were then rehydrated in 60% MeOH, 40% MeOH, 20% MeOH, 0.1 M 

PBS and PTx.2 for 1 h, incubated in 4 M guanidine hydrochloride (Alfa-Aesar cat. no. A13543-30) 

and 1% CHAPS in 0.1 M PBS for 24 h and washed overnight in 0.1 M PBS with three solution 

changes. Next, samples were permeabilized in 10% CHAPS/25% MDEA in 0.1 M PBS overnight 

at 37 °C with nutation, incubated in 3% NDS/10% DMSO in PTx.2 with nutation at 37 °C overnight. 

Primary antibody incubations were performed in heparinized 0.1 M PBS containing 0.2% Tween-

20 (PTwH) containing 0.25% CHAPS, 3% NDS and rabbit anti-DsRed (1:1000) and chicken anti-

GFP antibodies (1:1000) for 7 days at 37 °C with nutation. Samples were then washed in PTwH 

overnight on an orbital shaker (115 RPM) at room temperature with five solution changes. 

Secondary antibody diluent was prepared in PTwH containing 0.25% CHAPS, donkey anti-rabbit 

546 (1:1000) and goat anti-chicken 647 (1:1000), syringe filtered at 0.2 μm and incubated for 7 

days at 37 °C with nutation before washing in PTwH overnight with five solution changes and 
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shaking at room temperature. The next day, samples were dehydrated in increasing 

methanol/water gradients (20%, 40%, 60%, 80%, 100% for 1 h each) and allowed to sit in 100% 

MeOH overnight at 4 °C. Samples were then washed in 2:1 DCM/MeOH for 3 h, followed by two 

100% DCM washes for 15 min each and cleared in dibenzyl ether (DBE) overnight at 4 °C. DBE 

was changed four additional times before imaging for refractive index matching. A step-by-step 

protocol for whole-brain immunostaining can be found at: 

https://github.com/roberthuntlab/clearedbrainanalysis. 

 

Light-sheet imaging 

Cleared samples were mounted in a 3D-printed sample holder in a custom-built imaging chamber 

with the same lot of DBE solution used for refractive index matching and imaged using a Zeiss 

Z1 light-sheet microscope with Zeiss Zen software. Samples were imaged in the sagittal 

orientation with single-sided illumination using a x5/0.1 illumination objective and a x5/0.16 

detection objective at 0.91 μm/pixel resolution with 4.97 μm step size. mCherry-labeled input 

neurons were imaged using a 561 nm laser coupled to a 575–625 nm BP filter. GFP and auto-

fluorescence channels were acquired simultaneously with 488 nm and 638 nm laser lines coupled 

to 505–545 nm BP and 660 nm LP filters. Laser power was set to 40% intensity for all laser lines 

with 200 ms exposure. Tile overlap was set to 8%. 

 

Whole-brain 3D image registration and annotation 

Raw data (.czi) were converted into hierarchical format (.ims) using Imaris File Converter 9.1 

(Bitplane). The 561 nm channel data was downsampled by a factor of two in each dimension and 

exported as numpy arrays (.npy) using custom Python scripts. Individual tiles were stitched non-

rigidly using WobblyStitcher (Kirst et al., 2020). Stitched arrays were exported as .tif series with a 

background subtraction value determined for each animal. Individual cell positions were manually 

annotated using cellfinder (Tyson et al., 2021). Image stacks were downsampled to 10 μm 
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resolution and registered to the Allen Reference Atlas (Wang et al., 2020) using brainreg, a Python 

port of aMAP (Niedworok et al., 2016). Atlas boundaries were upsampled to the original high-

resolution image in ImageJ, and image planes containing cells were inspected for accuracy. To 

correct for whole-brain registration error, pairs of correspondence points were manually marked 

where atlas boundaries diverged from anatomical landmarks. Average vector length was 

calculated, and annotated cell positions were linearly transformed based on the correspondence 

point vector length. Schematics of the anatomical position of starter cells and input neurons were 

plotted using brainrender (Claudi et al., 2021). Coronal atlas plates were rendered at selected 

positions along the anterior/posterior axis and individual cells positions ± 125 μm (hippocampus 

tracing) or ± 50 μm (PFC tracing) to the selected atlas plate. 

 

Whole-brain quantification 

Registered cell positions for each animal were summarized using cellfinder (Tyson et al., 2021). 

Cell counts were combined for laminated cortical structures. Ipsilateral and contralateral cell 

counts were analyzed as separate regions. In one uninjured control (hippocampus injection), a 

small number of rabies-labeled cells were found near the injection tract in overlying neocortex. 

These cells were excluded from analysis as they were labeled by the needle injection, not trans-

synaptic spread of virus. For Euclidian distance calculation, the starter cell centroid was calculated 

by averaging the atlas coordinates of each registered starter cell and rounding the result to the 

nearest integer. Three-dimensional Euclidian distance was calculated between the starter cell 

centroid and each pre-synaptic input neuron position using the following formula: 

𝑑𝑑 =  �(𝑥𝑥2 − 𝑥𝑥1) + (𝑦𝑦2 − 𝑦𝑦1) + (𝑧𝑧2 − 𝑧𝑧1) 

where (𝑥𝑥2, 𝑦𝑦2, 𝑧𝑧2) represents AP, ML and DV of the starter cell centriod, (𝑥𝑥1, 𝑦𝑦1, 𝑧𝑧1) represents AP, 

ML and DV of each registered pre-synaptic cell position and d represents the length of the 

calculated distance vector. For analysis of AP and DV distances, cell counts were binned at 
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200 μm intervals and normalized to the total number of cells for each animal. For analysis of ML 

distance, cell counts were binned at 100 μm to produce an even number of bins for each 

hemisphere. Gaussian kernel density estimates were computed using seaborn python script, and 

bandwidth was set at 0.5. 

 

Reverse clearing 

Cleared samples were removed from DBE and washed in DCM twice for 15 min followed by 

overnight incubation in 2:1 DCM/MeOH. Samples were then rehydrated in 100%, 80%, 60%, 40%, 

20% MeOH/water and 0.1 M PBS for 1 h each on an orbital shaker (115 RPM) at room 

temperature. Free-floating vibratome sections (50 μm) were cut using a vibratome at room 

temperature in 0.1 M PBS containing 0.05% Triton-X. A step-by-step protocol for reverse clearing 

can be found at: https://github.com/roberthuntlab/clearedbrainanalysis. 

 

Immunostaining 

Mice were transcardially perfused with 4% PFA (v/v) and free-floating vibratome sections (50 μm) 

were processed using standard immunostaining procedures (Zhu et al., 2019). Primary antibodies 

were as follows: chicken anti-green fluorescent protein (GFP; 1:1000; Aves, cat no. GFP1020), 

chicken anti-mCherry (1:1000; Abcam, cat no. ab205402), goat anti-choline acetyltransferase 

(CHAT; 1:500; Millipore, cat no. AB144P), mouse anti-reelin (1:500; Millipore, cat no. MAB5364, 

clone G10), rabbit anti-DsRed (1:1000; Clontech, cat no. 632496), rabbit anti-somatostatin (SST; 

1:200; Santa Cruz, cat no. SC-7819) and rabbit anti-WFS1 (1:1000; Proteintech, cat no. 11558-

1-AP). All antibodies have been previously used for immunostaining analysis in brain. For 

secondary antibodies (1:1000, Life Technologies), we used Alexa 488–conjugated goat antibody 

to chicken IgG (cat. no. A11039), goat antibody to mouse IgG (cat. no. A11029), donkey antibody 

to goat IgG (cat. no. A11055); Alexa 546-conjugated goat antibody to rabbit IgG (cat. no. A11035), 

donkey antibody to rabbit IgG (cat. no. A10040), Alexa 594–donkey antibody to goat IgG (cat. no. 
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A11058) and Alexa 647–conjugated goat antibody to chicken IgG (cat. no. A32933). Sections 

were then mounted on charged slides (Superfrost plus, Fisher Scientific) with Fluoromount-G 

containing DAPI. Confocal images were obtained with an Olympus FV3000 laser scanning 

microscope. Epifluorescent images were obtained using a Leica DM6 microscope with Leica LAS 

X software. Brightness and contrast were adjusted manually using ImageJ, as needed. 

 

Cell quantification in brain sections 

Fluorescently labeled sections (50 μm) were imaged using a Leica DM6 microscope with a ×10 

or ×20 objective or Olympus FV3000 confocal microscope with a ×20 or ×40 objective and 

counted using FIJI (ImageJ) (Zhu et al., 2019). All cells that expressed a fluorescent marker were 

counted in every sixth section through the entire brain (that is, 300 μm apart). All sections 

containing labeled cells were analyzed per animal and the values averaged to obtain a mean cell 

density (cells/mm2). 

 

Fluoro-jade C staining 

Mice were transcardially perfused with 4% PFA (v/v) and free-floating vibratome sections (50 μm) 

were processed for fluoro-jade C staining according to manufacturer instructions (Schmued et al., 

2005). Briefly, brain sections were dried on gelatin-coated slides for 30 min at 50 °C. Slides were 

immersed in 1% NaOH in 80% ethanol for 5 min, 70% ethanol for 2 min, dH2O for 2 min, 0.06% 

potassium permanganate for 10 min, dH2O for 2 min, 0.00015% fluoro-jade C (Histo-Chem Inc., 

cat no. 1FJC) and 0.0001% DAPI in 0.1% acetic acid for 10 min, followed by three washes in 

dH2O for 1 min each. Slides were then dried at 50 °C for 5 min and cleared in xylenes before 

coverslipping with Eukitt mounting medium (Sigma, cat. no 03989). 

 

Tissue dissection and transplantation 
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Ventricular and subventricular layers of the MGE were harvested from E13.5 embryos. The time 

point at which the sperm plug was detected was considered E0.5. Embryonic MGE explants were 

dissected in Leibovitz L-15 medium, mechanically dissociated by repeated pipetting in L-15 

medium and concentrated by centrifugation (3 min at 600 × g). Concentrated cell suspensions 

were front loaded into beveled glass micropipettes (50 μm tip diameter, Wiretol 5 μl, Drummond 

Scientific) and injected (3 × 104 cells per injection) into the hippocampus of adult brain-injured 

mice 7 d after CCI injury. Cell injections were made into stratum radiatum of the CA3 subfield at 

the following stereotaxic coordinates: AP −2.0 mm, ML 2.45 mm, DV −1.8 mm. 

 

Statistical analysis 

All statistical tests were performed with Graphpad Prism 9, R and Microsoft Excel. Sample sizes 

were based on previous publications (Sun et al., 2014; Ährlund-Richter et al., 2019; Liu et al., 

2013). For whole-brain quantitative analyses, the number of input neurons in each distinct brain 

area was normalized to the total number of input neurons detected in the whole brain (% input) 

or to the total number of starter cells (convergence index). Data were compared by two-tailed 

student’s t-test, one-way ANOVA followed by a Tukey’s post hoc test for multiple comparisons, 

two-way ANOVA followed by a Tukey’s post hoc test for multiple comparisons, two-way repeated-

measures ANOVA followed by a Bonferroni’s post hoc test, Chi-Square analysis or Fisher’s exact 

test. UMAP analysis and Pearson correlation was computed in R. Data are expressed as 

mean±SEM, n = animals unless otherwise specified and significance was set at P < 0.05.  

 

Results 

Long-term loss of SST interneurons after TBI 

Despite their important role in shaping local network activity and memory (Stefanelli et al., 2016; 

Morales et al., 2021), the precise brain-wide input to SST interneurons in the dentate gyrus has 

not been systematically defined. We first quantified SST+ neuron density during the chronic period 
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after TBI using reporter mice that label nearly all SST interneurons with GFP (Oliva et al., 2000). 

A unilateral controlled cortical impact (CCI) injury was delivered to young-adult mice at P60 

(1.0 mm impact depth, 3.5 m s−1 and 500 ms duration), and animals were processed for 

immunostaining eight weeks later. This period corresponds to a time when long-term 

neuropathology and behavioral phenotypes are well established. In all brain-injured mice, the 

lesion consisted of a cavity extending through the thickness of the neocortex and included 

substantial distortion and thinning of the principal cell layers in the hippocampus (Figure 3.1a). 

We observed ~65% reduction in GFP+ cells in the hilus (Figure 3.1b), consistent with short-term 

loss of SST interneurons reported in previous studies (Butler et al., 2016; Frankowski et al., 2019). 

 

Visualization of input neurons to hippocampal SST+ interneurons 

To label monosynaptic input to SST interneurons in the chronically injured brain, we used a 

genetically restricted two-virus approach to anatomically reveal their putative inputs (Figure 3.1c-

e). We first injected a Cre-dependent helper virus (AAV8-hSyn-FLEX-TVA-P2A-eGFP-2A-oG) 

into the dentate gyrus of adult SST-Cre mice 4 weeks after TBI. This helper virus provides the 

receptor that allows EnvA-coated rabies virus to enter only Cre-positive neurons and glycoprotein 

for rabies virus to transfer retrogradely to monosynaptic input neurons. Three weeks later, we 

injected a G-deleted and EnvA-pseudotyped rabies virus coding mCherry into the same location 

(RVΔG-mCherry). Because SST+ interneurons in the dentate gyrus are exclusively located in the 

hilus, we targeted this region for virus injection. After 7 days, we identified neurons that were 

positive for both fluorescent reporters at the injection site (starter cells) and neurons infected with 

the rabies virus were tagged with mCherry (pre-synaptic input neurons). Substantial numbers of 

neurons in different brain areas were labeled by rabies virus (Figure 3.2). 

 

To confirm the specificity of virus labeling, we performed immunostaining against SST at the 

injection site. We found 97% of the GFP-labeled neurons were SST+ (152 of 156 cells, n  =  3 
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mice) (Figure 3.1f, g). To evaluate the potential leakage expression of the virus, we performed a 

series of control experiments. To confirm the dependence of Cre recombination, we injected 

AAV8-hSyn-FLEX-TVA-P2A-eGFP-2A-oG helper and RVΔG-mCherry virus into Cre- littermates. 

No neurons were labeled anywhere in the brain (Figure 3.3a). In Cre+ animals, GFP+ neurons 

were only labeled at the injection site and no GFP+ neurons were found outside the injection site 

(Figure 3.3). In both control and brain-injured animals, starter cells were almost exclusively 

confined to the hilus (Figure 3.1h). Only occasional starter cells were found in the adjacent CA3 

region; no GFP+ cells were found in CA1, CA2, neocortex, or any other brain region. 

 

Figure 3.1: SST interneuron loss after focal TBI. a. Coronal section 8 wks after TBI labeled for SST-GFP (green) 
and DAPI (magenta). h, hilus; gcl, granule cell layer; ml, molecular layer. Representative animal from n = 5 TBI mice 
b. Quantification of SST-GFP interneurons in uninjured control and brain-injured animals. ***P = 1.62E-06, ipsilateral 
uninjured control versus ipsilateral TBI, ***P = 1.31E-05, contralateral TBI versus ipsilateral TBI; two-way ANOVA with 
Tukey’s post hoc test, n = 6 uninjured and 5 TBI mice. c. Schematic showing the two-virus experimental retrograde 
tracing strategy. d, e. Dentate gyrus of an uninjured control (d) and CCI injured animal (e) labeled for DAPI (blue), AAV 
helper virus (green) and RVΔG-mCherry (magenta). Representative animals from n = 4 uninjured and 2 TBI mice. f. 
Coronal section of dentate gyrus labeled for AAV helper virus (green) and somatostatin (magenta). Representative 
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animal from n = 3 uninjured mice. g. Quantification of SST expression in neurons labeled with AAV helper virus; n = 3 
mice. h. Distribution of dual color-labeled starter cells in hippocampus; n = 73 cells from 4 uninjured controls, n = 23 
cells from 2 animals with TBI. Error bars, s.e.m.; scale bars, 1 mm (a, left), 100 μm (a, right; d and e) and 50 μm (f). 
 

 

Figure 3.2: Input neurons to hilar SST interneurons. Coronal sections labeled for input neurons (red) in an uninjured 
control (left) and 8 wks after TBI (right). Representative animals from n = 4 uninjured and 2 TBI mice. Image location is 
indicated by a white dot overlaid onto the corresponding atlas plate from the Allen Reference Atlas (ARA). GCL, granule 
cell layer; ML, molecular layer; SR, stratum radiatum; PCL, pyramidal cell layer; SO, stratum oriens; OLM, oriens 
lacunosum moleculare; MS, medial septal nucleus; LSr, lateral septal nucleus, rostroventral part; NDB, diagonal band 
nucleus; SI, substantia innominata. Scale bar, 100 μm. 
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Figure 3.3: Virus specificity in hippocampus. a. Serial coronal sections every 300 µm through the entire brain of an 
adult SST-Cre-negative mouse labeled for AAV helper virus (green) and RVΔG-mCherry (magenta). Representative 
animal from n = 3. b. Coronal section of hippocampus labeled for helper virus (green) and rabies (magenta) in SST-
Cre-negative mouse (top) and SST-Cre-positive mouse (bottom). Representative animal from n = 3 SST-Cre- and 4 
SST-Cre+ mice. Scale bar, 2 mm (a); 500 μm (b). 
 

Whole-brain input to SST-positive neurons is reorganized by TBI 

Next, we generated whole-brain maps of neurons sending monosynaptic input to SST 

interneurons using iDISCO+ brain clearing and whole-brain light-sheet imaging (Figure 3.4a). 

One of the major challenges to these techniques has been accessing input neurons deep within 

the tissue (Ueda et al., 2020). Building on existing iDISCO+ protocols and recent advances in 

permeabilization chemistry (Renier et al., 2016; Zhao et al., 2020), we therefore modified the 

clearing conditions to achieve deep tissue immunolabeling in a traumatically injured brain. We 

made three key improvements in iDISCO+ sample preparation and imaging procedures (Figure 

3.5). First, we incorporated an initial wash using N-methyl diethanolamine (MDEA) to decolorize 

residual unperfused blood, which absorbs light (Faber et al., 2003). Second, we denatured the 

extracellular matrix using a concentrated guanidine hydrochloride solution prior to 
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immunolabeling. Third, we incorporated an additional detergent (3-[(3-

cholamidopropyl)dimethylammonio]-1-propanesulfonate, CHAPS) to the antibody diluent to 

enhance the penetration of antibodies deeper into the tissue. These optimizations enabled whole-

brain immunolabeling without need for separating the brains into two separate hemispheres, as 

is commonly done. The raw data acquired from imaging were registered to the Allen Common 

Coordinate Framework (CCF) and cell positions were annotated and analyzed using tools from 

the BrainGlobe suite (Claudi et al., 2021; Tyson et al., 2021) (Figure 3.6). As expected, the 

number of starter neurons was reduced in brain-injured animals (control: 48.0 ± 3.7 cells, TBI: 

9.4 ± 0.9 cells, P = 9.45E-06, two-tailed t-test), consistent with the loss of SST interneurons. 

Starter cells were almost exclusively confined to the hilus (control: 92.8 ± 0.96% starter cells in 

dentate gyrus, TBI: 89.8 ± 3.2% starter cells in dentate gyrus; P = 0.3, Fisher exact test). Although 

the number of labeled neurons varied from animal to animal, there was a correlation between the 

number of input neurons and starter cells (Figure 3.4b). 

 

Whole-brain mapping of rabies-labeled neurons revealed input from 15 distinct brain regions 

(Figures 3.4c, 3.7, 3.8). The majority of input came from the dentate gyrus and CA3, as expected 

(Hunt et al., 2011, Katona et al., 1999; Wittner et al., 2006) followed by the medial entorhinal 

cortex (ENTm), diagonal band nucleus (NDB) and lateral entorhinal cortex (ENTl). Of note, this 

pattern of input is different from previous retrograde tracing results in dentate granule cells, which 

receive considerably weaker projections from ENTm than ENTl and prominent input from 

mammillary nuclei (Vivar et al., 2012; Li et al., 2020), as well as SST interneurons in CA1, which 

receive very little input from entorhinal cortex (Sun et al., 2014). After TBI, there was a shift in the 

Euclidian distance of rabies-labeled neurons to the starter cell centroid (Figures 3.3d, 3.7), 

suggesting input neurons were substantially closer to starter cells after brain injury. 
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A higher proportion of local connections was confirmed when we analyzed the input to SST 

interneurons in greater detail. In control animals, approximately 40% of the input neurons were 

detected outside the hippocampus, and 8% of input neurons were located in the contralateral 

hemisphere. The proportions of these long-range inputs were significantly reduced in animals with 

TBI (Figure 3.4e, f). Furthermore, we analyzed the probability of input neurons in 200 μm bins 

along the entire anterior-posterior (AP) axis, from 0 mm (olfactory bulb) to 13 mm (cerebellum) 

(Figure 3.4g). This revealed significant increases in the percentage of input neurons between 

6.8 mm to 7.4 mm at the level of hippocampus (6.8–7 mm, uninjured: 6.79 ± 0.79%, TBI: 

18.12 ± 5.03%, P = 1.42E-11; 7–7.2 mm, uninjured: 7.15 ± 0.83%, TBI: 18.31 ± 4.01%, P = 3.02E-

11; 7.2–7.4 mm, uninjured: 8.67 ± 1.70%, TBI: 16.72 ± 4.55%, P = 7.64E-06; two-way repeated-

measures ANOVA with Bonferroni’s post-hoc test) and decreases at 10 mm to 10.2 mm at the 

level of ENTm (control: 7.48 ± 2.04%, TBI: 1.90 ± 1.03%, P = 1.33E-02; two-way repeated-

measures ANOVA with Bonferroni’s post-hoc test). After TBI, massive input labeling was detected 

within the ipsilateral hippocampus, with a significantly higher proportion of input from area CA1 

(Figure 3.4h). However, distant brain areas providing the greatest proportion of input to SST 

interneurons in controls, such as ENTm and NDB, were found to have a significant reduction in 

input after TBI (Figure 3.4h). To directly compare changes in the number of input neurons rather 

than the proportion of input, we calculated the convergence index for each animal, defined as the 

number of mCherry-labeled input neurons divided by the number of GFP- and mCherry-labeled 

starter cells. This analysis also revealed a significant increase in CA1 input, and decreases in 

long-range input from ENTm and NDB (Figure 3.9). Thus, there is a dramatic shift in both the 

number and relative proportion of local and long-distance input to hippocampal SST interneurons 

after TBI. 
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Figure 3.4: Reorganization of brain-wide input to hippocampal SST interneurons after TBI. a. Experimental 
design for enhanced iDISCO+ brain clearing and whole-brain light-sheet imaging. b. Linear regression analysis for 
number of starter cells and pre-synaptic input neurons in the whole brain (n = 4 uninjured controls, 5 TBI mice; R2 = 
0.98). c. Schematic coronal sections (250 μm) showing individual rabies-labeled cells registered in standardized atlas 
space for uninjured controls (blue) and brain-injured animals (red). One dot represents one neuron. n = 4 uninjured 
control and 5 TBI animals. d. Gaussian kernel cell density plots showing pooled Euclidian distances of input neurons 
to nearest starter neuron centroid. e. Proportion of input neurons found outside ipsilateral hippocampus (DG, CA3, 
CA2, CA1). Uninjured: 39.6  ± 5.2%, n = 4 mice; TBI: 11.8 ± 2.7 %, n = 5 mice; **P = 1.5E-3; two-tailed t-test. f. 
Proportion of input neurons found in the contralateral hemisphere. Uninjured: 8.4 ± 0.7%, n = 4 mice; TBI: 3.0 ± 0.8 %, 
n = 5 mice; **P = 2.0E-3; two-tailed t-test. g. Gaussian kernel cell density plot of the whole-brain distribution of input 
neurons along the anterior-posterior axis. Grey shading represents the pooled population with individual lines 
representing each animal. h. Proportion of input neurons found in each discrete brain area. ***P < 1.0E-15, uninjured 
versus TBI (CA1), ***P = 2.25E-04, uninjured versus TBI (ENTm), **P = 4.69E-03, uninjured versus TBI (NDB); two-
way repeated-measures ANOVA with Bonferroni’s post-hoc test; n = 4 uninjured and 5 TBI mice. Error bars, s.e.m.; 
scale bars, 1 mm (except deep immunolabeling in a, 100 μm). 
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Figure 3.5: Optimization of enhanced iDISCO+ protocol. a. Timeline of brain clearing and immunolabeling. b. Whole 
mouse brains incubated with purple food coloring overnight after permeabilization with iDISCO+ buffer or 
CHAPS/MDEA buffer for 48 h. c. Unperfused mouse brain drop-fixed in 4% PFA overnight (left) and the same brain 
after 48 h of decolorization in 10% CHAPS/25% MDEA in PBS (right). d. Coronal section of hippocampus labeled for 
AAV helper virus (green) and input neurons (magenta) using standard immunostaining conditions, immunostaining with 
4M guanidine HCl treatment or with 4M guanidine HCl and acetic acid treatment. e. Coronal section of hippocampus 
labeled for AAV helper virus (green) and input neurons (magenta) with standard antibody diluent (left) and diluent 
containing 0.25% CHAPS (right). Scale bar, 1mm (b, c); 100 μm (d, e).  
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Figure 3.6: Protocol for image registration and analysis. a. Raw data were initially converted from .czi to .ims file 
format. For each channel, data were downsampled by a factor of two in each dimension and converted to .npy format. 
561 nm channel data was stitched using WobblyStitcher and exported as a stack of .tif files. For each animal, 
background intensity was measured and subtracted from all images in the stack. Individual cell positions were 
annotated using the graphical interface in cellfinder. 561 nm channel data were then down sampled to 10 μm isotropic 
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resolution and registered to the Allen Reference Atlas. Atlas boundaries were upsampled to the original imaging 
resolution and overlaid over 561 nm channel data. For each image plane containing cells, atlas boundaries were 
manually inspected for accuracy. Registration error was corrected by annotating pairs of points corresponding to region 
boundaries (blue) and the respective atlas location to correct (magenta) to calculate transformation vector length. 
Representative animal from n = 9 uninjured mice. b. Atlas registration at the injury epicenter in a brain injured animal. 
Representative animal from n = 15 TBI mice. Scale bars, 1mm (a, Steps 3, 4 and 6), 100 µm (a, Steps 5, 7-9) and 250 
µm (b).    
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Figure 3.7: Individual animal plots of input to hilar SST interneurons. a, b. Cell counts for each uninjured control 
(a) and brain injured animal (b). Top: whole-brain plots of starter cells and pre-synaptic input neurons annotated in 
standardized atlas space. Middle: histograms showing Euclidian distances at 100 μm bins. Black dots represent 
individual cells registered in standardized atlas space. Shading indicates hippocampal formation (green), pallial regions 
(blue) and hypothalamus (red). Bottom: Schematic coronal sections (250 μm) showing individual rabies-labeled cells 
registered in standardized atlas space. Scale bar, 1 mm 
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Figure 3.8: Input neurons innervating hilar SST interneurons in hippocampus. a. Sagittal sections obtained from 
the ARA indicating brain regions where rabies-labeled cells were found. b. Maximum intensity projections (100μm) of 
neurons in whole brains providing direct input to hilar SST interneurons in the intact and damaged brain. Representative 
animals from n = 4 uninjured controls and 5 TBI mice. Scale bar, 100 μm. 
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Figure 3.9: Retrograde circuit tracing data represented as a convergence index. The number of rabies-labeled 
input neurons in each brain area were divided by the total number of starter cells counted for each animal to derive a 
convergence index for each brain area. Top: Average convergence index for each brain area. Bottom: individual values 
for each animal represented by a heat-map. ***P < 1.00E-15, CA1 (ipsilateral), ***P = 7.19E-04, ENTm (ipsilateral), *P 
= 3.29E-02, NDB (ipsilateral); two-way repeated-measures ANOVA with Bonferroni’s post-hoc test; n = 4 uninjured and 
5 TBI mice. Error bars, s.e.m. 

 

Long-range input is proportionally stable, but local input is not 

The loss of long-range input after TBI could result from a loss of neurons at distant sites or a loss 

of anatomical connections. To test this, and to characterize the neurochemical identities of the 

input to hilar SST interneurons, we developed a method for rehydrating the same brains used for 

light-sheet imaging and processing them for traditional double-immunofluorescence 

immunostaining (Figure 3.10a-c). Because long-range input to hilar SST interneurons arrives 

primarily from basal forebrain and ENTm, we quantified neuron populations in these areas. 

The basal forebrain contains multiple cell types that project long distances via the fimbria/fornix 

pathway to the hippocampus, including cholinergic, glutamatergic and GABAergic neurons (Do et 

al., 2016). In both control and injured animals, the absolute majority of NDB input neurons to hilar 

SST interneurons expressed choline acetyltransferase (CHAT) (control: 67.1 ± 6.8%, n = 3 mice; 

TBI: 79.2 ± 12.5%, n = 4 mice; P = 0.99, Fisher’s exact test; Figure 3.10d, e). This is different from 

inhibitory interneurons in CA1, which primarily receive GABAergic input from the basal forebrain 
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(Sun et al., 2014). We did not find a difference in the density of CHAT+ neurons in NDB between 

control and brain injured animals (Figure 3.10f), suggesting CHAT+ neurons were not reduced 

in the basal forebrain after focal TBI. 

 

Because neurons in NDB and ENTm project directly into the hippocampus, their axons are almost 

surely damaged by TBI. Therefore, we next examined whether the density of cholinergic 

projections in the hippocampus were affected by TBI. In both control and injured animals, there 

was a dense plexus of CHAT+ axonal processes innervating every layer of hippocampus, even 

at the injury epicenter (Figure 3.10g, h). We did not detect a difference in CHAT expression 

between groups (control, ipsilateral: 20.8 ± 1.9%, control, contralateral: 20.8 ± 1.7%, n = 3 mice; 

TBI, ipsilateral: 22.9 ± 0.6%, TBI, contralateral: 22.0 ± 1.2%, n = 4 mice; P = 0.96, two-way 

ANOVA). These results demonstrate the reduction in CHAT+ input neurons was not accompanied 

by a general loss of CHAT+ afferents in the hippocampus after TBI. 

 

This result was unexpected, because a loss of CHAT immunoreactive neurons has been reported 

in basal forebrain of diffuse injury models (Leonard et al., 1994; Schmidt and Grady, 1995). To 

rule out the possibility that cell quantifications were influenced by rabies circuit mapping or brain 

clearing procedures, we examined a second, independent cohort of control and brain injured 

animals that did not undergo these procedures (n = 6 controls, n = 4 TBI animals). In this 

replication experiment, we also found similar numbers of CHAT+ neurons in NDB of age-matched 

control and TBI mice (Figure 3.11). 

 

In both control and brain injured animals, input neurons in ENTm were found almost exclusively 

in layer II (Figure 3.10i). Approximately 90% of these cells co-expressed reelin and had large 

multipolar stellate cell morphologies (control: 86.8 ± 0.34%, n = 3 mice; TBI: 95.2 ± 4.8%, n = 3 

mice; P = 0.99, Fisher’s exact test; Figure 3.10j). These results are consistent with prior studies 
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showing that reelin-expressing stellate cells in ENTm give rise to the main associational 

glutamatergic pathway known as the perforant path that projects to the dentate gyrus, CA3 and 

CA2 regions of hippocampus (Steward and Scoville 1976; Pesold et al., 1998; Varga et al., 2010). 

We did not find a difference in the density of reelin+ neurons in ENTm between control and brain 

injured animals (Figure 3.10k), similar to our results in basal forebrain. Together, our results 

demonstrate there is a reduction in the amount of input to hilar SST interneurons from both of the 

major distant brain regions innervating dentate gyrus after focal TBI, but these distant areas 

remain structurally intact. 
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Figure 3.10: Distant brain regions remain structurally intact. a. Schematic showing the experimental protocol for 
reverse brain clearing and immunolabeling. b. Two rabies-labeled input neurons (red) identified in a sagittal optical 
section of NDB in an intact control brain. Representative animal from n = 3 uninjured controls. 50 μm maximum intensity 
projection obtained by whole-brain light-sheet imaging. c. Sagittal section containing the same input neurons (magenta) 
labeled for CHAT (green) after processing for traditional immunostaining and confocal imaging. Representative animal 
from n = 3 uninjured controls. Arrow indicates co-labeled cell. d. NDB of uninjured control (left) and brain-injured animal 
(right) labeled for CHAT (green). Representative animals from n = 3 uninjured and 4 TBI mice. e. Proportion of mCherry+ 
rabies-labeled input neurons that expressed CHAT. f. Quantification of CHAT+ neuron density in ipsilateral and 
contralateral NDB in uninjured controls and brain-injured animals. n = 3 uninjured and 5 TBI animals. g. Sagittal section 
of dentate gyrus in uninjured control (left) and brain injured animal (right) labeled for CHAT (green) and DAPI (blue). 
Representative animals from n = 3 uninjured and 4 TBI mice. h, hilus; gcl, granule cell layer; ml, molecular layer. h. 
Quantification of CHAT+ axon density in ipsilateral and contralateral dentate gyrus in uninjured controls and brain-
injured animals. n = 3 uninjured and 4 TBI animals. i. ENTm of uninjured control (left) and brain-injured animal (right) 
labeled for reelin (green) and mCherry (magenta). Representative animals from n = 3 uninjured and 5 TBI animals. j. 
Proportion of mCherry+ rabies-labeled input neurons that expressed reelin. k. Quantification of reelin+ cell density in 
ipsilateral and contralateral ENTm. n = 3 uninjured and 5 TBI animals. Error bars, s.e.m.; scale bars, 100 μm. 

 

 

Figure 3.11: Replication of CHAT immunostaining with conventional immunostaining in a separate cohort of 
animals. a. Coronal sections of NDB labeled for CHAT in an uninjured control and a brain injured animal. Scale bar, 
100 μm. b. Quantification of CHAT+ cell density. Error bars, s.e.m.   

 

Input from CA1 increased more than 10-fold after TBI. To identify which CA1 neuron types provide 

input to hilar SST interneurons, we assessed the laminar position of CA1 input neurons in the 

same reverse-cleared tissue (Figure 3.12). In controls, ~65% of CA1 input neurons were 
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positioned in the pyramidal cell layer. These neurons had morphological features of pyramidal 

neurons and expressed WFS1, a marker of CA1 pyramidal neurons (Figure 3.12a). A smaller 

portion of CA1 input neurons were found outside the pyramidal layer and did not express WFS1; 

these are putative interneurons. In brain injured animals, there was a significant increase in the 

proportion of input neurons positioned in the pyramidal cell layer (control: 64.5 ± 14.0%, n = 3 

mice; TBI: 92.1 ± 5.1%, n = 4 mice; P = 1.29E-07, Chi-square test; Figure 3.12b). Robust 

projections from these neurons could be clearly seen entering dentate gyrus (Figure 3.12a). 

Therefore, there is an increase in local CA1 input to hilar SST interneurons after TBI, and CA1 

pyramidal neurons are the primary source of this new input. 

 

Figure 3.12: Identification of CA1 input neurons. a. CA1 in uninjured control (top) and brain injured animal (bottom) 
labeled for rabies (blue) and WFS1 (red). Representative animals from n = 3 uninjured and 4 TBI mice. so, stratum 
oriens; sp, stratum pyramidale; sr, stratum radiatum; ml, molecular layer; gcl, granule cell layer. b. Proportion of input 
neurons found in each layer of CA1. ***P = 1.29E-07, uninjured versus TBI, two-sided Chi-squared test. n = 45 cells 
from 3 uninjured controls, 183 cells from 4 TBI mice. Scale bars, 100 μm. 

 
 

Whole-brain connectivity is reorganized in PFC 

Having observed dramatic brain-wide reorganization of hippocampal SST interneuron circuitry, 

we next asked whether the input to SST neurons was also rewired far away from the injury. The 

PFC is a critical higher-order limbic site that is central to memory retrieval and decision making 
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and receives a highly diverse pattern of inputs spanning the entire brain, including direct input 

from hippocampus (Le Merre et al., 2021). At 24 hrs after injury, fluoro-jade C staining revealed 

degenerating neurons in the hippocampus and neocortex at the injury epicenter, but no labeled 

cells were detected at distant sites, such as PFC, entorhinal cortex, basal forebrain or thalamus 

(Figure 3.13). This result is nearly identical to previous reports in this model (Hall et al., 2008). 

We also did not find a difference in SST+ neuron density in PFC eight weeks after TBI (Figure 

3.14). These results are consistent with producing a highly focal contusive brain injury. 

 

To generate whole-brain maps of the input to SST interneurons in PFC, we used the same two-

virus rabies-based approach to label dual-color starter cells and mCherry-labeled input neurons 

in SST-Cre mice (Figure 3.15a, b). For these studies, PFC was defined as including the following 

subregions based on a consensus drawn from the literature (Le Merre et al., 2021): secondary 

motor area (MOs), anterior cingulate areas dorsal and ventral (ACAd and ACAv), prelimbic area 

(PL), infralimbic area (ILA), orbital cortex medial, lateral and ventrolateral (ORBm, ORBl, and 

ORBvl). Injections were made into the ipsilateral hemisphere (that is, the injured side of the brain). 

We found 96.5% of the GFP-labeled neurons were SST+, and no neurons were labeled anywhere 

in the brain after injecting AAV8-hSyn-FLEX-TVA-P2A-eGFP-2A-oG helper and RVΔG-mCherry 

virus into Cre- animals (Figure 3.16). In both control and brain-injured animals, starter cells were 

almost exclusively located inside the PFC (Figure 3.15c-f). Regional distributions of the starter 

cells were similar to what has previously been published for PFC (Ährlund-Richter et al., 2019), 

and no differences were detected between groups in the dorsal-ventral location of the starter 

neurons (Figure 3.15d) or layer distribution (Figure 3.15e), indicating there was no major bias in 

the location of the starter cells. As expected, there was a correlation between the number of input 

neurons and starter neurons, but unlike hippocampus, the number of starter neurons were not 

reduced in brain-injured animals (control: n = 283.6 ± 69.5 cells; TBI: n = 178.8 ± 18.2 cells, 

P = 0.2, two-tailed t-test, n = 5 animals per group; Figure 3.15g). 
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Figure 3.13: TBI produces highly focal neurodegeneration. Coronal sections through dorsal hippocampus (HC), 
prefrontal cortex, entorhinal cortex (ENT) and diagonal band nucleus (NDB) labeled for fluoro-jade C 24 h after TBI. 
Representative animal from n = 3 TBI mice. Scale bar, 500 μm. 
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Figure 3.14: SST interneurons are not reduced in PFC after TBI. a, b. Coronal section 8 wks after TBI labeled for 
SST-GFP (green) and DAPI (magenta). Representative animals from n = 5 TBI mice. c. Quantification of SST-GFP 
interneurons in uninjured and brain injured animals. n = 6 uninjured controls and 5 TBI mice. Error bars, s.e.m.; scale 
bars, 1 mm (a), 100 µm (b). 
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Figure 3.15: Distribution of starter neurons in PFC. a. Left: Whole brain cleared using iDISCO+ and labeled for 
neurons providing input to PFC SST interneurons (white). Right: 100 μm sagittal optical section of the same brain 
showing rabies-labeled input neurons at the injection site. b. Boxed region shown in (a) labeled for starter cells (blue) 
and input neurons (red). c. Schematic coronal sections (100 μm) showing individual starter cells registered in 
standardized atlas space for uninjured controls and brain injured animals. Each color corresponds to a different animal. 
One dot represents one neuron. n = 5 animals per group. d. Gaussian kernel cell density plots of the whole-brain 
distribution of starter neurons along the dorsal-ventral axis. Grey shading represents the pooled population with 
individual lines representing each animal. e. Regional distribution of starter cells in uninjured controls and brain injured 
animals. f. Proportion of starter cells identified within PFC (PL, ACAd, ACAv, MOs, ORBm, ORBvl, ILA). g. Linear 
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regression analysis for number of starter cells and pre-synaptic input neurons (n = 5 mice per group; R2 = 0.95). Scale 
bars, 1 mm (a and c), 500 μm (b).  
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Figure 3.16: Virus specificity in PFC. a, b. Coronal section of a control animal labeled for AAV-GFP helper virus 
(green), SST (magenta) or DAPI (blue) 3 wks after AAV injection into PFC. c. Proportion of GFP+ cells that express 
SST. d. Serial coronal sections every 300 µm through the entire brain of an adult SST-Cre-negative mouse labeled for 
AAV helper virus (green) and rabies (magenta). e. High magnification image of the injection site in PFC of the same 
SST-Cre-negative mouse shown in d. Scale bars, 1 mm (a, d), 100 µm (b, e).  

 

Next, we quantified the input to SST interneurons in PFC. Whole-brain retrograde tracing revealed 

input from 178 distinct brain regions (Figures 3.17a, 3.18, 3.19). The majority of input was 

detected within the isocortex, especially in the ipsilateral hemisphere, followed by thalamus, 
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hippocampus, and pallidum. These results are comparable to previous retrograde tracing results 

in control animals (Ährlund-Richter et al., 2019; Sun et al., 2019). Within isocortex, PFC 

subregions provided the most prominent input; the agranular insular area and hippocampus area 

CA1 also provided prominent input. Analysis of the probability of input along the AP axis showed 

significant increases in the percentage of input neurons between 3.2 and 3.4 mm at the level of 

PFC in brain-injured animals (uninjured: 9.14 ± 1.14%, TBI: 12.06 ± 1.41%, P = 4.82E-03; two-way 

repeated measures ANOVA with Bonferroni’s post hoc test). Along the medial-lateral (ML) axis, 

we detected significantly higher proportion of input neurons between 0.2 and 0.5 mm lateral to 

midline in the ipsilateral hemisphere (5.9–6.0 mm, uninjured: 8.37 ± 1.38%, TBI: 11.38 ± 1.69%, 

P = 9.09E-07; 6.0–6.1 mm, uninjured: 10.20 ± 1.12%, TBI: 13.35 ± 0.81%, P = 2.08E-07; 6.1–

6.2 mm, uninjured: 8.94 ± 0.61%, TBI: 11.90 ± 1.24%, P = 1.68E-06; two-way repeated-measures 

ANOVA with Bonferroni’s post-hoc test), and a significantly lower proportion of input neurons were 

found between 0.4 and 0.5 mm lateral to midline in the contralateral hemisphere (5.2 to 5.3 mm, 

uninjured: 3.22 ± 0.34%, TBI: 1.35 ± 0.32%, P = 3.51E-02; two-way repeated-measures ANOVA 

with Bonferroni’s post-hoc test; Figure 3.17b). There was a significant decrease in the overall 

percentage of contralateral input to SST interneurons after TBI (Figure 3.17c), similar to what we 

observed in the hippocampus. However, no differences were detected in the mean distance of 

input neurons to the starter cell centroid (Figure 3.17d) or the overall percentage of input neurons 

located outside ipsilateral PFC (Figure 3.17e). 

 

Input neurons were initially grouped according to large functional divisions, i.e. isocortex, olfactory 

areas, hippocampal formation, cortical subplate, striatum, pallidum, thalamus, hypothalamus, 

midbrain and hindbrain. In brain injured animals, we found that SST interneurons in PFC received 

significantly greater percentage of total input from the ipsilateral isocortex as compared to 

controls, but the percentage of input neurons in the contralateral isocortex and ipsilateral thalamus 

were both reduced (Figure 3.17f). In thalamus, anterior thalamic nuclei (ATN) and the ventral 
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group of dorsal thalamus (VENT) showed a significantly lower proportion of input neurons after 

TBI (Figure 3.17g). Whole-brain analysis of the input neurons in all discrete brain areas revealed 

that six of the seven areas with altered input after TBI were in the isocortex (Figure 3.17h). 

Notably, not all PFC regions in the ipsilateral hemisphere had a significantly higher proportion of 

input neurons; input from ACAd and ORBvl were both significantly reduced after TBI. The 

proportion of input from contralateral PL was also reduced after TBI. Similar results were obtained 

by analyzing the convergence index for each animal (Figure 3.20). This pattern of enhanced local 

connectivity and reduced long-range input is similar to what we observed in brain injured 

hippocampus, suggesting that even in brain regions very far away from the injury site, the 

topographic organization of inhibitory neurons is dramatically rewired after a focal brain injury. 
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Figure 3.17: Input to SST interneurons in PFC is reorganized after TBI. a. Schematic coronal sections (100 μm) 
showing individual input neurons registered in standardized atlas space for uninjured controls (blue) and brain injured 
animals (red). One dot represents one neuron. n = 5 animals per group. b. Gaussian kernel cell density plots of the 
whole-brain distribution of input neurons along the anterior-posterior (AP) and medial-lateral (ML) axis. Grey shading 
represents the pooled population with individual lines representing each animal. Bregma, 5.3 mm; midline, 5.7 mm. c. 
Proportion of input neurons found in contralateral hemisphere. Uninjured: 14.00  ± 1.02%; TBI: 8.22 ± 0.98%; n = 5 mice 
per group; **P = 3.41E-03; two-tailed t-test. d. Quantification of average Euclidian distance between starter cell centroid 
and input neuron positions. n = 5 animals per group. e. Proportion of input neurons found outside ipsilateral PFC. n = 
5 animals per group. f. Proportion of total input arising from high-level brain regions. ***P = 2.84E-06, uninjured versus 
TBI (IsoCTX, contralateral), ***P = 4.46E-10, uninjured versus TBI (IsoCTX, ipsilateral), ***P = 4.12E-05, uninjured 
versus TBI (TH, ipsilateral); n = 5 mice per group; two-way repeated measures ANOVA with Bonferroni’s post hoc test. 
g. Proportion of total presynaptic input arising from thalamic areas. ***P = 1.16E-11, uninjured versus TBI (ATN, 
ipsilateral), *P = 4.46E-02, uninjured versus TBI (VENT, ipsilateral); n = 5 mice per group; two-way repeated measures 
ANOVA with Bonferroni’s post hoc test. h. Heatmap showing the proportion of input neurons identified in all discrete 
brain regions innervating PFC. ***P = 1.00E-15, uninjured versus TBI (ACAd, ipsilateral), ***P = 1.00E-15, uninjured 
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versus TBI (ILA, ipsilateral), ***P = 1.00E-15, uninjured versus TBI (ORBm, ipsilateral), *P = 1.25E-02, uninjured versus 
TBI (ORBvl, ipsilateral), ***P = 1.00E-15, uninjured versus TBI (PL, ipsilateral), ***P = 1.18E-04, uninjured versus TBI 
(PL, contralateral), ***P = 1.07E-05, uninjured versus TBI (AM, ipsilateral); n = 5 mice per group; two-way repeated 
measures ANOVA with Bonferroni’s post-hoc test. Error bars, s.e.m.; scale bar, 1 mm.  

 

 

Figure 3.18: Individual animal plots of input to PFC SST interneurons. a, b. Cell counts for each uninjured control 
(a) and brain injured animal (b). Top: whole-brain plots of starter cells and pre-synaptic input neurons annotated in 



77 
 

standardized atlas space. Middle: histograms showing Euclidian distances at 100 μm bins. Black dots represent 
individual cells registered in standardized atlas space. Bottom: Schematic coronal sections (250 μm) showing individual 
rabies-labeled cells registered in standardized atlas space. Scale bar, 1 mm.  
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Figure 3.19: Input neurons innervating PFC SST interneurons. Maximum intensity projections (100 μm) of neurons 
providing direct input to PFC SST interneurons in the intact and damaged brain. Representative animal from n = 5 
animals per group. Scale bar, 100 μm. 
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Figure 3.20: Retrograde circuit tracing data in PFC represented as a convergence index. Heatmap showing 
convergence index for all 178 discrete brain areas providing input to SST interneurons in PFC. ***P = 4.17E-4, uninjured 
versus TBI (ACAd, ipsilateral), ***P < 1.00E-15, uninjured versus TBI (ILA, ipsilateral), ***P < 1.00E-15, uninjured versus 
TBI (ORBm, ipsilateral), ***P < 1.00E-15, uninjured versus TBI (PL, ipsilateral), ***P = 1.73E-04, uninjured versus TBI 
(AM, ipsilateral). Each box represents one animal.  

 

Transplanted SST interneurons establish orthotopic brain-wide connections 

Grafts of embryonic-derived interneuron progenitors enable robust restoration of inhibition and 

are therapeutic in a wide range of acquired brain disorders, including epilepsy (Hunt et al., 2013), 

Alzheimer’s disease (Martinez-Losa et al., 2018) and TBI (Zhu et al., 2019). However, the circuit 

basis for this regeneration is unknown. Therefore, we tested whether interneuron progenitors are 

capable of establishing appropriate local and long-range connections in a damaged brain. For 

this purpose, we harvested GABA progenitors from the medial ganglionic eminence (MGE), the 

developmental origin of nearly all SST-expressing cortical interneurons (Pelkey et al., 2017). 
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Then, 7 days after TBI, we transplanted 3 × 104 MGE cells into the ipsilateral hippocampus of 

C57BL/6 J mice at the injury epicenter. This corresponds to the period of maximal deafferentation 

after TBI (Scheff et al., 2005). We first examined grafts of SST interneurons harvested from E13.5 

SST-Cre donor mice crossed with Ai6 reporter to allow for their visualization after transplantation. 

At 35 days after transplantation (DAT), transplanted interneurons were found throughout 

hippocampal subfields (n  =  3 animals) (Figures 3.21a-b, 3.22). The majority of Ai6-labeled cells 

expressed SST (83 ± 2.1%, Figure 3.21c), confirming selective Cre expression in the SST 

population of transplanted MGE cells. 
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Figure 3.21: Transplanted SST interneurons integrate into brain-injured hippocampus. a. Left: Coronal section 
of dorsal hippocampus five weeks after transplantation labeled for Ai6-expressing transplanted interneurons (yellow) 
and DAPI (blue). Representative animal from n = 3 mice. Scale bar, 1 mm. Right: Ai6-expressing neurons (yellow) co-
labeled for somatostatin (magenta). Scale bar, 100 μm. b. Distribution of transplanted SST interneurons 35 DAT, n = 3 
mice. c. Proportion of Ai6-expressing cells that expressed somatostatin, n = 3 mice. Error bars, s.e.m.  
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Figure 3.22: Distribution of transplanted MGE-SST cells. Coronal sections spaced 300 μm apart showing the 
distribution of SST::Ai6-expressing interneurons 35 DAT into a mouse with TBI. Representative animal from n = 3 mice. 
Scale bar, 250 μm. 

 

Next, we performed whole-brain mapping to identify local and long-range inputs to transplanted 

SST interneurons in the injured brain. For these experiments, donor cells were obtained from 

SST-Cre+ embryos that did not contain the Ai6 reporter. Transplants were performed 7 days after 

TBI, virus injections were made into the hippocampus at 8 weeks (AAV8-hSyn-FLEX-TVA-P2A-

eGFP-2A-oG) and 11 weeks (RVΔG-mCherry) after injury, and animals were processed for brain 

clearing and analysis 7 days after the final virus injection. This period corresponds to a time when 

MGE transplantation shows robust therapeutic effects on memory and seizures in brain injured 

animals (Zhu et al., 2019). We found substantial numbers of input neurons across the brain 

labeled by rabies virus (Figure 3.23a-c). Notably, input neurons were identified in 14 distinct brain 

areas, including all regions of the hippocampus, ENTm, ENTl, medial septum and NDB (Figures 

3.23c-f, 3.24). The majority of input came from the hippocampus, including robust input from area 

CA3 and CA1. This pattern of local input was similar to what we observed in brain injured animals 

that did not receive transplants rather than controls (Figure 3.25). To determine whether regional 
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inputs co-vary, we calculated Pearson’s correlation coefficients for each pair of input regions. This 

showed a significant positive correlation between several input regions including CA1, CA2, 

magnocellular nucleus (MA), prosubiculum (ProS), subiculum (SUB), and perirhinal cortex 

(PERI), indicating that when transplanted neurons receive input from one region, they generally 

received input from the other correlated regions (Figure 3.23g). Thus, transplanted SST 

interneurons received orthotopic input patterns, but transplanted cells showed enhanced local 

input seen after TBI. 
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Figure 3.23: Transplanted SST interneurons receive local and long-range input. a. A 100 μm sagittal optical 
section of dentate gyrus labeled for transplanted cells (blue) and input neurons (orange). White arrows, starter cells. h, 
hilus; gcl, granule cell layer; ml, molecular layer. b. Left: whole-brain render of the entire ipsilateral hemisphere of the 
same animal shown in (a) labeled for input neurons (white). Dotted circle outlines the injury border overlying 
hippocampus (HIP). Right: Whole-brain render showing input neurons in superior central nucleus raphae (CS), medial 
septum (MS), and diagonal band nucleus (NDB). Representative animal from n = 5 mice. c. Schematic coronal sections 
(250 μm) showing individual starter cells (red) and input neurons (blue) registered in standardized atlas space. One 
dot represents one neuron. n = 5 animals. d. Maximum intensity projections (100 μm) of neurons providing input to 
transplanted SST interneurons in the intact injured brain. Representative animals from n = 5 mice. e. Top: proportion of 
transplanted starter cells found in each layer of hippocampus. Bottom: bubble plot of brain areas containing rabies-
labeled input neurons. f. Gaussian kernel cell density plot of the whole-brain distribution of input neurons along the 
anterior-posterior axis. Grey shading represents the pooled population with individual lines representing each animal. 
g. Correlation matrix of input to transplanted SST interneurons. Size and color, correlation coefficient. *P < 0.05; two-
sided Pearson’s correlation. Scale bars, 100 μm (a, g), 1 mm (b, c).  
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Figure 3.24: Individual animal plots of input to transplanted SST interneurons. Top: whole-brain plots of starter 
cells and pre-synaptic input neurons annotated in standardized atlas space. Bottom: histograms showing Euclidian 
distances at 100 μm bins. Black dots represent individual cells registered in standardized atlas space. Shading indicates 
hippocampal formation (green), pallial regions (blue) and hypothalamus (red). 
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Figure 3.25: Input to transplanted interneurons. a. Proportion of input neurons to transplanted SST interneurons 
found in each discrete brain area. n = 4 MGE-SST mice. b. Quantification of average Euclidian distance between 
transplanted starter cell centroid and input neuron positions. Uninjured: 2214.1 ± 169.9 μm, TBI: 1012.4 ± 136.7 μm, 
MGE-SST: 865.0 ± 125.9 μm; ***P = 3.07E-04, uninjured versus TBI; ***P = 1.13E-04, uninjured versus MGE-SST; P 
= 7.35E-01, TBI versus MGE-SST; one-way ANOVA with Tukey’s post-hoc test, n = 4 uninjured, 5 TBI, and 5 MGE-SST 
mice. c. Proportion of input neurons found in contralateral hemisphere. Uninjured: 8.4 ± 0.7 %, TBI: 3.0 ± 0.8 %, MGE-
SST: 3.0 ± 0.8 %; **P = 1.83E-03, uninjured versus TBI; **P = 1.91E-03, uninjured versus MGE-SST, P = 9.99E-01, 
TBI versus MGE-SST; one-way ANOVA with Tukey’s post-hoc test, n = 4 uninjured, 5 TBI, and 5 MGE-SST mice. d. 
Proportion of input neurons found outside hippocampus. Uninjured: 39.6 ± 5.2 %, TBI: 11.8 ± 2.8 %, MGE-SST: 4.6 ± 
1.1%; **P = 2.0E-04, uninjured versus TBI; ***P = 2.45E-05, uninjured versus MGE-SST; P = 0.25, TBI versus MGE-
SST; one-way ANOVA with Tukey’s post-hoc test, n = 4 uninjured, 5 TBI, and 5 MGE-SST mice. e. Uniform Manifold 
Approximation and Projection (UMAP) clustering by % input neurons. Error bars, s.e.m.  

 
 
Discussion 

Using a mouse model of focal TBI, we report a systematic assessment of large-scale circuit 

reorganization in a damaged brain. We mapped the brain-wide input to a single cell type with high 

therapeutic relevance, SST interneurons, in uninjured controls, after brain injury and after 
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transplantation into brain-injured animals. Our data demonstrate that surviving SST interneurons 

gain new local input after TBI, but they are largely disconnected from distant brain regions. This 

occurred at two spatially distinct but interacting brain areas: the injury site in the hippocampus 

and far away from the injury in PFC, which was not directly damaged by TBI. Our observation of 

circuit reorganization far away from the injury was unexpected, because PFC was not directly 

damaged by TBI and results from silver staining experiments suggest interhemisphere projections 

do not degenerate (Hall et al., 2008). Thus, post-traumatic circuit rewiring is not restricted only to 

damaged areas, but occurs broadly throughout the brain in response to focal injury. We further 

show that the diminished long-range connections did not result from cell loss in distant brain areas 

or a general reduction in axon collaterals projecting into the damaged hippocampus. Transplanted 

SST interneurons integrated robustly into brain-injured hippocampus and received local and long-

range host input that resembled the connections of native-born interneurons. This is consistent 

with previous ex vivo functional studies documenting robust excitatory drive onto transplanted 

interneurons from the host brain (Hunt et al., 2013; Zhu et al., 2019; Larimer et al., 2016), although 

the source of these inputs was previously unknown. 

 

TBI produces major structural and functional alterations in neural circuitry, resulting from 

progressive brain damage and secondary neuroplasticity responses, which develop over time 

(Povlishock and Katz, 2005; Hunt et al., 2013a). Until recently, our understanding of how TBI 

damages the brain’s wiring diagram has been limited to standard neuroanatomy and slice 

electrophysiology approaches. These studies show principal neurons undergo initial 

deafferentation after TBI, possibly due to loss of input neurons (Povlishock and Katz, 2005; Hunt 

et al., 2013a; Scheff et al., 2005; Ribak and Reiffenstein 1982). This is followed by a progressive 

increase in the number of synaptic contacts and the formation of new excitatory circuits within 

injured areas of the brain (Hunt et al., 2013a; Purpura and Housepian, 1961; Santhakumar et al., 

2000; Kharatishvili et al., 2006; Kharatishvili et al., 2007; Hunt et al., 2009, 2010). Excitatory drive 
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onto hippocampal SST interneurons, which normally receive sparse input from local principal 

neurons, is also increased after brain injury (Hunt et al., 2011). However, slice recordings are 

limited to resolving functional connections of a few neurons within local circuits, because they are 

surgically isolated from long-range afferent input. By comprehensively mapping brain-wide inputs 

to SST interneurons at cellular resolution, we found a significant enhancement of local input 

neurons to hilar SST interneurons after TBI, in agreement with prior slice electrophysiology 

studies. We additionally identified previously unknown sources of input in controls, such as a 

back-projection pathway from CA1 to hilar SST interneurons which is enhanced after TBI. 

Notably, CA1 interneurons are also capable of projecting to dentate gyrus in temporal lobe 

epilepsy models (Peng et al., 2013), but these cells primarily innervate granule cells. 

 

Previous functional connectivity studies assume that TBI shifts the brain away from a small-world 

architecture, defined as densely connected local networks linked by sparse long-range input that 

connects discrete brain areas (Sharp et al., 2014). In line with this concept, interhemispheric 

resting-state fMRI connectivity is reduced after TBI (Marquez de de la Plata et al., 2011), possibly 

a result of diffuse axonal injury (Sharp et al., 2014), and there is a temporary increase in hyper-

connectivity of local networks that generally weakens over time (Harris et al., 2016). While these 

methods are useful for general hypotheses about brain connectivity, they are unable to identify a 

precise structural basis for circuit dysfunction in TBI and are likely disproportionately influenced 

by excitatory neurons. Our circuit mapping data are not entirely consistent with this idea at the 

cell type level. In both hippocampus and PFC, we found the most prominent sources of long-

range input to SST interneurons, including input from the contralateral hemisphere, were 

diminished after focal TBI, but local connections are chronically increased. Thus, TBI may 

permanently enhance small worldness of inhibitory circuits by increasing local network 

connections and making long-range input more sparse. There is support for this idea from human 

functional connectivity studies (Nakamura et al., 2009). 
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There is obvious axon damage after CCI (Hall et al., 2008), and this likely affects long-range input 

to the hippocampus. We cannot exclude the possibility that some of the structural reorganization 

we observed after TBI is influenced by damage to white matter tracts. However, axon damage 

alone cannot fully explain the long-range circuit changes we observed in brain-injured animals. In 

hippocampus, we found ~4-fold reduction in long-range input to SST interneurons that was not 

accompanied by cell loss in distant brain regions or their projections in the hippocampus (e.g., 

CHAT+ afferents). This suggests input regions are not disconnected from SST interneurons by a 

general loss of input neurons or axotomy. Rather, inputs may be added or removed in a cell-type-

specific manner. It is possible that long-range afferents are selectively damaged by CCI but 

remain otherwise intact. For example, it is well known that TBI disrupts axonal transport 

mechanisms (Johnson et al., 2013), and this could disproportionately affect retrograde transport 

of rabies into long-range pre-synaptic input neurons. However, our finding that transplanted 

interneurons are capable of establishing long-distance connections at all suggests that the 

potential for re-growing these diminished inputs was retained in all brain-injured animals. We 

found similar increases in local input and decreases in long-range input to SST interneurons in 

PFC. Unlike hippocampus, these projections are not directly damaged and do not degenerate 

after CCI (Hall et al., 2008). Of particular interest is the anteromedial thalamus, which was the 

only thalamic area with altered input neurons after TBI. Anterior thalamus (ATN, comprised of 

anteromedial, anteroventral and anterodorsal subdivisions) provides a subcortical circuit 

supporting memory and spatial navigation (Jankowski et al., 2013), behaviors that are profoundly 

affected in rodent models of TBI. It is possible that excessive activity in damaged hippocampus 

could lead to downstream changes in PFC (e.g., via the hippocampus-ATN-PFC circuit). 

Alternatively, seizures are well documented in this injury model and could lead to circuit 

reorganization across the entire brain. Nevertheless, our results suggest that focal TBI leads to 
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widespread remapping of inputs to SST interneurons across the brain regardless of whether there 

was direct injury or cell loss. 

 

With far fewer inhibitory neurons in the damaged hippocampus, TBI puts extraordinary demands 

on surviving interneurons. There are three physiological features of SST interneurons that might 

explain why a loss of long-range input could reflect a compensatory response to damage. First, 

SST interneurons receive strongly facilitating excitatory synaptic input and have other membrane 

properties that allow these cells to be activated by a high-frequency burst from just one pre-

synaptic neuron (Kapfer et al., 2007; Silberberg and Markram, 2007). In hippocampus, gaining 

input from local principal neurons and losing ENTm input may help stabilize local network activity 

after TBI (Cholvin et al., 2021). Second, muscarinic-mediated depolarization can produce 

prolonged spiking in SST interneurons (Kawaguchi, 1997). Given the rich local innervations after 

TBI, the loss of CHAT input from basal forebrain could reflect a strategy to balance the excitatory 

drive to this important cell type in the injured brain. Third, even a single dendrite-targeting 

interneuron can control spike generation in cortical principal neurons (Larkum et al., 1999). Thus, 

a shift from feed-forward to feedback inhibition to dendrites – through the loss of long-range input 

and enhanced local back-projections – may reflect a potential strategy to gate input integration 

and maintain the sparse activation of dentate granule cells that enables memory and prevents 

seizures (Kahn et al., 2019; Pignatelli et al., 2019). Alternatively, increased local input may 

synchronize SST interneurons, support patterns of pathological activity or impede the 

coordination between discrete brain areas. Further work combining in vivo neurophysiology with 

selective manipulation of hippocampal cell types will be required to clarify these possibilities. 

 

The ability of transplanted SST interneurons to incorporate structurally into the damaged 

hippocampus was striking given the dramatic reorganization of inhibitory circuits across the 

injured brain. Although host-donor cell connectivity has been broadly documented (Doerr et al., 
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2017; Tornero et al., 2017), the precise anatomical input to individual neuron types has not. Cell-

type specificity is an important consideration, especially for understanding the circuit basis of 

disease. Despite massive reactive plasticity in the damaged brain, we found that transplanted 

interneurons receive highly orthotopic input that is cell-type-specific rather than region-specific. 

We propose that the beneficial effects of interneuron transplantation seen in various preclinical 

disease models are driven by the precise integration of interneuron precursors into host brain 

circuits. This view is supported by a large body of evidence reporting the general structure and 

function of transplanted interneurons closely resemble their native-born counterparts (Hunt et al., 

2013a, Zhu et al., 2019; Larimer et al., 2016; Alvarez-Dolado et al., 2006; Braz et al., 2012; Etlin 

et al., 2016) as well as recent DREADD-inactivation and VGAT loss-of-function studies 

demonstrating that therapeutic effects are linked to the electrophysiological integration of the 

transplanted interneurons (Zhu et al., 2019; Priya et al., 2019). An alternate view suggests 

interneuron precursors form only weak contacts with the host brain (Southwell et al., 2010) and 

work indirectly by releasing rejuvenation factors that modify host brain circuits (Zheng et al., 

2021). Yet detailed electrophysiological studies consistently report strong synaptic connections 

(Zhu et al., 2019; Larimer et al., 2016; Hsieh and Baraban, 2017; Howard and Baraban, 2016) 

and direct evidence for a circuit rejuvenator remains to be identified. In the current study, we were 

unable to directly test synaptic connections among transplanted interneurons, because it was not 

possible to distinguish starter cells from AAV-labeled SST neurons that received rabies via 

retrograde transport. However, the large majority of local input neurons were putative principal 

neurons, not inhibitory neurons (based on morphology and laminar location). This is consistent 

with a robust literature on MGE transplantation using EM ultrastructural analysis, neuroanatomy, 

and patch-clamp electrophysiology that demonstrates most synaptic connections are with 

principal cells of the host brain (Zhu et al., 2019; Larimer et al., 2016; Alvarez-Dolado et al., 2006; 

Southwell et al., 2010; Zheng et al., 2021; Hsieh and Baraban, 2017; Howard and Baraban, 2016; 

Baraban et al., 2009). 
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The pattern of synaptic circuit rewiring after TBI is complex. Our results suggest that focal brain 

damage reorganizes inhibitory circuits on a global scale. We expect this experimental approach 

will serve as a useful framework for considering whole-brain analyses of network dysfunction in 

TBI and related brain disorders.  
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CHAPTER FOUR 

Brain injury degrades the precision of hippocampal spatial representations 

 

Abstract 

Traumatic brain injury (TBI) disrupts spatial memory, but the circuit mechanisms are unknown. 

Here we used in vivo endoscopic calcium imaging to record CA1 activity dynamics in freely 

behaving mice with TBI. Spontaneous CA1 neuron activity was broadly preserved three months 

after brain injury. However, chronic TBI reorganizes hippocampal spatial representations by 

increasing the fraction of spatially unresponsive neurons, broadening place fields among spatially 

tuned neurons and diminishing the persistence of spatial representations across sessions. These 

circuit alterations are accompanied by impaired discrimination of a novel spatial environment. 

Thus, TBI reorganizes the cellular structure and precision of hippocampal spatial representations 

despite preserved overall CA1 activity, revealing a dissociation between neuronal activity and 

network function that may underlie persistent cognitive dysfunction. 

 

Introduction 

The hippocampus generates dynamic representations of space that are essential for navigation 

and memory. In CA1, pyramidal neurons fire selectively at specific locations within an 

environment, collectively forming a neural representation of space whose precision and stability 

depend on coordinated interactions across local and long-range circuits (O’Keefe and Dostrovsky, 

1971; O’Keefe, 1976; Bittner et al., 2015). Entorhinal inputs provide major excitatory drive into 

hippocampus, while local inhibitory circuits regulate network excitability and constrain the spatial 

tuning of CA1 neurons (Klausberger et al., 2003; Solstad et al., 2006; Brun et al., 2008; Geiller et 

al., 2022; Zutshi et al., 2022). Disruption of these circuits can alter the precision, information 
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content or stability of spatial representations in hippocampus (Morris et al., 1982; Calton et al., 

2003; Hales et al., 2014; Bittner et al., 2015; Udakis et al., 2025). 

 

Traumatic brain injury (TBI) produces extensive and persistent remodeling of hippocampal 

circuitry, including loss of inhibition, fewer entorhinal inputs and increased local excitatory 

connectivity (Toth et al., 1997; Santhakumar et al., 2000; Hunt et al., 2009, 2011; Frankowski et 

al., 2022). Electrophysiological studies have provided preliminary evidence of altered task-related 

hippocampal coding after TBI (Eakin and Miller, 2012; Broussard et al., 2020), but how 

hippocampal spatial representations are organized once chronic circuit remodeling has emerged 

is unknown. Work in other neurodegenerative disorders affecting hippocampus, such as epilepsy 

and Alzheimer’s disease models, has applied more classic paradigms and shown that circuit 

remodeling can degrade spatial coding (Liu et al., 2003; Cacucci et al., 2008; Mably et al., 2017; 

Jun et al., 2020; Shuman et al., 2020). This raises the question of whether chronic TBI reshapes 

how the hippocampus represents space. 

 

Here, we used longitudinal endoscopic calcium imaging to examine CA1 neuronal activity and 

spatial representations in freely behaving mice three months after TBI. We first characterized 

spontaneous neuronal activity, then assessed the recruitment, spatial precision and persistence 

of CA1 place cell representations during a linear track task. Finally, we tested the behavioral 

consequences of these circuit changes using a spatial novelty discrimination task. We find that 

chronic TBI leaves overall CA1 neuronal activity broadly preserved but disrupts its organization 

into spatial representations, with reduced place cell recruitment, broader place fields and 

diminished persistence across sessions. These circuit changes are accompanied by impaired 

discrimination of novel spatial environments. Together, these results identify degradation of 

hippocampal network precision as a circuit correlate of cognitive dysfunction after TBI. 
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Methods 

Experimental model 

All animal procedures were approved by the Institutional Animal Care and Use Committee of 

University of California Irvine and performed in accordance with National Institutes of Health 

Guidelines for the Care and Use of Laboratory Animals. Experiments were performed in adult 

homozygous Camk2a-Cre mice (JAX Stock No. 005359) of both sexes maintained under 

standard housing conditions on a 12 h light/dark cycle with food and water available ad libitum 

until food restriction was initiated for linear track training. 

 

Brain injury 

Controlled cortical impact (CCI) was performed in male and female mice at postnatal day 60–65 

as previously described (Frankowski et al., 2022). Briefly, mice were anesthetized with 2% 

isoflurane and secured in a custom stereotaxic frame. Following a midline scalp incision, a 4–5 

mm craniotomy was made approximately 1 mm lateral to the sagittal suture and centered between 

bregma and lambda. The skull cap was removed with fine forceps without disrupting the 

underlying dura. CCI was delivered to the neocortex using a computer-controlled, pneumatically 

driven impactor fitted with a 3 mm diameter beveled stainless-steel tip (Precision Systems and 

Instrumentation, TBI-0310) at a depth of 1.0 mm, velocity of 3.5 m/s, and dwell time of 500 ms. 

The incision was sutured without replacing the skull cap, which was retained for subsequent lens 

implantation. Animals recovered on a heating pad. Buprenorphine hydrochloride (Buprenex; 0.05 

mg/kg, intraperitoneally) was administered at the time of surgery and 12 h later. 

 

Virus injection 

AAV1-syn-FLEX-jGCAMP8m-WPRE (Addgene, plasmid no. 162378; 1.0 × 10^13 genome 

copies/mL) was diluted 1:10 in sterile PBS immediately before injection. Virus was loaded into 

beveled glass micropipettes (50μm tip diameter; Wiretrol 5 μm, Drummond Scientific), and 100 
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nL was injected at ~15 nL/min. The micropipette was left in place for 10 min before withdrawal. 

Viral injections targeting dorsal CA1 were performed 5–8 weeks after CCI. Injection coordinates 

were established in preliminary experiments to optimize targeting of dorsal CA1 and to determine 

viral titer and injection volume for pyramidal cell specificity (Figure 4.1). Coordinates for control 

mice were anteroposterior (AP) −2.1 mm, mediolateral (ML) 1.5 mm, and dorsoventral (DV) −1.2 

mm; coordinates for CCI mice were AP −1.9 mm, ML 1.5 mm, and DV −0.65 mm. 

 

GRIN lens implantation 

Three weeks after viral injection, a ~1 mm craniotomy was made above the injection site. In CCI 

mice, the skull cap was replaced at this time. Cortical tissue was carefully aspirated using 27- and 

30-gauge blunt needles connected to a vacuum pump until the alveus overlying CA1 was visible. 

Cold sterile saline was continuously applied during aspiration. Surgifoam (Ethicon) was used to 

control bleeding and establish a clear optical window. A GRIN lens (1 mm diameter, 4 mm length; 

Inscopix, 1050-004595) was slowly lowered to the target region using a stereotaxic arm (DV −1.2 

mm for control mice; −0.85 mm for brain injured mice to account for hippocampal herniation). The 

lens was secured to the skull using cyanoacrylate glue and dental cement. Kwik-Sil (World 

Precision Instruments) was applied to the exposed lens surface to protect the optical interface. 

One week later, mice were briefly anesthetized with isoflurane and a miniscope mounted on a 

baseplate was positioned over the GRIN lens. The miniscope was adjusted to identify an optimal 

field of view (FOV) containing in-focus jGCaMP8m-expressing cells. The baseplate was secured 

using cyanoacrylate glue and dental cement. The miniscope was removed and replaced with a 

protective plastic cap between recording sessions. 

 

Linear track 

One week after lens implantation, mice were food restricted to approximately 85% of their initial 

body weight. Body weight and general health were monitored daily, and food was provided if signs 
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of fatigue or distress were observed. Mice were handled for at least 5 min/day for 2 weeks before 

behavioral testing. To habituate mice to the weight of the miniscope, a dummy scope 

(OpenEphys, OEPS-7409) was worn for progressively increasing periods beginning 1 week 

before experiments, until mice could comfortably tolerate the scope for 15 min/day. The linear 

track consisted of a 200 × 6 × 12 cm white acrylic track with black visual cues on the walls (Figure 

4.2). Room illumination was maintained at 20 lux. Before each recording session, the miniscope 

was attached to the baseplate and the FOV was confirmed. Home-cage recordings were obtained 

on the first day of linear track training immediately before the first track session. Mice were placed 

at one end of the track and trained to run back and forth for a food reward (sugar pellet; Bio-Serv, 

F0023) after completion of each lap. Each imaging session consisted of at least 15 laps, with four 

sessions per day separated by 10 min home-cage rest periods. Training was conducted for 7 

days, and data from day 7 were used for spatial analyses. The track was cleaned with 70% 

ethanol between trials. 

 

Calcium imaging 

Calcium imaging was performed using UCLA Miniscope v4 systems (http://miniscope.org) 

connected to a data acquisition system through a flexible coaxial cable (OpenEphys, OEPS-

5503). The acquisition system was connected to a computer through USB 3.0 (Figure 4.3). The 

focal plane and excitation intensity were adjusted before each recording session. Miniscope 

acquisition was controlled using a Bonsai workflow (Lopes et al., 2015), and images were 

acquired at 20 frames/s. 

 

Position and speed tracking 

Behavior was recorded using an overhead camera (acA2040-90um, Basler) at 30 frames/s and 

synchronized to miniscope imaging frames using hardware timestamps in a custom Bonsai 

workflow (Figure 4.3). The animal's position was tracked offline using the miniscope-mounted 
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LED and DeepLabCut (Mathis et al., 2018). Tracking output was visually inspected, and 

erroneous coordinates were corrected manually. Position data were smoothed using a Gaussian 

filter (σ = 150 ms), and running speed was calculated from the smoothed position data. 

 

Calcium imaging pre-processing 

Calcium imaging data were processed using MIN1PIPE for background subtraction, motion 

correction, calcium trace extraction, and spatial footprint extraction (Lu et al., 2018). Calcium 

events were inferred from fluorescence traces using MLspike (Deneux et al., 2016) and converted 

to firing rates. Traces with high noise levels (σ > 0.1; σ defined as the root-mean-square of 

fluorescence signals between 3 and 20 Hz) were excluded. Mice in which >30% of extracted cells 

were excluded were removed from subsequent analyses (Figure 4.4). Spatial footprints 

generated by MIN1PIPE were used to register cells across sessions using CellReg (Sheintuch et 

al., 2017). Automated cell extraction, spike inference, and cell registration were manually 

inspected for accuracy. 

 

Place cell analysis 

For linear track analyses, only periods during which mice were running >5 cm/s were included. 

Rightward and leftward traversals were analyzed separately. Position was divided into 2 cm 

spatial bins, and firing rate was calculated for each bin as the number of inferred calcium events 

divided by occupancy time. Rate maps were smoothed using a Gaussian kernel (σ = 2 cm). 

Spatial information was calculated for each neuron using the method of Skaggs et al. (1993): 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =  � 𝑝𝑝𝑖𝑖
𝑖𝑖

𝜆𝜆𝑖𝑖
𝜆𝜆

log2
𝜆𝜆𝑖𝑖
𝜆𝜆

 

where λi is the mean firing rate in spatial bin i, λ is the overall mean firing rate, and pi is the 

probability of occupancy of spatial bin i. 
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Place cells were identified using a circular-shuffling procedure (Diehl et al., 2017). For each cell, 

spike times were circularly shifted by a single randomly selected temporal offset, thereby 

dissociating spike timing from animal position while preserving the temporal structure of the spike 

train. Spike times exceeding the session duration were wrapped to the beginning of the session. 

Spatial information was calculated for 1,000 shuffled datasets per cell. A neuron was classified 

as a potential place cell when its observed spatial information exceeded the 95th percentile of its 

shuffled distribution. Place fields were further defined as contiguous regions ≥12 cm and ≤70 cm 

in length in which firing rate exceeded 20% of the peak firing rate. Cells with a peak firing rate <1 

Hz were excluded from place field analysis. Recorded neurons were considered to be a place cell 

if they met the following criteria: i) information score ≥ 95th percentile, ii) place field size ≥12 cm 

and ≤ 70 cm, and iii) peak firing rate > 1Hz. Within-session spatial stability was assessed by 

calculating the Pearson correlation coefficient between rate maps generated from odd and even 

numbered laps. 

 

Y-maze 

Novelty discrimination was assessed using a three-arm Y-maze (Panlab, LE847) consisting of 

three identical enclosed arms (30 × 6 × 15 cm) arranged at 120° angles. Visual cues were 

positioned above and outside the maze. Room illumination was maintained at 20 lux. The maze 

orientation and entry arm were held constant across trials, while the identities of the familiar and 

novel arms were counterbalanced across animals. The test consisted of two trials separated by 

60 min. During the exposure trial, mice were placed at the end of the entry arm and allowed to 

explore for 10 min with one arm inaccessible. Mice were then returned to their home-cage for 60 

min. During the test trial, all three arms were accessible and mice were allowed to explore for 5 

min. The maze was cleaned with 70% ethanol between trials. Behavior was recorded by video 

and tracked using DeepLabCut. Time spent in each arm was quantified using custom Python 

scripts. Novelty discrimination was quantified as a discrimination index (DI): DI 
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= [tnovel – tentry]/[tnovel + tentry] × 100) or DI = [tnovel – tfamiliar]/[tnovel +  tfamiliar] × 100) where t represents 

time spent in the indicated arm. Total distance traveled and mean running speed were calculated 

from smoothed x,y coordinates using a Gaussian filter (σ = 150 ms). 

 

Immunohistochemistry 

Mice were transcardially perfused with 0.1 M PBS followed by 4% paraformaldehyde (PFA) in 0.1 

M PBS, and brains were post-fixed overnight in 4% PFA. Coronal sections (50 μm, 300 µm apart) 

were prepared using a vibratome and processed using standard immunohistochemical 

procedures (Tierno et al., 2026). Primary antibodies included chicken anti-GFP (1:1,000; Aves, 

GFP1020; RRID: AB_10000240) and rabbit anti-WFS1 (1:1,000; Proteintech, 11558-1-AP; RRID: 

AB_2216046). Secondary antibodies were Alexa Fluor 488-conjugated goat anti-chicken IgG 

(Invitrogen, A11039; RRID: AB_2534096) and Alexa Fluor 647-conjugated goat anti-rabbit IgG 

(Invitrogen, A21244; RRID: AB_2535812), both at 1:1,000. Sections were mounted on charged 

slides with Fluoromount-G containing DAPI. Images were acquired using a Leica DM6 

microscope at 5 to 20x with LAS X software and quantified using FIJI (ImageJ). Brightness and 

contrast were adjusted manually in FIJI (ImageJ) and applied uniformly across each image. For 

cell count quantification, all jGCaMP8m-expressing cells were quantified in three consecutive 

brain sections 300 µm apart through the injection site in CA1 per animal. 

 

Quantification and Statistical Analysis  

Statistical analyses were performed using GraphPad Prism 11, Python 3.13.5 (SciPy 1.15.3), or 

MATLAB (MathWorks). Boxplots were generated using a seaborn boxplot function where boxes 

represent the interquartile range (IQR), the median indicated by a horizontal line; whiskers extend 

to the most extreme values within 1.5 × IQR, and individual points beyond this range are shown 

as outliers. Statistical tests included two-tailed Student's t-tests, two-way repeated-measures 

ANOVA with Sidak or Tukey post hoc tests, Mann-Whitney U tests with Bonferroni correction, and 
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Fisher's exact test with Bonferroni correction. Data are presented as mean ± SEM unless 

otherwise indicated, and significance was set at P < 0.05. 

 

 

Figure 4.1: Verification of CA1 targeting and cell type specificity of jGCaMP8m expression. A. Representative 
coronal section from a control mouse following ink injection into the CA1 region. Yellow arrows indicate the needle track 
and injection site. B. Representative coronal section from a brain injured mouse following ink injection into the CA1 
region. Yellow arrow indicates the injection site. Scale bars, 500 μm. 

 

 

Figure 4.2: Track layout and running speed. A. Linear track apparatus and environmental cues. Mice ran between 
the two ends of the track, with running direction defined as rightward or leftward. B, C. Speed (cm/s) during rightward 
(closed circles) and leftward (open circles) running across four sessions in control (B) and brain injured (C) mice. P 
values indicate rightward versus leftward running within each session (control: session 1, P = 0.02; session 2, P = 5E-
03; session 3, P = 8E-03; session 4, P = 0.02; brain injury: session 1, P = 1E-03; session 2, P = 0.02; session 3, P = 
8E-03; session 4, P = 0.06; two-way repeated measures ANOVA with Tukey's post hoc test; n = 8 control and 6 brain 
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injured mice). D. Mean running speed across sessions for control and brain injured mice during rightward (left) and 
leftward (right) running. Data points represent individual mice. Error bars, SEM. 

 

 

Figure 4.3: Pipeline for calcium signal extraction and analysis from miniscope recordings. A. Overview of the 
calcium imaging and analysis pipeline. Miniscope recordings were acquired using a UCLA Miniscope and synchronized 
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with behavioral video using a custom Bonsai workflow. Calcium imaging videos were processed using MIN1PIPE for 
background subtraction, movement correction, neural extraction, and neuron identification. Calcium traces were then 
processed using MLspike for spike estimation, including autocalibration of single spike amplitude and decay parameters 
followed by estimation of spike events across the full trace. Trace alignment was manually verified and corrected for 
each neuron and mouse. For longitudinal linear track recordings, neurons were registered across sessions using 
CellReg, and registered neuron identities were used for downstream analyses. B. Miniscope recording and 
synchronization setup. Left, connections between the computer, behavior camera, data acquisition device, and 
miniscope. Right, Bonsai workflow used for real-time synchronization of behavioral and calcium imaging recordings. 
Outputs include miniscope video (.avi), behavioral video (.avi), and aligned frame timestamps (.csv). 

 

 

 

Figure 4.4: Field of view (FOV) and calcium traces from all recorded mice. A. Miniscope FOVs from all recorded 
mice following calcium signal extraction with MIN1PIPE. Individual neuronal contours are outlined in red. Red boxes 
indicate mice excluded from analysis because >30% of extracted neurons had high noise (σ > 0.1). Numbers indicate 
the total number of identified neurons, with the number included in subsequent analyses shown in parentheses. B. 
Calcium traces from all neurons identified in one representative control mouse during the home-cage recording. Red 
circles indicate neurons excluded from analysis based on the noise criterion. Scale bar, 100 μm. 
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Results 

CA1 activity is preserved after brain injury 

To determine whether chronic brain injury alters baseline CA1 network activity, we performed 

unilateral CCI over the somatosensory cortex of Camk2a-Cre mice at P60. Five weeks later, 

jGCaMP8m was expressed in dorsal CA1 of control and brain injured littermates, followed by 

implantation of GRIN lenses for one-photon in vivo calcium imaging (Figure 4.5A–C). jGCaMP8m 

expression was largely restricted to WFS1-positive CA1 pyramidal neurons in both groups 

(Figure 4.5A,B). Imaging was initiated 10-13 weeks after injury, and high quality neurons 

identified within the miniscope FOV were retained for analysis (Figure 4.5D,E). The number of 

identified neurons was reduced in brain injured mice compared with controls (control: 192 ± 12; 

brain injury: 118 ± 11 cells; P = 4.87E-04, two-tailed t-test), possibly related to loss of CA1 neurons 

after brain injury (Saatman et al., 2006), whereas the proportion of identified cells meeting quality 

criteria for analysis was comparable between groups (control: 84 ± 2%; brain injury: 82 ± 3%; P 

= 0.48, Fisher’s exact test). 

 

We then quantified CA1 neuronal activity during home-cage exploration using spike inference 

from calcium traces (Figure 4.5F). Calcium event frequency did not differ between control and 

brain injured mice, either overall or when analyzed by sex (Figure 4.5K,L). Home-cage behavior 

was also comparable between groups, including movement trajectories, total distance traveled 

and average speed (Figure 4.5G–J). Thus, despite a reduction in the number of neurons detected 

within the imaging FOV after injury, baseline CA1 neuron activity and locomotor behavior were 

broadly preserved during the chronic phase of TBI. 
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Figure 4.5: CA1 activity is preserved after brain injury. A. Representative images of CA1 from control and brain 
injured Camk2a-Cre mice expressing FLEX-jGCaMP8m (blue) and immunolabeled for WFS1 (red). B. Quantification 
of jGCaMP8m-expressing neurons co-labeled with WFS1 in control (top) and brain injured (bottom) mice. C. 
Experimental timeline for in vivo calcium imaging. D. Representative steps in calcium signal processing using 
MIN1PIPE. Left, raw miniscope FOV; middle, neural enhanced image; right, identified neuronal contours (red). E. 
Number of neurons identified in the miniscope FOV in control and brain injured mice (control, 192 ± 12 cells, n = 11 
mice; brain injury, 118 ± 11 cells, n = 6 mice; P = 4.87E-04, two-tailed t-test). The percentage of identified neurons 
included in subsequent analyses is indicated within each bar; exclusion criteria are described in Figure 4.4. F. 
Representative home-cage recordings from control and brain injured mice. Top, locomotor speed; red dashed line 
indicates mean speed during the recording session. Middle, calcium traces from 25 representative neurons. Bottom, 
representative calcium trace and inferred spike events (red) from the neuron indicated by the red marker above. G. 
Representative home-cage trajectories from control and brain injured mice. H. Distance traveled over consecutive 1 
min intervals during the recording session. Lines and symbols indicate group means; individual mouse values are 
shown in gray. I. Total distance traveled during the recording session. J. Mean locomotor speed. K. Mean CA1 calcium 
event frequency per mouse. L. Mean calcium event frequency separated by sex. Data are mean ± SEM. Scale bars, 
50 μm (A) and 100 μm (D). SO, stratum oriens; SP, stratum pyramidale; SR, stratum radiatum. 

 

Brain injury reduces the precision of CA1 spatial activity 

Next, we asked whether chronic brain injury alters the organization of spatially responsive CA1 

neurons. Mice were trained to run back and forth on a 2 m linear track for 7 days, with four 

sessions per day (Figure 4.6A). By day 7, both groups were able to complete at least 15 laps 

within a 10 min session (Figure 4.6B,C). Running speed did not differ between control and brain 
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injured mice across sessions, although both groups consistently ran faster in the leftward direction 

(Figure 4.2). Calcium traces were extracted and aligned to the animal’s position and running 

direction. Spatially tuned neurons were identified in both groups and during both running 

directions, including neurons with directionally selective or bidirectional place fields as well as 

neurons without spatially tuned activity (Figures 4.6D–G, 4.7). Because place cell activity is 

directionally organized in one-dimensional environments (Muller et al., 1994), rightward and 

leftward running were analyzed independently. Place cells were identified using a single-cell, 

shuffle-based spatial information criterion (Skaggs et al., 1993; Diehl et al., 2017), with neurons 

classified as place cells when their spatial information exceeded the 95th percentile of their 

shuffled distribution (Figure 4.6H), field size was 12 – 70 cm and peak firing rate > 1Hz. 

 

Although brain injured mice retained neurons that met place cell criteria, a significantly greater 

proportion of neurons never qualified as a place cell across the four imaging sessions, while fewer 

neurons were repeatedly classified as place cells (Figure 4.6I,J). This reduction in place cell 

recruitment was evident during both running directions. Thus, chronic brain injury reduces the 

population of CA1 neurons that participates in spatial representations across repeated 

experience. 

 

We next examined the properties of neurons that did form place fields. Place fields were modestly 

but consistently broader in brain injured mice during both rightward and leftward running (Figure 

4.6K). In contrast, spatial information was preserved among place cells and did not differ between 

groups (Figure 4.6L). Within-session stability was also preserved during rightward running and 

was modestly increased in brain injured mice during leftward running (Figure 4.6M). Stability 

increased with repeated exposure to the track in both groups and running directions (Figure 

4.8A,B), and peak and mean firing rates of place cells were comparable between groups (Figure 

4.8C,D). Thus, brain injury does not abolish the spatial activity of established place cells. Rather, 
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neurons that form place fields exhibit broader spatial tuning despite preserved spatial information 

and within-session stability. 

 

Nonspatial neurons in brain injured mice had lower firing rates than controls during both running 

directions, and their within-session stability was also reduced (Figure 4.8E-H). This suggests 

neurons that failed to meet place cell criteria are not simply inactive; they exhibited reduced and 

less stable activity after injury. Together with the reduced recruitment of neurons into place cell 

populations, our findings indicate that chronic brain injury alters the cellular organization of 

hippocampal spatial activity, with fewer neurons participating in spatial representations, broader 

spatial tuning among recruited neurons, and reduced activity and stability among neurons that 

remain nonspatial. 
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Figure 4.6: Chronic brain injury alters the recruitment and spatial precision of CA1 representations. A. 
Experimental design for the linear track task. B. Representative running trajectories and speed profiles from control 
and brain injured mice. C. Time per lap across experimental days. Gray lines indicate individual mice and colored 
symbols indicate group means. D, F. Representative calcium traces during rightward and leftward running from control 
(D) and brain injured (F) mice. E, G. Representative rightward, leftward, bidirectional, and nonspatial cells from control 
(E) and brain injured (G) mice. Gray trajectories indicate position and red dots indicate inferred calcium events; spatial 
firing rate maps, spatial information (SI), and peak event frequency are shown for each running direction. H. Example 
shuffled SI distribution used for place cell classification. I. Distribution of SI percentiles for all cells during one session; 
the 95th percentile threshold and proportion of place cells are indicated. J. Percentage of cells classified as place cells 
according to the number of sessions in which they met place cell criteria. Run right: P = 1.11E-06, 3.2E-04, and 6.27E-
03 for 0, 2 and 4 sessions; run left: P = 6.9E-05 for 0 sessions; Fisher's exact test with Bonferroni correction. K. Place 
field width. Run right, P = 2.72E-04; run left, P = 4.29E-05. L. Mean SI per group. M. Within-session stability. Run left, 
P = 2.28E-05. Mann–Whitney U test for K–M. n = 1,205 cells from 8 control mice and 455 cells from 6 brain injured 
mice for K–M; n = 1,506 cells from 8 control mice and 654 cells from 6 brain injured mice for J. Box plots show median 
and interquartile range (IQR), with whiskers extending to 1.5 × IQR. 
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Figure 4.7: Firing rate maps of CA1 neurons. A. Spatial firing rate maps for all cells recorded across four linear track 
sessions during rightward and leftward running in control and brain injured mice. Maps are ordered by peak firing rate 
for each running direction (n = 6,024 cells from 8 control mice; n = 2,616 cells from 6 brain injured mice). B. Spatial 
firing rate maps for place cells recorded across four sessions during rightward and leftward running. Maps are ordered 
by peak firing rate (n = 3,078 rightward and 2,972 leftward place cells from 8 control mice; n = 1,074 rightward and 
1,166 leftward place cells from 6 brain injured mice). Firing rates are normalized to the maximum firing rate of each 
cell.  
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Figure 4.8: Place cell stability, firing rates and nonspatial cell properties. A. Within-session stability of place cells 
during rightward running as a function of the number of sessions in which cells were classified as place cells (left) and 
by session number (right) in control and brain injured mice (session 3, P = 0.02; Mann–Whitney U test with Bonferroni 
correction). B. Same as A for leftward running (session 1, P = 0.04; session 2, P = 0.016; session 4, P = 7.3E-05; 
Mann–Whitney U test with Bonferroni correction). For A, B, n = 3,078 rightward place cells from 8 control mice and 
1,074 from 6 brain injured mice; n = 2,972 leftward place cells from 8 control mice and 1,166 from 6 brain injured mice. 
Violin plots show the distribution of stability values; white lines indicate medians and boxes indicate interquartile ranges 
(IQR). C. Peak firing rates of place cells during rightward and leftward running. D. Mean firing rates of place cells during 
rightward and leftward running. For C, D, n = 1,205 cells from 8 control mice and 455 cells from 6 brain injured mice. 
E. Spatial information of nonspatial cells, defined as cells that were not classified as place cells in any session, during 
rightward and leftward running (leftward, P = 1.55E-02). F. Within-session stability of nonspatial cells (rightward, P = 
5.52E-06; leftward, P = 6.41E-04). G. Peak firing rate of nonspatial cells (rightward, P = 4.45E-04; leftward, P = 3.36E-
07). H. Mean firing rate of nonspatial cells (rightward, P = 1.82E-04). Mann–Whitney U test was used for E–H. For 
nonspatial cells, n = 301 control and 199 brain injured cells for rightward running and 320 control and 197 brain injured 
cells for leftward running. Box plots show median, IQR, and whiskers extending to 1.5 × IQR. 

 

 

Brain injury impairs spatial novelty discrimination 

To determine whether altered organization of CA1 spatial activity was accompanied by impaired 

spatial memory, we tested the same mice in a Y-maze novelty discrimination task (Figure 4.9A). 

Mice were initially restricted to two arms of the maze and, following a 1 h rest period in the home-

cage, were allowed to explore all three arms. During the test phase, control mice preferentially 

explored the novel arm, spending more time there than brain injured mice, which showed no 

preference among the three arms (Figure 4.9B). To quantify novelty discrimination, we calculated 

discrimination indices comparing time spent in the novel arm with time spent in either the entry or 

familiar arm (Figure 4.9C). Control mice exhibited significantly greater discrimination indices for 

both comparisons than brain injured mice, consistent with increased preference for the novel arm. 

These differences were not attributable to altered locomotor behavior, as total distance traveled 

and running speed were comparable between groups (Figure 4.9D,E). Thus, chronic brain injury 

impairs discrimination of a novel spatial environment despite preserved locomotor performance. 
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Figure 4.9: Novelty discrimination is impaired after brain injury. A. Representative tracking plots from control (left) 
and brain injured (right) mice during the test phase of the Y-maze task. B. Time spent in the novel arm during the test 
phase in control and brain injured mice (control, 131.4 ± 18.6 s; Brain injury, 83.4 ± 8.6 s; *P = 0.04, two-tailed t-test). 
C. Discrimination index for the novel arm relative to the entry arm (left) or familiar arm (right) (novel vs. entry: control, 
18.8 ± 10.9; brain injury, −9.7 ± 4.1; P = 0.04; novel vs. familiar: control, 20.5 ± 10.2; brain injury, −16.1 ± 9.8; P = 0.02; 
two-tailed t-test, n = 8 control and 6 brain injured mice). D. Total distance traveled during the test phase in control and 
brain injured mice (control, 1663 ± 187.9 cm; brain injury, 1862 ± 106.7 cm). E. Mean locomotor speed during the test 
phase (control, 5.5 ± 0.6 cm/s; brain injury, 6.2 ± 0.4 cm/s). Data are mean ± SEM. 

 

Discussion 

TBI produces substantial remodeling of hippocampal excitatory and inhibitory networks, with 

changes predicted to alter CA1 excitability in opposing directions. Loss of inhibition and the 

emergence of aberrant recurrent glutamatergic circuits could promote elevated excitability (Toth 

et al., 1997; Santhakumar et al., 2000; Hunt et al., 2009, 2011), whereas overall synapse loss 

and reductions in long-range afferent inputs could constrain neuronal activity (Scheff et al., 2005; 

Frankowski et al., 2022). Despite these competing influences, we found CA1 firing was broadly 

preserved three months after injury, a finding that has been consistently reported in models of 

TBI (Eakin and Miller, 2012; Koch et al., 2020; Ulyanova et al., 2023; Adam et al., 2026). Thus, 

post-traumatic circuit remodeling does not produce a simple change in the overall level of CA1 

activity or excitation–inhibition balance, but rather alters how that activity is organized across 

neuronal populations. The spatial representation of the environment provides a particularly clear 

example of this reorganization. TBI increases the fraction of neurons that remain spatially 
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unresponsive, broadens the place fields of neurons that do form spatial representations and alters 

the activity and stability of the nonspatial population. 

 

Despite these changes, several properties of established place cell representations remain intact. 

Spatial information and within-session stability were preserved among neurons that formed place 

fields, indicating that chronic TBI does not abolish the capacity of CA1 neurons to encode space. 

This may represent a degree of functional compensation that preserves fundamental hippocampal 

processing without restoring the fidelity required for normal memory. Several features of post-

traumatic circuit remodeling could contribute to this incomplete compensation. Local inhibition 

constrains the formation and spatial tuning of CA1 place fields (Royer et al., 2012; Dudok et al., 

2021; Geiller et al., 2022) and is prominently disrupted after TBI (Hunt et al., 2011; Ulyanova et 

al., 2023), potentially broadening spatial tuning and impairing the recruitment of neurons into 

spatial representations. TBI also disrupts long-range inputs from entorhinal cortex (Frankowski et 

al., 2022), which could reduce the spatial information available to CA1. Consistent with this 

possibility, disruption of medial entorhinal input produces broader and less precise CA1 place 

fields (Hales et al., 2014). The reduced firing and stability of nonspatial neurons further suggest 

that altered inhibitory or afferent inputs may affect both the formation of spatial representations 

and the precision of established place fields. Intriguingly, transplantation of inhibitory neurons into 

the hippocampus improves memory after TBI (Zhu et al., 2019), while transplanted neurons also 

receive new entorhinal inputs (Frankowski et al., 2022), providing evidence that restoration of 

local inhibition and afferent connectivity may improve hippocampal function after TBI. At the same 

time, post-traumatic circuit remodeling may carry pathological consequences, as loss of inhibition, 

enhanced excitatory connectivity and aberrant recurrent circuit formation can promote network 

hyperexcitability and post-traumatic epilepsy (Hunt et al., 2009). Although epilepsy was not 

assessed in this study, no seizures were observed during experimentation. 
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The spatial phenotype we observed after chronic TBI also differs from epilepsy and Alzheimer’s 

disease models. In epilepsy, place cell representations show reductions in the number of spatially 

tuned neurons, spatial information and stability, with pronounced disruption of the temporal 

organization of place cell firing (Liu et al., 2003; Shuman et al., 2020). Alzheimer’s disease models 

similarly exhibit reduced recruitment and spatial information without a change in field size (Mably 

et al., 2017; Jun et al., 2020). Thus, whereas these models show a broader degradation of 

established spatial representations, chronic TBI produces a more selective reorganization of the 

cellular composition and spatial tuning of CA1 representations. These differences may reflect the 

more restricted spatial extent of CCI pathology compared with the widespread CNS pathology 

produced by status epilepticus or the distributed cortical–hippocampal pathology of Alzheimer’s 

disease models. Although CCI can induce secondary circuit remodeling beyond the primary lesion 

(Holden et al., 2019; Frankowski et al., 2022), the relative preservation of spatial representations 

may reflect this more focal pattern of injury. Thus, chronic post-traumatic remodeling may 

preserve fundamental aspects of hippocampal network function while compromising the fidelity 

with which they are implemented. 

 

Together, our findings support a model in which TBI preserves overall CA1 activity while 

reorganizing the cellular and spatial structure of hippocampal representations. This dissociation 

between neuronal activity and network function provides a circuit-level framework for 

understanding how persistent post-traumatic remodeling can preserve basic hippocampal activity 

while compromising the precision required for spatial memory. 
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CONCLUSIONS 

Traumatic brain injury initiates a cascade of cellular and circuit-level changes that extend far 

beyond the tissue directly damaged by the initial mechanical insult. Structural consequences of 

injury have been extensively characterized in a variety of animal and injury models; yet, less is 

understood about how neural circuits respond to injury, both in early and late phases of injury. 

Moreover, how these responses ultimately alter the computation required for higher-order 

cognition is not well understood. The three studies presented in this dissertation address this 

question by examining 1. neural activity, 2. anatomical connectivity, and 3. hippocampal 

population dynamics, that span the spatial and temporal timescales of injury. Together, these 

findings demonstrate that focal brain injury should not be viewed solely as a localized insult, but 

rather as an event that initiates widespread and persistent changes in the organization and 

function of neural circuits. 

 

Summary of my findings 

Three major findings emerge from my work. First, using the TRAP2 transgenic mouse model, I 

show that shortly after injury there is widespread neuronal activation that extends beyond the glial 

and astrocytic responses. Ai14+ neurons are present mainly on the ipsilateral side of the injury 

across the neocortex, hippocampus, and subcortical regions, with areas of the contralateral 

hippocampus also labeled. Next, I demonstrate that the effects of injury persist chronically at the 

circuit-level. Brain injury results in profound neural reorganization, altering the long-range and 

local connections of inhibitory interneurons in areas directly and not directly damaged by the initial 

insult. Finally, at this chronic timepoint after injury, the precision of hippocampal spatial 

representations are altered, despite relatively normal hippocampal neuron activity. These results 

show the progression of injury, from widespread neuronal activation to circuit reorganization, and 

ultimately a degradation of neural representations associated with cognitive dysfunction.  
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Focal injury has widespread consequences 

Although the initial mechanical insult of CCI is spatially restricted, with the impactor centered over 

a certain brain region, subsequent pathology can extend beyond the lesion and affect 

anatomically connected regions. Neurons within a region of the brain do not act alone; they are 

embedded into networks that can have extensive crosstalk. Therefore, defining the lesion based 

only on structural damage can be misleading and underestimates the full extent of damage. 

Chapter 1 provides evidence for this through the early activation of neuronal populations 

widespread throughout the brain.  

 

The spatial distribution of TRAPed neurons is extensive, both anterior and posterior to the site of 

impact, but also extending into contralateral brain regions. The glial and astrocytic response is 

restricted to the injury site, a response extensively shown in CCI models (Smith et al., 1995; 

Susarla et al., 2014; Frankowski et al., 2019; Zhu et al., 2019). Much of the ipsilateral neocortex 

is labeled by Ai14, extending into the hippocampus and subcortical areas. This dissociation 

between the activation patterns of TRAPed neurons and GFAP/IBA1 labeling suggests that those 

neurons that were initially activated potentially participate in the organization of neural networks 

after injury. An important question raised by these findings is whether widespread neuronal 

activation is restricted to the acute phase of injury or whether this activation sets up circuit 

reorganization mechanism during the chronic phase of injury. Indeed, this acute activation may 

mark sites of future circuit remodeling (Harris et al., 2016). Chapter 2 demonstrates that chronic 

TBI reorganizes brain circuits in a very specific way. Surviving interneurons lose long-range inputs 

and gain local inputs in a cell-type manner, and more importantly, this pattern is present in areas 

not directly damaged by the injury. This establishes that during chronic TBI, the effects of the 

initial insult are not restricted to the area of direct damage. Structurally spared tissue can indeed 

be incorporated into the post-injury circuit in the later stages of TBI. 
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At the functional level, the injured network can retain activity, evident by specific behavioral 

phenotypes that are preserved versus disrupted, as previously described after CCI (Zhu et al., 

2019). However, retention of activity may not always be enough. The hippocampus provides an 

excellent example of this, shown through survival and preservation of normal activity patterns, yet 

not sufficient for precision of the network. Results from Chapter 4 describe that three months after 

injury, hippocampal neurons demonstrate no altered patterns of firing rates at baseline levels in 

home-cage experiments. Yet, when you challenge the network in a task that involves 

computations of space and the surrounding environment, less neurons are able to participate in 

spatial coding, and animals display novelty discrimination deficits. The absence of gross 

abnormalities may not be indicative of a lack of functional deficits. Understanding post-traumatic 

circuit changes requires a comprehensive analysis of not only cell loss or tissue damage, but how 

surviving neurons function and integrate into the injured network.  

 

Early neuronal activation to chronic network rewiring 

The widespread pattern of Ai14+ cells present shortly after TBI may not only represent a transient 

upregulation of IEG, but a potential substrate for subsequent activity-dependent remodeling of 

the network. Circuit remodeling occurs over the course of days to even years after injury but the 

way early responses shape these events is elusive. Cell death, early inflammation, axonal 

degeneration, and synaptic loss contribute to the dynamically changing environment in the brain 

after insult (Hunt et al., 2013a). The findings from Chapter 2 and 3 suggest that neuronal activation 

may link the acute response to injury with the subsequent chronic circuit changes.  

 

Immediate early gene (IEG) expression is often used as a neural correlate for active cell 

populations in an attempt to link brain function to behavior (Guzowski et al, 2005; DeNardo and 

Luo, 2017). Some of the first models to study this were injury or disease models, such as epilepsy 

(Dragunow and Robertson, 1987; Lauterborn et al.,1996), ischemia (Kiessling and Gass, 1993) 
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and brain injury (Dragunow and Robertson, 1988; Raghupathi et al., 1995b). Apart from bring a 

useful marker of activity, many IEGs may play a role regulating synaptic plasticity (Guzowski et 

al., 2000; Chowdhury et al., 2006). This brings into light why certain neurons are TRAPed versus 

not. Although the labeling of neurons through TRAP does not directly mean that these neurons 

are primed for participation in post-traumatic circuits, it does raise the possibility that early post-

traumatic activity might contribute to cellular and synaptic plasticity.  

 

One idea is that the neurons recruited during the time of injury may be a part of an “injury-related 

ensemble.” Their subsequent connectivity and recruitment into the injured circuit may differ from 

those that are not a part of the ensemble. This ensemble might not necessarily be separated into 

labeled versus unlabeled (Ai14+) populations but rather an ensemble that encompasses a 

combination of both. Several possibilities arise from this idea. Neurons labeled at the time of injury 

could be preferentially retained/lost, with their inputs more prone for synaptic remodeling (Scheff 

et al., 2005). Similarly, these neurons might be preferentially incorporated into the recurrent 

circuitry commonly seen after TBI (Hunt et al., 2009, 2011). At the functional level, the injured 

ensemble could be more or less likely to participate in memory representations, such as spatial 

learning and navigation. If these labeled neurons are later recruited, it is possible that their firing 

properties upon reactivation lead to aberrant behaviors. My current set of experiments did not 

directly establish the link between neurons acutely activated after injury and their preferential 

circuit remodeling. However, there is sufficient evidence to suggest that the connectivity of 

surviving neuron populations is highly plastic, even at chronic timepoints after injury. While one 

timepoint was looked at in the current study, it would be interesting to perform a more detailed 

time course of neuronal activation. This could be done by using 4-OHT rather than tamoxifen at 

defined periods covering immediate, early and chronic injury.  
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The reorganization patterns observed in Chapter 3 may be maladaptive or compensatory. Chronic 

injury altered the inputs onto interneurons, both their local and long-range connectivity.  Temporal 

lobe epilepsy can also reorganize inhibitory circuits such that there is increased excitatory drive 

onto these cells and they are capable of projecting to areas they typically do not occupy (Hunt et 

al., 2011; Peng et al., 2013). In TBI, surviving SST interneurons form back-projections from CA1 

to the hilus, a previously unknown input. This increase in local connectivity could be compensatory 

due to the deafferentation caused by TBI (Ribak and Reiffenstein, 1982; Scheff et al., 2005). 

Thus, post-traumatic plasticity may attempt to maintain network activity without restoring the 

original organization of the network.  

 

Chapter 4 demonstrates this preservation of network activity. CA1 neuron firing rates remain 

broadly comparable between control and TBI mice. However, this preservation is accompanied 

by a change in their recruitment during spatial navigation. Brain injured mice display a larger 

proportion of neurons that never qualify as place cells. The post-traumatic remodeling in 

hippocampus fails to preserve the organization necessary for precise spatial representations. This 

means that surviving neural circuits are not simply less active after injury; rather, the information 

encoded by these populations is fundamentally altered. 

 

Preserved neuronal activity does not mean preserved network function 

Neural circuit dysfunction following a brain injury is often associated with hyperexcitability. Higher 

order behaviors, like cognition, require active neurons in addition to precise timing of specific 

inputs across neuronal populations. In that way, using CA1, a well-studied circuit with defined 

inputs and outputs, allows us to study how CA1 neurons change their function, especially during 

spatial tasks. This is where the differences in CA1 function started to emerge. 
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Place cells in the context of injury have been understudied and Chapter 4 attempts to shed light 

as to how CCI affects their dynamics. In a fluid percussion model of injury, the proportion of place 

cells is reduced, along with their information content and stability (Broussard et al., 2020). This 

contrasts with my results which suggest a more subtle phenotype after CCI. Spatial coding 

showed a selective degradation after injury. Place cells exist in similar proportions to uninjured 

controls. Their properties such as spatial information, peak firing rate, mean firing rate and within-

session stability are largely preserved after TBI. CA1 neurons are capable of creating place fields, 

but with broader widths. In addition, a larger proportion of neurons never qualified as place cells 

in the TBI mice. The nonspatial population of neurons is particularly interesting given their reduced 

firing rates and stability scores. These findings raise the possibility that TBI reduces the capacity 

for CA1 to recruit neurons into stable spatial representations, especially across repeated 

experiences. Chronic TBI therefore does not eliminate spatial coding but changes the precision 

with which these populations of neurons represent space. 

 

The fundamental properties of the remaining place cells are retained in the injured mice. Place 

cells in the injured hippocampus carry similar information content and do not differ in their stability 

scores, suggesting that the circuit retains a substantial computational capacity, even at chronic 

time points. However, the reorganized network is not functional enough to reproduce the precision 

and organization of the intact circuit. Together, this suggests that measures of overall activity are 

not enough to view the full extent of circuit dysfunction after TBI. Rather a circuit-level mechanism 

is most likely playing a role in disrupting the organization, specificity and precision by which CA1 

encodes spatial memory. 

 

Circuit mechanisms underlying altered hippocampal spatial representations 

The formation of place fields in CA1 does not rely solely on pyramidal neurons in isolation. Spatial 

tuning reflects the integration of long-range inputs in conjunction with local excitatory and 
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inhibitory inputs (Ahmed and Mehta, 2009). TBI can disrupt the processing of these inputs at a 

circuit-level. A loss of long-range inputs, from entorhinal cortex for example, was observed in hilar 

interneurons and could be a possibility in CA1 pyramidal neurons as well. A sharp decline in 

synapse numbers is present shortly after injury, with a ~70% recovery of synapses compared to 

original levels (Scheff et al., 2005). The location of these inputs is not known but potential 

hypothesis could be that a loss of inhibition is driving at least some of the spatial deficits observed.  

Altered inhibition is a good candidate for why place fields are broadening after TBI. Local inhibition 

constrains when and where CA1 neurons fire, generating robust firing patterns during spatial 

behaviors (Jeong and Singer, 2022). Thus, disrupting the inhibitory organization in the 

hippocampus could potentially reduce the spatial specificity of pyramidal neuron activity. Place 

cells can remain spatially informative while reducing the precision of their spatial tuning. The role 

of inhibition on place cell dynamics has been well documented. Dendritic and somatic inhibition 

play different roles in controlling inhibition; where PV interneurons control spike timing, SST 

interneurons regulate the bursting of place field firing (Royer et al., 2012). Broader place fields 

after injury could also be explained by CA1 interneuron dysfunction. Suppressing the firing of 

inhibitory neurons causes pyramidal cells to fire in areas outside of their original place fields, thus 

suggesting inhibition sharpens the spatial response of CA1 neurons (Grienberger et al., 2017). 

The precise timing of these inhibitory inputs onto CA1 neurons is equally as important (Valero et 

al., 2022) and may be critical in the context of injury where selective loss of inhibitory neurons 

and their circuits is observed (Frankowski et al., 2019).  

 

Another mechanism by which spatial precision and recruitment is disrupted after TBI is the 

potential loss of entorhinal cortex input. Indeed, hilar interneurons have reduced input from the 

entorhinal cortex. We show that the neurons in the entorhinal cortex are still present, yet they are 

contacting less hilar interneurons in injured mice. Although we do not directly show that CA1 

neurons become disconnected from entorhinal cortex, the data suggests that a disruption to this 
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input could produce broader, less precise CA1 place fields. Altered afferent input may influence 

which neurons are recruited for spatial coding of the environments, whereas local inhibition may 

influence the precision which recruited neurons represent space. My experiments did not 

mechanistically test this theory but suggest that a combination of these two hypotheses could be 

at play.  

 

Both excitatory and inhibitory synapses onto pyramidal neurons serve as modulators of firing rates 

and subsequently spatial representations. For example, dendritic and somatic inhibition of CA1 

neurons lead to different types of plasticity that change the way CA3 and entorhinal cortex inputs 

converge (Udakis et al., 2020). Stabilization of place cells is important for remembering a familiar 

environment, but the network must also be flexible to create a different representation in a novel 

environment. The ability to adapt to a changing environment depends on the balance between 

CA3 and entorhinal cortex inputs, allowing for remapping (Udakis et al., 2020). In addition, input 

from the medial septum plays an important role in generating theta rhythms in hippocampus 

(Rawlins et al. 1979; Freund and Antal, 1988; Unal et al., 2015). When this input is silenced, the 

activity of interneurons is significantly reduced in CA1, yet no loss in spatial selectivity of pyramidal 

neurons is observed (Mizumori et al., 1989). Afte injury, we show that hilar interneurons receive 

less medial septal inputs while CA1 neurons retain their firing properties and their ability to create 

spatial representations is preserved. This further suggests that the filtering of inputs is critical in 

creating an accurate cognitive map. The convergence of inputs from the extrahippocampal 

regions and local networks within the hippocampus, excitatory and inhibitory, provide a circuit-

level explanation for how CA1 neuronal activity can remain intact, yet spatial precision is degraded 

following brain injury. 

 

Future directions 
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My results provide evidence for widespread effects of focal brain injury, rewiring of surviving 

circuits, and functional plasticity of hippocampal spatial representations. However, certain 

questions remain that could be expanded upon with further experiments. An experiment that could 

tie together the c-fos expression patterns seen in Chapter 2 with activity, in terms of action 

potentials, would be patch-clamp electrophysiology in regions labeled by Ai14 during the early 

phase of injury. Additionally, because the TRAP technique permanently labels the neurons, the 

possibility of recording firing properties across all injury timepoints is available.  

 

An interesting experiment that brings together the data supporting results from Chapter 2 and 3 

would be to look at whether inhibitory neurons are activated immediately after injury. Observations 

of the morphology and location of Ai14-labeled neurons suggest a small subset of these neurons 

could be inhibitory neurons. Furthermore, TRAP labeling of CA1 neurons at the time of injury and 

later observing their firing properties while mice perform a spatial task would provide a direct link 

between early activation and spatial processing deterioration. This could also answer whether 

cells that are activated early are preferentially recruited to participate in spatial representations 

chronically. 

 

It is unknown whether other interneuron types in the hippocampus are rewired in the same way 

that hilar SST interneurons are after brain injury. Taking advantage of other interneuron Cre-driver 

mouse lines (PV-and VIP-cre, for example) would allow us to test whether different interneuron 

types display similar patterns of circuit reorganization. More specifically, tracing the inputs (and 

outputs) of CA1 interneurons is critical for the understanding of how pyramidal neurons are 

dynamically processing information about space after injury. Furthermore, transplantation of 

interneuron progenitors into the brain has been shown to suppress seizures and improve memory 

(Hunt et al., 2013b; Zhu et al., 2019). We have shown that these interneurons are capable of 
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integrating into the injured brain; thus, we could test whether interneuron transplantation rescues 

the degradation of precise spatial representations in vivo.  

 

Relatedly, in vivo imaging of interneurons would be a good complement to the place cell 

experiments described in Chapter 4. Using the SST-cre mouse line combined with the FLEX-

jGCAMP8m virus, we could look at the activity of inhibitory neurons in the same linear track task. 

This would help us draw better conclusions as to the function of inhibition in the post-traumatic 

hippocampal circuit, given the broadening of place fields and degradation of precision.  

 

The use of miniscopes allowed us to test neuronal activity in freely behaving mice. This opens up 

the possibility for testing other naturalistic behaviors after injury. Given the generalized fear 

response seen in CCI mice (Zhu et al., 2019), recording neuronal activity in both shock and no-

shock contexts would elucidate how these neurons are processing changes in the environment. 

We did not test the remapping ability of CA1 neurons after TBI. In Alzheimer's models, place cells 

display similar patterns of activity when placed in two different linear tracks, demonstrating 

disrupted remapping ability (Jun et al., 2020). Thus, testing TBI mice on a novel linear track would 

allow us to test whether the population of nonspatial cells is recruited in the novel environment. 

Finally, because miniscopes allow longitudinal tracking of the same neuronal populations over 

time, imaging CA1 neurons at an early timepoint could would allow us to observe initial 

deterioration of the spatial code, followed by the progression of precision deterioration. However, 

due to the constraints of the CCI surgery and viral injection and expression, the earliest plausible 

timepoint given our current experimental paradigm would be 3 weeks after injury. 

 

The spatial resolution of one-photon endoscopic imaging is restricted to cell bodies that are within 

200 µm of the GRIN lens. Use of a multi-photon imaging technique in freely behaving mice (Zong 

et al., 2022) would allow further investigation as to how dendritic inputs are integrating in CA1 
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pyramidal neurons. Of particular interest, performing dendritic recordings of CA1 neurons 

following transplantation of interneurons after TBI would capture the integration of interneuron 

inputs in vivo and possibly test whether certain behaviors change CA1 firing properties.  

 

Taken together, the results in this dissertation encompass the temporal and spatial dynamics of 

TBI through varying levels of complexity, from brain-wide to circuit-level mapping and functional 

assays. The anatomical boundaries of the injury are not indicative of the functional consequences 

of TBI. Therefore, studying the effects of injury using only the focal and structural damage of the 

initial insult underestimates the true extent of TBI.  
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APPENDIX A 

Miniscope surgery protocol 

The miniscope surgery is split into 3 separate surgeries: virus injection, lens implantation and 

baseplating. Modifications for mice that have undergone CCI are noted in bold italics.  

 

Virus injection 

Materials: 

• Sterile (or autoclaved) 0.6 mL tubes 

• Sterile, filtered pipette tips 

• Sterile PBS (for dilution of virus, if necessary)   

• Virus (AAV1-FLEX-jGCAMP8m; Addgene cat no: 162378-AAV1) 

• Ice 

• Beveled needle (50µm diameter tip; Wiretol 5µm, Drummond Scientific) 

• Ideal micro drill (Cellpoint Scientific cat no: 67-1200A) 

• Drill bit (0.8 mm for burr hole) 

• For TBI mice: #11 scalpel (Fine Science Tools cat no. 10011-00) 

• MO-10 injector (Narishige) 

Methods: 

1. Before stereotactic injection of the virus, dilute virus with sterile PBS (use sterile tubes, 

pipette tips, and perform dilution in hood)  

a. Optimize concentration and virus volume to brain region and target cell type 

i. For CA1 injection using AAV1-FLEX-GCAMP8m into Camk2a-cre mice, a 

titer of ~1x1012 genome copies/mL works well (typically a 1:10 dilution 

from Addgene stock) 
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ii. Volume used for CA1: 100 nL 

b. For best results, make the dilution the day of virus injection and avoid >2 

freeze/thaw cycles for diluted virus aliquots. 

c. Remaining aliquots should be stored in -80°C. 

2. Store and transport on ice until time of virus injection 

3. Perform stereotactic injections.  

a. Coordinates for dCA1: anteroposterior (AP) −2.1 mm, mediolateral (ML) 1.5 mm, 

and dorsoventral (DV) −1.2 mm 

**Notes for TBI mice:  

b. Weeks after injury, dura will become tough to puncture with needle alone 

c. Prior to needle insertion, zero out surface of brain at dura 

d. Coordinates for dCA1 in CCI mice: AP −1.9 mm, ML 1.5 mm, and DV −0.65 

mm. 

e. Make a very small durotomy using a #11 scalpel, large enough for needle to 

be inserted.  

i. Extreme care should be taken as to not damage underlying tissue; 

Little to no bleeding should occur during this step. 

f. After delivery of the virus, wait at least 10 min before removing needle from 

brain to prevent virus from leaking into cavity  

4. Allow at least 3 weeks for sufficient virus expression to occur  

Lens implantation 

Materials: 

• Ideal micro drill (Cellpoint Scientific cat no: 67-1200A) 

• Burrs for microdrill: 0.5 mm drill bit (Fine Science Tools cat no: 19007-05) 

• Fine forceps (Fine Science Tools cat no: 11203-23) 
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• GRIN lens (1.0mm diameter, 4mm length; Inscopix cat no: 1050-004595) 

• Cannula holder + stereotactic arm (Thorlabs cat no: XCL and XC7) 

• Cotton tip applicators 

• Surgifoam (Ethicon) 

• 27g blunt needles (1 inch length, Luer lock) 

• 30g blunt needles (1 inch length, Luer lock) 

• Vacuum aspiration system (Cole-Parmer cat no: UX-13050-50) 

• 0.9% saline solution (Teknova cat no. S5825)  

o Use 18g blunt needle attached to 1mL syringe to apply saline during aspiration 

step 

o Note: keep on ice until time of use  

• Dental cement (Teets ‘Cold Cure’ Dental cement works best for this surgery but any 

dental cement will adhere) 

o Liquid (A-M Systems; cat no. 526000) 

o Powder (A-M Systems; cat no. 525000) 

• Black powder (for mixing with dental cement mixture) 

• #11 scalpel (FST cat no. 10011-00) 

• Kwik-Sil and mixing tips (World Precision Instruments cat no. KWIK-SIL) 

• Krazy glue 

• cyanoacrylate glue accelerator  

• Eye ointment 

• Buprenorphine hydrochloride  

• Lens paper 

• Kimwipes 

• 70% ethanol (v/v) 
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• Betadine surgical scrub (Fisher Scientific cat no: 50-305-7193) 

• Ultra fine tip black ink marker (Sharpie) 

• Heating pad (for recovery after surgery) 

Methods: 

1. Anesthetize mouse in isoflurane (2% in induction chamber) 

2. Inject buprenorphine (0.05 mg/kg i.p.) at the start of the surgery (and 12hr post-op) 

3. Apply eye ointment to eyes to prevent drying out during surgery  

4. Stabilize mouse’s skull in stereotactic device using ear bars 

5. Shave hair off mouse head 

a. Optional: to ensure complete removal of hair, use hair removal cream (Nair): 

apply with a cotton tip applicator, leave on for 1 min, and completely clean off 

using water and cotton applicator 

6. Clean the surgical site using 3 alternating scrubs of alcohol and Betadine 

7. Make an incision along sagittal suture of the skull and expose the skull, enough to see 

bregma and lambda landmarks  

8. Clean off surface of skull using cotton-tip applicator, removing all connective tissue / 

fascia  

**For TBI mice: Take extreme care when clearing skull especially near the 

injury site and craniotomy 

9. Ensure skull is flat in both dorsal/ventral direction and medial/lateral direction 

a. Adjust dorsal-ventral position of the head such that the difference in height 

between lambda and bregma is within 0.05 mm 

b. Same applies for medial/lateral leveling of the head 

10. Score the skull using a #11 scalpel blade 
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a. This ensures that lens and baseplate do not become loose during recording 

sessions and are securely glued onto the skull 

**For TBI mice: Take extreme care when scoring the skull especially near 

injury 

For craniotomy: 

11. Zero out at bregma using a needle attached to the stereotactic arm.  

12. Move needle to the appropriate x,y coordinates where the lens will be implanted and 

mark the spot with ultra fine tip marker 

13. Perform ~1mm diameter craniotomy centered in this region, slowly etching away the 

skull using a drill bit attached to the microdrill. Cranial window should be just large 

enough that lens will fit and be stabilized with minimal movement  

** For TBI mice, follow steps below before performing craniotomy** 

a. Clear off any overlying tissue near craniotomy and ensure there is no 

bleeding.  

b. Replace skull cap that was removed during TBI surgery craniotomy. Glue 

skull cap onto skull using Krazy glue, being careful not to apply any glue to 

the dura itself. Glue should only be applied to the edges where the cap 

meets the skull. Wait for glue to completely dry before moving on to next 

step. 

c. Zero out at bregma again to ensure correct x,y coordinates 

d. Then, perform ~1mm craniotomy as explained above 

14. Carefully remove skull cap and ensure edges around the window are smooth by clearing 

out any bone fragments that remain 

15. Irrigate exposed tissue with cold sterile saline 

a. Maintain saline solution cold by keeping on ice for duration of surgery 
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b. Apply saline using 18g blunt needle attached to 1mL syringe for easier control 

16. Perform a durotomy to remove the overlying dura and carefully peel it away from the 

brain  

a. Bleeding is likely to occur; use a small piece of surgifoam and apply it over the 

brain while irrigating with cold saline to reduce bleeding 

b. Note: Surgifoam should always be used in combination with saline to prevent 

foam from adhering to brain tissue and causing unwanted damage 

** For TBI mice: Dura will be firmer than in control mice, so it is important to 

take extreme care when performing durotomy as to not damage underlying 

tissue 

17. Using a 27-gauge blunt needle attached to the vacuum pump, begin to aspirate cortical 

tissue, continuously applying saline during aspiration.  

a. Before beginning aspiration process, bend the needle to a 45-degree angle to 

allow for better access and control.  

b. Bleeding is normal during this step, therefore continuous application of saline 

should be applied throughout the entire process to maintain a clear view of the 

tissue and prevent the formation of blood clots  

c. Slower aspiration is better to prevent further tissue damage 

** For TBI mice, follow these steps instead:  

d. Clear out any bleeding that occurred after durotomy 

e. 1.0mm CCI injuries will extend through neocortex; the overlaying cortex 

over hippocampus might not be present and it is possible to see fiber 

tracks after clearing out blood, without any further tissue aspiration 

needed. If corpus callosum fibers are not present, slowly and gently 
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aspirate using 30-gauge blunt needle (with continuous saline application) 

until you can see the fibers 

18. Once corpus callosum fiber are visible (horizontal fibers), switch to a 30-gauge needle 

and carefully peel back fibers 

a. For CA1 pyramidal cell imaging, aspiration should be stopped when alveous 

fibers are present (vertical fibers) 

** For TBI mice: Extreme care should be taken when aspirating as tissue is 

more delicate and prone to bleeding 

19. Ensure bleeding has completely stopped before implanting  

a. Use surgifoam and constant saline irrigation to prevent blood clots and drying out 

of exposed brain tissue 

For implantation: 

20. Clean lens using 70% ethanol and lens paper and GENTLY take off any debris  

21. Attach lens to cannula holder and attach to stereotactic arm  

22. Carefully lower and zero the lens at bregma 

23. Visually inspect the craniotomy to ensure there is still no bleeding 

a. If bleeding present, clean using saline and suction. Bleeding occludes FOV and it 

will be difficult to see cells under miniscope  

24. SLOWLY, lower lens into craniotomy until desired depth is reached 

a. Lens should be lowered in 10-20 µm increments 

b. For CA1 imaging, lens is lowered to DV = -1.2mm  

**For TBI mice: lens is lowered to DV = -0.85mm  

25. Apply Krazy glue around the lens using a thin applicator 

a. Careful not to get glue into the cannula 



158 
 

26. Once glue is dry, carefully unscrew the lens holder and raise the cannula using the 

stereotactic arm 

a. Make notes of any bubbles, blood clots, vasculature or abnormalities you see 

through the top of the lens. Although not ideal, bubbles typically clear out by one 

week and small blood clots can also disappear 1-2 weeks post-op. 

27. Apply a layer of Krazy glue on the surface of the skull, starting from the lens and moving 

outward, then add a drop of accelerator  

a. Caution: accelerator is very irritating to the animal so ensure it is only applied to 

areas where super glue is present 

28. Begin applying dental cement in layers (wait until each layer is dry) until dental cement 

comes up to level of lens.  

a. Take care to avoid getting dental cement on the top of the lens as this can cause 

scratches and debris in your FOV 

b. Optional: to prevent light (other than LED) from entering miniscope recordings, 

add a small amount of black powder to the dental cement mixture when building 

the last layer of dental cement. 

**Note for TBI mice: lens will stick out above skull more than in control 

mice so more dental cement will be required to build up to top of lens 

29. Build an additional layer of dental cement that goes above the lens, to protect the sides 

of the lens, keeping dental cement off the top of the lens 

a. If dental cement does get on the lens, gently clean off using a kimwipe 

30. Apply Kwik-Sil to the top of the lens 

a. Ensure this is completely dry before putting mice in their recovery cage; Kwik-sil 

tends to come off easily 

31. Place mouse in recovery cage on a heating pad and monitor until mouse is awake and 

walking around  
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32. Inject buprenorphine (0.05 mg/kg, i.p.) within 12 hours of surgery and note in post-op 

records 

33. Mice should be singly housed from this point onward 

Baseplate 

Materials: 

• UCLA miniscope v4 

• Miniscope DAQ (OpenEphys OEPS-7431) 

• USB3 type A to USB type micro-B cable (OpenEphys OEPS-5110) 

• Coaxial cable (OpenEphys OEPS-5503) 

• Laptop (any computer that can run Bonsai will work) 

o Bonsai workflow for baseplating 

• Miniscope V4 Baseplate Variant 2 with cover (OpenEphys OEPS-7415) 

• Miniscope V4 Stereotax Holder (OpenEphys OEPS-7424) 

o The one we have was made in lab 

• Dental cement (liquid + powder) 

• Black powder 

• Loctite Gel super glue 

• cyanoacrylate glue accelerator  

• T-2 screwdriver (Moody tools; cat no: 2089 T-2) 

• Lens paper 

• 70% ethanol 

• Eye ointment 

• Plastic dispensing pipette (with 20uL pipette tip attached) 

Methods 

1. Connect miniscope to DAQ using coaxial cable  
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2. Connect DAQ to laptop using USB cord 

3. Attach miniscope to the stereotactic arm and screw baseplate onto the miniscope 

a. Note: Take care not to misplace the black protective cap  

b. Note: ensure the baseplate is flush with the miniscope to prevent different FOVs 

4. Open Bonsai workflow and set miniscope settings to: 

a. LED: 1  

b. Gain: Med 

i. Start at Medium, increase to High if necessary 

c. EWL: 0 

i. Note: Baseplating when zoom is at 0 gives you +/- 200 µm to focus your 

FOV during recordings 

d. Ensure miniscope turns on, then set aside 

5. Anesthetize mouse in isoflurane (2% in induction chamber) 

6. Stabilize mouse’s skull in stereotactic device using ear bars and lower isoflurane to 1% 

7. Apply eye ointment to eyes 

8. Using fine forceps, remove the Kwik-sil from top of lens 

9. Clean the top of the lens using 70% ethanol and lens paper  

a. Use plastic pipette to blow away any debris on top of the lens 

10. Adjust the mouse head so that the top of the lens is flat  

11. Lower miniscope to about 1 cm above the lens and ensure miniscope objective is level 

with the top of the implanted lens 

12. Turn LED on in Bonsai  

13. Slowly, raise/lower the stereotactic arm until you can see vasculature and GFP+ cells in 

the FOV (~ 2mm above lens usually works) 

a. Adjust miniscope to get maximal coverage of all the cells in FOV 
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b. FOV should be even (ie the edges of the lens should be visible all the way 

around) 

14. Adjust LED brightness and gain until cells are visible 

a. If vasculature present but no cells, try pinching tail/toe to get a response. If still 

nothing, either wait at least 4 weeks after virus injection or perfuse animal 

b. If FOV black and no cells are visible, do not baseplate and perfuse animal to see 

what the issue was (injection target, virus expression, lens depth etc) 

15. Once preferred FOV is obtained, apply a small amount of Loctite glue to the four prongs 

of the baseplate, then add a small drop of accelerator to solidify glue 

a. Observe the FOV in Bonsai throughout this process to ensure that FOV does not 

move as glue might shrink once it dries  

b. Take care that glue and accelerator do NOT go on top of the lens 

c. Ensure to use Loctite gel glue because it is more viscous and easier to 

mold/build 

16. Very carefully, unscrew the miniscope and raise the stereotactic arm to remove the 

miniscope from the baseplate 

a. Ensure glue is completely dry before removal to prevent detachment of baseplate 

from skull 

17. At this point, miniscope can be turned off and set aside  

18. Apply Loctite glue all around the baseplate to further secure it to the skull 

19. Apply black dental cement, building walls all the way around baseplate such that no light 

escapes from the walls 

a. Consistency of dental cement should be thick and malleable 

b. Take care not to get dental cement in the set screw threads 
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c. Critical step: improper baseplating can lead to motion artifacts during recordings 

so apply enough dental cement to minimize this and secure the baseplate to the 

skull 

20. Once dental cement has dried, attach the black protective cap and secure it using the 

set screw  

21. Remove mouse from stereotax and allow animal to recover in its cage on a heating pad 

22. Allow a couple days for mouse to recover before beginning habituation to the weight of 

the miniscope 
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APPENDIX B 

Calcium Imaging and Behavior Analysis 

The analysis workflow extracts calcium traces, infers spiking activity, registers cells across 

sessions, tracks animal behavior and performs downstream analyses of spatial activity. This 

contains both published and custom scripts used and developed for this study. For more 

information, refer to Github: https://github.com/roberthuntlab/calciumimaginganalysis 

Analysis pipeline overview 

The overall workflow is:  

1. MIN1pipe: extract calcium traces and spatial footprints from miniscope videos 

2. MLspike: infer spikes from calcium traces 

3. CellReg: register neurons across imaging sessions 

4. DeepLabCut: track animal position during behavioral tasks 

5. Custom MATLAB and Python scrips: combine calcium and behavior data and perform 

downstream analyses 

The analyses are organized by behavioral paradigm: 

• Home-cage recordings 

• Linear track 

• Y-maze 

System Requirements 

Hardware 

Published pipelines have specific hardware and dependency requirements. Please refer to the 

original repositories and publications for installation instructions, detailed methodology, and 

citation information. 
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• MIN1PIPE: https://github.com/JinghaoLu/MIN1PIPE 

• MLspike: https://github.com/thomasdeneux/spikes 

• CellReg: https://github.com/zivlab/CellReg 

• DeepLabCut: https://deeplabcut.github.io/DeepLabCut/README.html 

• Custom scripts: https://github.com/roberthuntlab/calciumimaginganalysis 

All custom MATLAB and Python scripts were developed to run on standard desktop hardware. 

Operating system 

All analyses were performed on Windows 

Software 

• MATLAB R2025b  

• Python 3.13.5  

• Spyder 6.10.0 

Python dependencies 

• Matplotlib 3.10.0 

• Seaborn 0.13.2 

• Numpy 2.1.3 

• Pandas 2.2.3 

• SciPy 1.15.3 

• Statsmodels 0.15.0 

• OpenCV (cv2) 4.13.0 

• JSON 2.0.9 

Note: JSON is part of the Python standard library. cv2 is provided by the OpenCV package. 
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Miniscope and behavior analyses 

1. MIN1pipe: calcium trace extraction 

Purpose: Extract calcium fluorescence traces and spatial footprints from miniscope videos 

Input 

• Miniscope videos in avi format 

• Videos should be in grayscale format 

      Output 

• msCam_data_processed.mat 

• Relevant variables used in subsequent analyses include: 

o roifn: spatial footprints 

o dff: calcium fluorescence traces 

 

2. MLspike: spike inference 

Purpose: infer spikes from calcium fluorescence traces 

Input: 

• Calcium fluorescence traces (dff) in mat format 

Procedure 

1. Run autocalibration to estimate amplitude, tau, and sigma parameters 

2. Run spkest to infer spikes using cell-specific amplitude, tau, and sigma parameters 

Output: 

• Spikes.mat 
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3. CellReg: cell registration across sessions 

Purpose: Register same neurons across imaging sessions. Used for linear track recordings 

Input:  

• spatial footprints for each imaging session 

• roifn variable from MIN1pipe must be reshaped to match CellReg input format (see 

CellReg Github for more information) 

Output:  

• csv file containing aligned cell IDs 

 

4. DeepLabCut: behavior tracking 

Purpose: track animal position during behavior 

Input:  

• Raw behavior videos in avi format 

      Procedure: 

• Train network using 10+ videos for each behavioral task 

• Crop videos, if necessary 

• Analyze videos 

• Manually correct erroneous tracking using napari  

     Output: 

• Csv file containing x,y coordinates 

• For linear track:  
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o manually identify frames corresponding to beginning and end of each right and 

left runs 

o save info as directions.csv file with 3 columns: start, end, direction columns 

 

Downstream analyses: Home-cage, linear track, and Y-maze 

Home-cage recordings 

1. Calcium analysis_linear_track.py (Ran in Spyder) 

Purpose: analyze animal behavior during home-cage recordings 

Inputs:  

• DeepLabCut x,y position csv file 

• Timestamps csv file (from Bonsai acquisition) 

Outputs:   

• Trajectory plot 

• Speed plot 

• Total distance traveled 

• Average speed 

 

Linear track recordings 

1. Calcium imaging_linear_track.py (ran in Spyder) 

Purpose: 

• Smooth animal x,y positions 

• Calculate running speed 

• Trim position, running direction, and spike date 
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• Align data to beginning of track running 

      Inputs: 

• DeepLabCut x,y position csv file 

• Timestamps csv file 

• Directions csv file  

• Spikes.mat 

Outputs: 

• Directions_mini.csv 

• Locs_dist_smooth_x.csv 

• Spikes_binary_crop.csv 

• Tracking and speed overlay plot 

All outputs are in miniscope frames (20 fps) and aligned to the beginning of track running  

 

2. Locs_and_dist_directions.m (ran in MATLAB 2025b) 

Purpose: combine information from all four linear track sessions into a single MATLAB file 

Inputs:  

• Directions_mini.csv 

• Locs_dist_smooth_x.csv 

• Spikes_binary_crop.csv 

      Outputs: 

• Loaded_session.mat 

 

3. analyzePC_right_by mouse.m and analyzePC_left_bymouse.m 
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These scripts perform place cell analyses separately for right and left running directions 

Purpose: 

Calculate 

• spatial information 

• Number and percentage of place cells 

• Place field size 

• Within-session stability (odd vs even laps) 

• Peak firing rate 

• Average firing rate 

These scripts should be run separately for each mouse. 

Input:  

• Loaded_session.mat 

Output: 

• rightSessions.mat 

• leftSessions.mat 

 

4. Right_left_PCs_comparisons.m 

Purpose:  

• combine right and left running data  

• calculate correlations between right and left running direction ratemaps (optional) 

Inputs: 

• rightSessions.mat 

• leftSessions.mat 
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Output:  

• dirSessions.mat 

 

 

5. combined_groups.m 

Purpose: combine data from control and TBI groups 

Input: dirSessions.mat for each animal 

For this step, animal data should be organized into separate Control and TBI folders 

Output: combined_data.mat 

 

 

6. Calcium analysis_PCanalysis.py 

Purpose: perform group-level comparisons between control and TBI animals  

The script analyzes: 

• Percentage of place cells 

• Place field size 

• Spatial information 

• Within-session stability 

• Nonspatial cell properties 

Input: combined_data exported as csv file 

Output: box plots, violin plots, statistical analyses results 
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Y-maze recordings 

1. Calcium analysis_ymaze.py 

Purpose: analyze behavior performance during the Y-maze task 

The script calculates: percentage of time spent in each arm, total distance traveled, average 

speed. Animal trajectory plots can also be generated using this script.  

Inputs: 

• Behavior camera avi file 

• DeepLabCut csv output file 

Procedure: After loading the video: 

• Manually draw ROI for each arm of the maze  

• Indicate the frame at which the animal is placed into the maze 

• Run the analysis 

Output: 

• Summary.csv 
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