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Abstract

Traumatic brain injury (TBI) is one of the leading causes of long-term neurological disability in
the world. Currently, there are no therapeutics for treating the deleterious consequences of brain
trauma; this is in part due to a lack of complete understanding of cellular processes that underlie
TBI-related pathologies. Following TBI, microglia, the brain resident immune cells, turn into a
“reactive” state characterized by the production of inflammatory mediators that contribute to the
development of cognitive deficits. Utilizing multimodal, state-of-the-art techniques that widely
span from ultrastructural analysis to optogenetic interrogation of circuit function, we investigated
the reactive microglia phenotype one week after injury when learning and memory deficits

are also measured. Microglia displayed increased: (i) phagocytic activity /n vivo, (ii) synaptic
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engulfment, (iii) increased neuronal contact, including with dendrites and somata (termed ‘satellite
microglia”). Functionally, satellite microglia might impact somatic inhibition as demonstrated by
the associated reduction in inhibitory synaptic drive. Cumulatively, here we demonstrate novel
microglia-mediated mechanisms that may contribute to synaptic loss and cognitive impairment
after traumatic brain injury.
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1. Introduction

Microglia are highly motile cells that make up the innate immunity of the central nervous
system (CNS). In physiological conditions, microglia respond to pathogen detection and
tissue repair but also sculpt neuronal circuits and influence neuronal activity (Tremblay
etal., 2010; Li et al., 2012; Schafer et al., 2012; Parkhurst et al., 2013; Badimon et al.,
2020). Much of this influence on neuronal activity is through microglial interaction with
synapses. Microglia are considered the fourth component of the ‘quad-partite synapse’, the
other three being presynaptic axon terminals, postsynaptic dendritic spines, and perisynaptic
astrocytic processes (Bennett, 2007; Tremblay and Majewska, 2011; Schafer et al., 2013).
This component contributes to the formation and maturation of spines and the elimination of
synapses through engulfment (also termed “synaptic pruning”). Elimination of synapses
has been shown to be mediated by the classical complement and triggering receptor
expressed on myeloid cells 2 (TREM2) pathways, as well as fractalkine signaling between
neuronal chemokine CX3CL1 and its unique receptor, CX3CR1, expressed by microglia
(Schafer et al., 2012; Paolicelli et al., 2011; Gunner et al., 2019). The pruning process
involves phagocytosis and one of its specialized forms, named “trogocytosis” (nibbling),
of synaptic structures (Weinhard et al., 2018). Phagocytosis of synaptic structures is not
the only interaction of microglia with synapses. A lesser-known interaction of microglia
with synapses is their ability to insert their processes and/or wrap around the neuronal
membrane separating pre- and post-synaptic structures in a process termed ‘synaptic
stripping’ (Blinzinger and Kreutzberg, 1968; Trapp et al., 2007). Surveillant microglia
interact with synapses in the mature, healthy brain, directly leading to an increase in
synaptic activity that synchronizes local populations of neurons. The increased synaptic
activity and consequent neuronal synchrony associated with microglial interaction is lost
after systemic lipopolysaccharide (LPS) administration (Akiyoshi, et al., 2018). LPS is

the most commonly known proinflammatory stimulus for microglia reactivity. These data
suggest that microglial reactivity might directly affect neuronal circuit function.

Microglial reactivity is a prominent feature of traumatic brain injury (TBI), and
microgliosis can persist for years following the initial injury (Nagamoto-Combs et al.,
2007; Ramlackhansingh et al., 2011; Johnson et al., 2013). While acutely microglia
contribute to restoring homeostasis after the injury, persistently reactive microglia produce
proinflammatory/cytotoxic molecules contributing to neuronal damage (Morganti et al.,
2015; Loane and Kumar, 2016; Donat et al., 2017). Indeed, depletion of microglia has been
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shown to ameliorate the neurological outcome of TBI in rodents (reviewed in (Paladini et al.,
2021). However, the specific mechanisms by which microglia impact synaptic interactions
that directly shape circuit function, especially in the context of TBI, are yet unknown.

To address these questions, we used our well-established translational mouse model of TBI
and employed a combination of state-of-the-art techniques: 1) ultrastructural analyses by
immunocytochemical transmission electron microscopy, 2) /n vivo phagocytosis assay, 3)
synaptosome quantification, 4) confocal microscopy and 5) optogenetic evaluation of circuit
function to provide insights to the microglia-mediated mechanisms underlying synaptic loss
and behavioral impairment in TBI.

2. Results

2.1. Spacial learning and memory deficits following traumatic brain Injury.

We have previously reported the chronic consequences of unilateral, focal contusion injury
(Xiong et al., 2013) on learning and memory functions (Morganti et al., 2015; Chou et al.,
2017; Chou et al., 2018; Krukowski et al., 2018); here, we aimed to investigate cognitive
phenotypes shortly after injury. We measured spatial learning and memory in male and
female adult mice using the radial arm water maze as previously described (Alamed et al.,
2006). In this forced-swim test, mice were trained (Fig. 1A — Learning’) on Day 7 post
injury (three blocks of 3 trials each) to locate a platform hidden under the opaque water in
one of the eight arms using navigational cues in the room (Fig. 1A). Spatial memory was
tested by running a single block probe twenty-four hours later (Day 8 — “Memory Probe’,
Fig. 1A). The total number of entries into arms that did not contain the platform (termed
errors) before locating the escape platform were used as a metric of spatial learning and
memory, a deficit frequently reported in patients that suffered TBI from a range of mild to
severe injury (McAllister et al., 2001; Palacios et al., 2012; Manktelow et al., 2017).

Similar to human TBI, impairments in spatial learning were measured in mice seven days
after injury (dpi) compared with sham (uninjured) animals (Fig. 1B). Furthermore, the TBI-
induced learning deficits were paralleled by spatial memory deficits measured eight dpi (Fig.
1C). When we analyzed potential sex-dimorphic performances in the tool, we found that
female shams performed differently than male sham animals on day seven (Supplemental
Fig. 1A), similar to previous reports (Jonasson, 2005). However, no changes were measured
when comparing the male and female TBI cohorts on day seven (Supplemental Fig. 1B).

No sex-differences were measured when comparing the sham alone or TBI alone during

the memory probe on day eight (Supplemental Fig. 1C, D). Examination of gross motor
skills revealed that female sham animals swam faster (velocity) and further (total distance
traveled) in the open pool than male sham animals (Supplemental Fig. 1E, F). No differences
were observed in velocity or distance traveled when comparing the male and female

TBI groups (Supplemental Fig. 1E, F). Different performance patterns between male and
female shams are likely due to variance in gross motor skills and/or weights. Importantly,
performance after moderate, focal trauma is not sex-dependent. These data demonstrate that
the unilateral, focal TBI induces spatial learning and memory deficits in both male and
female rodents beginning as early as one-week post-injury.
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2.2. Microglial phagocytic phenotype after trauma

Trauma induces persistent microglial reactivity (reviewed in (Morganti-Kossmann et al.,
2019), and recent reports have identified that depletion of microglia can directly impact
trauma-induced cognitive deficits (Paladini et al., 2021). Furthermore, increased microglial
phagocytosis has been shown to affect obesity-induced cognitive decline (Cope et al., 2018).
Here we examined microglial phagocytic phenotype after unilateral focal injury utilizing
our newly optimized phagocytosis assay (Krukowski et al., 2018) to assess microglia
phagocytic capacity for synapses in vivo (Fig. 2A). In this assay, we injected synaptic
particles (labeled with fluorescently tagged PSD95, an excitatory post-synaptic marker) into
the hippocampi of injured (TBI) animals on day four post-injury (Fig. 2A). Three days later,
(7 dpi) microglia were extracted with a percoll gradient from the hemispheres ipsilateral
and contralateral to the focal injury. We quantified the number of microglia that engulfed
the labeled PSD95-positive synaptic particles by flow cytometry (Fig. 2A). We measured

an increase in both the number and percentage of microglia engulfing excitatory synaptic
particles from the ipsilateral (injured) hemisphere when compared with microglia from the
contralateral (uninjured) hemisphere (Fig. 2B,C). The increase in phagocytic microglia was
paralleled by an expansion of the total microglial number (Supplemental Fig. 2) when
comparing ipsi- and contralateral hemispheres at seven dpi as previously reported (Morganti
et al., 2015; Morganti et al., 2016; Doran et al., 2019; Kumar et al., 2016).

To further explore these /n vivo findings and define the TBI-induced microglial

phagocytic phenotype at nanoscale resolution, we performed ultrastructural analysis by
immunocytochemical transmission electron microscopy (immunoTEM) staining against
GFP in the CX3CR1-GFP reporter mouse model widely used to visualize microglia. The
dorsal CA1 area of the hippocampus is a key region involved in spatial learning and memory
(Mumby et al., 2002) and it is sensitive to trauma-induced deficits (Morganti et al., 2015;
Morganti-Kossmann et al., 2019). Therefore, we focused immunoTEM analysis in this
region on Day 2 and Day 7 post injury (Fig. 3A).

On day two, when comparing the ipsi- to the contralateral hemispheres, we identified an
increase in the number of GFP-positive microglia (cells with an electron dense peroxidase
immunoprecipitate in their cytoplasm, Fig. 3B) containing cytoplasmic cellular inclusions,
defined by the presence of partially digested cellular elements such as mitochondria (Fig.
3B, Table 1). This is indicative of an early step in the phagocytic process prior to complete
lysosomal degradation of the cellular elements. At day seven, microglial somata frequently
displayed empty endosomes (termed digested vacuoles), indicating that the digestion of
cellular elements (initially observed on day 2) had occurred when comparing the ipsi- to
the contralateral hippocampi (Table 2). An example of GFP-positive microglial cell body
(electron dense precipitate) devoid of cellular inclusions is shown in Fig. 3C. Interestingly,
on day two and day seven, some of the microglial cellular inclusions displayed synaptic
vesicles indicating their axon terminal nature (Fig. 3D) and mirroring the flow cytometric
analysis reported above (Fig. 2). Processes in the contralateral hippocampi instead rarely
displayed phagocytic inclusions (Fig. 3E). Other phagocytic parameters investigated by
immunoTEM, on day two and day seven, including microglial contact with extracellular
debris, lipid bodies, and lipofuscin granules showed no change with TBI (Table 1, Table
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2). Here we report for the first time that TBI induces a shift in microglial phenotype
characterized by an exacerbated phagocytic capacity utilizing two cutting-edge approaches:
(i) an /n vivo microglia phagocytic assay, designed to look specifically at phagocytosis

of synaptic elements and (ii) immunoTEM which identifies ultrastructural features of
phagocytosis.

2.3. Impact of trauma on synapse loss

Because phagocytic microglia play a role in synapse elimination (Wang et al., 2020), we
hypothesized that synaptic number may be reduced in association with the phagocytic
microglial phenotype identified with TBI (Figs. 2 and 3). We, therefore, quantified
excitatory synapses using flow synaptocytometry (Krukowski et al., 2018; Krukowski et
al., 2018). With this technique, intact synapses from isolated hippocampi are labeled with
pre- (synapsin-1) and post- (PSD-95) excitatory synaptic markers and quantified by flow
cytometry (Fig. 4A). A significant decrease in excitatory synapse number isolated from
ipsilateral hippocampi was identified after TBI when compared to sham uninjured animals
(Fig. 4B). We found no sex-dependent differences when measuring excitatory synapses
from male and female mice after TBI (data not shown). Importantly the loss in excitatory
synapse was measured at the same time as the increased phagocytic phenotype observed in
microglia.

2.4. Microglial-neuronal interactions after trauma: an increase in satellite microglia

To further shed light on how a phagocytic phenotype in microglia might promote

synaptic loss, we investigated the spatial interactions between microglia and neurons in

the dorsal hippocampus. Specifically, with immunoTEM, we identified frequent microglial
encirclement of neuronal cell bodies in dorsal CA1 after TBI, ipsilateral to the injury (Fig.
5A,B). Microglia cell bodies wrapped around neuronal somata and extended small processes
also encircling the soma, sometimes interacting with more than one neuron simultaneously.
These interactions were direct contacts, without astrocytic processes or synaptic innervation
on the neuronal membrane ensheathed by microglia. These microglia that directly juxtapose
neuronal somata have been termed perineuronal ‘satellite’ microglia’ (Savage et al., 2019)
and have not been yet characterized after trauma. To further quantify this relationship, we
investigated the frequency of satellite microglia using immunofluorescent confocal imaging
in transgenic mice with fluorescently labeled excitatory neurons (marked by a genomically
encoded mice expressing YFP under the Thy-1 promoter), Fig. 5C. At 7 dpi, brains

were extracted and sections containing dorsal CAL of the hippocampus were stained with
antibodies for IBA1 to label microglia. Confocal microscopy followed by 3D reconstruction
of excitatory neuronal somata with microglia apposition with Imaris was used. An increase
in the percentage of excitatory neurons (denoted in green) with adjacent satellite microglia
(denoted in red) was observed when comparing the ipsilateral (representative image Fig.
5D) and contralateral hippocampi (representative image Fig. 5E) in mice exposed to TBI
(quantification Fig. 5F). To determine if trauma-induced increases in satellite microglia
were specific to excitatory neurons, we discriminated inhibitory neurons with parvalbumin
antibodies that are frequently adjacent to the stratum pyramidale of CA1. Satellite microglia
(denoted in red) also interacted with the somata of the parvalbumin-expressing (PV +)
interneurons (denoted in purple) in CAl (Fig. 5 D, E). Furthermore, trauma increased
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the percentage of PV + inhibitory neurons with adjacent satellite microglia (Fig. 5G).
Qualitative analysis with immunoTEM in conjunction with quantitative confocal imaging
demonstrated that trauma increases the presence of satellite microglia on both excitatory and
inhibitory neuron somata.

2.5. Microglial-neuronal interactions after trauma: an increase in synaptic contact

Next, we explored microglial interaction within the dendritic neuronal compartment, a
region rich in spines and excitatory synapses, following trauma. At 7 dpi ultrastructural
analysis revealed that microglial cell bodies (electron dense material, Fig. 6A) from
ipsilateral hippocampi more frequently contacted synaptic elements, including both axon
terminals (Fig. 6A) and dendritic spines (Fig. 6A) when compared to the same region in the
contralateral hippocampus (Table 2; see Fig. 3E for contralateral example showing typical
microglia interacting with synapses). The microglial cell body contacts with dendritic
synaptic elements were mediated via short and thick obtuse protrusions (Fig. 6A). In
addition, similar to interaction at the soma, microglial processes apposed neuronal dendrites
without any axon terminal innervation or astrocytic processes in-between, suggesting that
GFP-positive microglial processes might displace excitatory synapses on CA1 dendrites,

a process that has been termed synaptic stripping- the physical separation of pre- and
post-synaptic elements by microglia (Fig. 6B). No changes were found in microglial
contacts with nonsynaptic parts of axons (myelinated fibers) or pockets of extracellular
space containing debris (Tables 1 and 2). However, dilation of the microglial endoplasmic
reticulum, which is considered a marker of cellular stress, was more often observed at 7dpi
(see Fig. 6B for an example, Table 2). The increase in microglial-neuronal interaction at
both the soma and the dendrites, as well as the observation of displacement of inhibitory
and excitatory synapses in these areas of interaction, support the presence of trauma-induced
microglial synaptic stripping (Di Liberto et al., 2018; Chen et al., 2014; Jinno and Yamada,
2011)- an entity not previously associated with TBI. Additional analysis is needed to further
characterize this phenomenon in TBI.

2.6. Impact of trauma on inhibitory synaptic input

To investigate the functional correlates of synaptic displacement and phagocytosis by
microglia, we examined evoked synaptic input in CAL pyramidal neurons. Excitatory
synaptic drive has been well-established to decrease in CA1 using multiple methods in
several models of TBI around this time point (Norris and Scheff, 2009; Almeida-Suhett

et al., 2015; Witgen et al., 2005; Schwarzbach et al., 2006). However, the effect of TBI

on inhibitory synaptic drive is less clear (Almeida-Suhett et al., 2015; Witgen et al., 2005;
Paterno et al., 2017). Parvalbumin-expressing (PV+) interneurons mediate a majority of the
somatic inhibition in CA1 (Pelkey et al., 2017). Given that we see an increase in satellite
microglia wrapping around the somatic compartment with the displacement of synapses on
electron microscopy, we hypothesized that PV-mediated inhibition would be reduced. To
test our hypothesis, we evaluated optogenetically evoked, PV+-specific inhibitory synaptic
currents (oIPSC) in CA1 pyramidal neurons utilizing acute slices from transgenic mice that
express channelrhodopsin exclusively in PV+ neurons (PV-CrexAi32 mice). The olPSC was
recorded in response to a 10 ms flash of blue light at a range of light intensities in slices
from both sham and TBI mice (Fig. 7A). olPSCs were reduced at higher light intensities
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in neurons from TBI slices compared to sham slices (Fig. 7B,C). Sex-differences in the
TBI group for the olPSC amplitude were not observed (data not shown); however, these
experiments were not powered to detect subtle sex-differences and future experiments will
be needed. Overall, this reduction in PV-specific inhibitory synaptic drive supports the
hypothesis that satellite microglia reduce somatic inhibition.

3. Discussion

Here we provide support for the involvement of a phagocytic microglial phenotype

with spatial learning and memory deficits measured one week after contusion injury,

as demonstrated both by an /n vivo phagocytotic assay and ultrastructural analysis with
electron microscopy. Ultrastructural analyses revealed microglial inclusions containing
synaptic vesicles, at the same timepoints in which synaptic loss was measured. Further
examination of spatial interactions demonstrated increased contact of microglia cell
bodies with synaptic elements after TBI. Microglia apposed both spines and neuronal
somata displacing axonal presynaptic terminals. Interactions were particularly striking
with microglia wrapping around neuronal somata in a satellite morphology in the
stratum pyramidale. In this same region, reduced PV+-specific, inhibitory synaptic input
to pyramidal neurons was measured after TBI. The position of the satellite microglia
compiled with the reduced inhibitory input suggests an active role for microglia in circuit
reorganization after TBI.

Phagocytosis is a key function of microglia, especially reactive microglia. Our findings

of an increased phagocytic microglial phenotype after brain injury are consistent with the
literature (Paladini et al., 2021; Morganti-Kossmann et al., 2019). Prior rodent studies
investigated trauma-induced microglia reactivity and phagocytosis primarily by microscopic
analysis of IBA1 and CD68 antibody expression, on postmortem brain slices (reviewed in
(Paladini et al., 2021; Morganti-Kossmann et al., 2019). These reports have demonstrated
reactive microglia with increased CD68+ phagolysosomal compartments indicating a
phagocytic state post-injury with variations measured depending on the age, sex, and
severity of trauma. We demonstrate that trauma-induced microglia changes can be measured
in vivo utilizing a phagocytic assay in which fluorescently-labeled synapse particles are
injected directly into the brain (Krukowski et al., 2018) and confirmed these findings

with ultrastructural evaluation. Others have characterized microglia phagocytosis ex vivo

in culture by measuring bead, myelin, or apoptotic neuronal uptake (Doran et al., 2019;
Ritzel et al., 2020). Similar to our /in vivo findings, Doran et. a/. found acute increases in
phagocytosis in culture at 1 — 3 days post injury (Doran et al., 2019). In a follow-up study,
these TBI-induced increases in phagocytic activity lasted eight months post injury in adult,
male mice (female mice were not assessed) (Ritzel et al., 2020). At the acute endpoints,
microglia phagocytosis was measured by ex vivo uptake of fluorescently labeled beads
(Doran et al., 2019). However, at the chronic end points there was no longer an increase in
bead uptake, but rather ex vivo microglia neuronal particle uptake (Ritzel et al., 2020). Acute
phagocytic changes in microglia could denote general debris clearance whereas enhanced
phagocytosis measured later after injury (7 days — 8 months post injury) might be indicative
of a deleterious phenotype. Alternatively, it should not be excluded that assays that utilize
bead uptake could be more representative of general phagocytic activity, whereas neuronal
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uptake assays might target deleterious microglia reactivity. In line with this possibility,
our prior study in old mice also identified increases in microglia synapse uptake in vivo
chronically after TBI associated with memory deficits, while increases in synapse uptake
were not measured at earlier endpoints (Krukowski et al., 2018).

Understanding the significance of microglial phagocytosis on neuronal circuit function is of
great interest. Given the extensive literature on microglial engulfment of synapses in other
conditions, such as development, chronic stress, and neurodegeneration (Tremblay et al.,
2010; Schafer et al., 2012; Paolicelli et al., 2011; Gunner et al., 2019; Garber et al., 2019;
Hong et al., 2016), it may not be surprising that we found synaptic particles within vesicles
of phagocytic microglia after TBI, which is similarly associated with synaptic remodeling
and loss. Our finding of synaptic loss is indeed compatible with prior studies, reporting a
loss of dendritic spines and excitatory synapses after TBI (Krukowski et al., 2018; Winston
et al., 2013; Zhao et al., 2018). Given that enhanced microglia phagocytosis occurred at the
same time point in which we measured synapse loss and memory deficits, we hypothesize
that at this subchronic timepoint (7 days post injury) the reactive microglia phenotype is
deleterious to hippocampal function. However, the exact timing of a deleterious microglia
phenotype and the degree of synaptic loss due to microglial-mediated engulfment versus
secondary to neuronal loss will require further nuanced experimentation. Interestingly, while
we found that microglial cell bodies displayed short protrusions after TBI, more proximal
microglial cell body processes are specifically associated with increased dendritic spine
turnover after contact compared to distal process interaction with spines (lida et al., 2019).

We dive further into understanding how microglia directly reorganize synapses and circuits
after TBI by investigating spatial interactions between microglia and neurons. Further
supporting the hypothesis that microglia directly remove synapses after TBI, microglia were
intimately associated with synaptic structures at an increased frequency after TBI. Short,
obtuse protrusions emanating from the microglial cell body were found to directly contact
pre- and post- synaptic structures at the level of synaptic clefts. This may reflect a similar
pathological process identified in other injury models, whereby prolongation of microglial
contact with presynaptic boutons and extensive wrapping around synaptic structures was
found after cerebral ischemia in the somatosensory cortex /in vivo (Wake et al., 2009) and
increased microglial contact with numerous synaptic elements was identified after LPS
administration in the CA1 using electron microscopy (Savage et al., 2019). No change

in interaction with extracellular debris, suggestive of extracellular digestion or exophagy,
an alternative mechanism by which microglia could modify and prune synapses, was
found. While we cannot exclude the involvement of trogocytosis (Weinhard et al., 2018),
our finding that microglia contact and contain neuronal elements and with ultrastructural
features of axon terminals (e.g. synaptic vesicles) suggest that interaction with synaptic
elements could be specifically involved.

In addition to increased synaptic interaction at the level of spines, we discovered increased
microglial interaction around neuronal somata after TBI. Microglia cell bodies wrapped
around neuronal cell bodies, both excitatory and inhibitory neurons, without synaptic
innervation in this region of contact. This morphology is congruent with a satellite
microglia phenotype, and these data are the first to establish an increase in this type of
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microglial interaction after TBI. Satellite microglia display spontaneous electrical activity
with different characteristics when compared to non-satellite microglia, supporting a unique
function for this subtype (Wogram et al., 2016). However, the response of this subset

of microglia to pathological states is not well described. Similar to our findings, acute
LPS activation increases the number of neurons with associated perineuronal microglia
(Chen et al., 2014); axotomy of motor neurons also induces microglial soma attachment to
the neuronal cell body along with increasing surface coverage with time (Rotterman and
Alvarez, 2020). In normal brains approximately 30% of satellite microglia have processes
that entwine around the axon initial segment. While the total number of satellite microglia
was not specifically assessed after TBI, contact of these satellite microglial processes with
the axonal initial segment decreased at acute time points after TBI (Xiong et al., 2013);
suggesting that function of this microglial subtype might change with injury.

A loss of somatic synaptic innervation is associated with satellite microglial interaction.
Similar to our findings, both confocal and ultrastructural observations have confirmed a
lack of intervening synapses with satellite microglial soma contact in both axotomy and
LPS models (Blinzinger and Kreutzberg, 1968; Chen et al., 2014; Rotterman and Alvarez,
2020); and in the cortex, where inhibitory terminals preferentially innervate at the soma and
proximal dendrites, the neuronal circumference occupied by pre-synaptic inhibitory boutons
was reduced after LPS treatment (Chen et al., 2014). Similarly, in a murine model of
encephalitis, IBA1+ phagocytes (interestingly both blood-derived and resident microglia)
enwrapped infected neurons in the deep cerebellar nuclei with an associated decrease

in inhibitory synapses by immunohistochemistry and a functional reduction of inhibitory
input as measured by a decrease in the frequency and amplitude of miniature inhibitory
post-synaptic currents (mIPSCs) (Di Liberto et al., 2018). Whether direct phagocytosis of
synaptic structures or simply terminal displacement by microglia are needed for reduced
somatic innervation remains a controversial area of research (Rotterman and Alvarez, 2020;
Rotterman, et al., 2019).

Exploiting optogenetic tools, we also found a link between increased satellite microglia
apposition and reduced synaptic inhibition, specifically reduced synaptic inhibition mediated
by PV+ interneurons- a subtype of interneurons that innervates the soma (Hu et al.,

2014). The current literature regarding the effect of TBI on inhibitory synaptic drive in

the hippocampus gives mixed results. While a reduction in the frequency and amplitude

of spontaneous and miniature IPSCs, as well as a decrease in the number of GABAergic
neurons were identified seven days after a mild controlled cortical impact (Almeida-Suhett
et al., 2015), larger evoked and spontaneous IPSCs as well as enhanced GABAergic
inhibition in CAL1 from cannabinoid-sensitive (presumably cholecystokinin-expressing
(CCKH+)) interneurons, were noted after lateral fluid percussion injury (Witgen et al.,

2005; Johnson et al., 2014). Exploring subtype-specific inhibitory synaptic changes in
different TBI models will be required to understand these conflicting results fully. While
we measured reduced evoked PV-mediated synaptic inhibition in CA1 pyramidal neurons,
several metrics may influence this reduction in addition to a decreased number of pre-
synaptic PV+ inhibitory terminals at the soma possibly mediated by microglial stripping,
including PV+ neuronal death, axotomy of PV+ neurons, reduced intrinsic excitability of
PV+ neurons, changes in pre-synaptic release properties, and modulation of post-synaptic

Brain Behav Immun. Author manuscript; available in PMC 2022 May 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Krukowski et al. Page 10

GABA receptors. Additional studies are needed to investigate how microglia might
modulate these numerous aspects of the neuronal circuit after TBI. Moreover, it will be
important to establish if microglial interactions differentially modulate subtype-specific
inputs both onto excitatory and inhibitory neurons.

This study reports microglial phenotypes, microglial-neuronal interactions, and the
associated anatomical and functional changes in synapses after TBI, using a multimodal
evaluations that widely span from ultrastructural analysis to optogenetic interrogation
of circuit function. Our findings elucidate some of the strong interconnection between
microglial and synaptic changes after TBI. Future work will investigate the cellular
mechanisms of microglial synaptic interaction after brain trauma.

4. Methods

4.1. Animals

All experiments were conducted in accordance with National Institutes of Health (NIH)
Guide for the Care and Use of Laboratory Animals and approved by the Institutional
Animal Care and Use Committee of the University of California, San Francisco (AN170302;
AN184326). Male and female C57B6/J wild-type (WT) mice were received from Jackson
Laboratories. Male CCR2RFP/* CX3CR1CFP/* male and female PV-CrexAi32 and male
Thy-1-YFP-H (in C57 background) mice were bred inhouse. Mice were 3-5 months of age
at the time of surgeries. Animal shipments were received at least one week prior to start of
experimentation to allow animals to habituate to the new surroundings. Mice were group
housed (by sexes and injury state) in environmentally controlled conditions with a reverse
light cycle (12:12 h light: dark cycle at 21 £+ 1 °C; ~50% humidity) and provided food and
water ad libitum.

4.2. Surgeries

All animals were randomly assigned to each TBI or sham surgery groups. Animals were
anesthetized and maintained at 2-2.5% isoflurane. Controlled Cortical Impact (CCl) surgery
was performed as previously described (Krukowski et al., 2020; Chou et al., 2017; Chou et
al., 2018; Krukowski et al., 2018). Briefly, mice were secured to a stereotaxic frame with
nontraumatic ear bars. A midline incision exposed the skull followed by a ~3.5-mm diameter
craniectomy and removal of part of the skull, using an electric microdrill. The coordinates
of the craniectomy were: anteroposterior, —2.00 mm and mediolateral, +2.00 mm with
respect to bregma. Any animal that experienced excessive bleeding due to disruption of the
dura was removed from the study. After the craniectomy, the removed skull was discarded
and the contusion was induced using a 3-mm convex tip attached to an electromagnetic
impactor (Leica). The contusion depth was set to 0.95 mm from dura with a velocity

of 4.0 m/s sustained for 300 ms. Following impact, the scalp was sutured. These injury
parameters were chosen to target, but not penetrate, the hippocampus. Sham animals were
subjected to identical parameters excluding the craniectomy and impact. Post surgery, the
mice recovered in an incubation chamber set to 37 °C for ~30 min until animals displayed
normal walking and grooming behavior (at which point animals were returned to their home
cage). All animals fully recovered from the surgical procedures as exhibited by normal
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behavior, healed sutures, and weight maintenance monitored throughout the duration of the
experiments.

4.3. Radial arm water maze

The radial arm water maze (RAWM) was used to test spatial learning and memory in rodents
(Chou et al., 2017; Alamed et al., 2006; Krukowski et al., 2020). The pool is 118.5 cm in
diameter with 8 arms, each 41 cm in length, and an escape platform. The escape platform is
slightly submerged below the water level, so it is not visible to the animals. The pool was
filled with water that was rendered opaque by adding white paint (Crayola, 54-2128-053).
Visual cues are placed around the room such that they were visible to animals exploring the
maze. Mice performed 9 trials on the learning day (day 7), every three trials were averaged
for 1 block (3 blocks total were run on day 7). One block (3 trials) during the memory probe
(day 8). On hoth learning and memory days there is a 10-minute inter-trial interval. During a
trial, animals were placed in a random arm that did not include the escape platform. Animals
were allowed 1 min to locate the escape platform. On successfully finding the platform,
animals remained there for 10 s before being returned to their warmed, holding cage. On a
failed trial, animals were guided to the escape platform and then returned to their holding
cage 10 s later. The escape platform location was the same, whereas the start arm varied
between trials. RAWM data were collected through a video tracking and analysis setup
(Ethovision XT 8.5, Noldus Information Technology). The program automatically analyzed
the number of entries into non-target arms made per trial. Every three trials were averaged
into a block to account for large variability in performance; the learning day consisted of 3
blocks, whereas each memory test was one block.

4.4. In vivo microglia phagocytic assay

Microglia isolation and flow cytometry analyses were done as previously described with
modifications (Krukowski et al., 2018). Mice were lethally overdosed, animals were
perfused with ice cold PBS and hemibrains were collected. Briefly, fresh brains were
digested into single cell suspension using the Neural Tissue Dissociation kit (P) (Miltenyi
Biotec) according to the manufacturer’s instructions. After washing with cold HBSS, cells
were then resuspended in 30% percoll solution (Sigma-Aldrich, Inc.) and centrifuged at
800g for 20 min. Cell pellets were collected, washed and stained with BV711-CD45

and AF700-CD11b antibodies before analyzing with an Aria 1l sorter (BD). For the
phagocytosis assay, 10jg enriched synaptosomes were stained with PSD-95 antibody (1:200,
Abcom, ab13552), washed, stained with secondary antibody (1:400, goat anti-mouse 488
Invitrogen, Carlsbad, CA A31556), washed again and resuspended in 100 pl sterile PBS
before injection. 2 pl pre-stained synaptosomes were injected into the right hippocampus
using the following coordinate, bregma, AP — 1.6 mm, LR + 1.6 mm and DV - 2mm.

Mice were euthanized three days post injection and right hemispheres were used for flow
cytometry analysis as described above. Data were analyzed in Flowjo™ software (v10, Tree
Star Inc.). At least 2,000 microglia cells (CD45!°% CD11b* events) were collected for the
analysis.
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ImmunoTEM

4.5.1. Perfusion—Adult (3-5 months of age) male CCR2RFP/* CX3CR1GFP/* mice
were anesthetized with a mixture of ketamine (10 mg/ml) and xylaxine (1 mg/ml) and
transcardially perfused with cold phosphate-buffered saline (PBS; 50 mM at pH 7.4)
followed by 250 ml of glutaraldehyde 0.2%/PFA 4% diluted in phosphate buffer (PB,

100 mM at pH 7.4). Fifty-micron thick coronal sections of the brain were cut in PBS

using a vibratome (Leica VT1000S) and stored in cryoprotectant at — 20 °C. Considering
the time-consuming nature of the electron microscopy experiments, and the fact that no
difference between male and female mice were measured in the memory deficits, only male
mice were used.

4.5.2. Immunostaining—ABrain sections containing the dorsal hippocampus CA1 from
Bregma - 1.43 mm to — 2.27 mm (The mouse brain in stereotaxic coordinates, Paxinos and
Franklin, 4th edition) were selected for immunoperoxidase staining for electron microscopy,
performed as previously described (EI Hajj et al., 2019). Briefly, sections were washed in
PBS, quenched with 0.3% hydrogen peroxide followed by PBS wash and incubation in
0.1% solution of NaBHy. Sections were rinsed in PBS and incubated for 2 h in blocking
buffer (10% normal serum, 3% bovine serum albumin and 0.01% Triton X-100), followed
by overnight incubation with primary antibody (chicken anti-GFP, 1:5000, Aves Labs,
GFP-1020). Following TBS rinse, sections were incubated with the appropriate secondary
antibodies conjugated to biotin (1:300 in TBS; Jackson Immunoresearch) and revealed with
diaminobenzidine (DAB, 0.05%) in 0.015% hydrogen peroxide for 3 to 6 min. Sections were
post-fixed in 1% osmium tetroxide, dehydrated using sequential alcohol baths followed by
propylene oxide. Sections were impregnated with Durcupan resin (Sigma-Aldrich Canada
Ltd.) overnight at RT, and polymerized between ACLAR films (Electron Microscopy
Sciences; EMS) at 55 °C for 72 h. Small regions of interest (CA1 containing pyramidal

cell layer and stratum radiatum) were excised, glued to resin blocks, and 70-80 nm sections
were collected onto thin mesh grids (EMS) for transmission electron microscopy using an
ultramicrotome (Leica UC7).

4.5.3. Transmission Electron Microscopy—The ultrathin sections were imaged
using a FEI Tecnai G2 Spirit Biotwin microscope with a digital camera ORCA-HR (10MP;
Hamamatsu, Japan). The qualitative analysis focused on both the CA1 pyramidal cell

layer and stratum radiatum, and the quantitative analysis focusing on interactions with

the synaptic neuropil on the stratum radiatum. Microglia cell bodies and their processes
were identified by their GFP immunoreactivity. Pictures of microglial cell bodies were
randomly acquired at a magnification of x4800 for the cell bodies and of x6800 for the
processes, capturing all the immunopositive elements that were not partially hidden by a
grid bar or a contaminant, for instance, to avoid introducing bias. Quantitative analysis

of microglial cell bodies was performed blind to the experimental conditions in the CAl
stratum radiatum with ImageJ software (n = 16-17 microglia/group), using well-defined
ultrastructural identification criteria summarized in detail in (Nahirney and Tremblay, 2021).
In particular, microglial cellular inclusions, digested vacuoles, lipid bodies, lipofuscin
granules, and dilated endoplasmic reticulum or Golgi apparatus cisternae were analyzed,
counting the number of each subcellular element within each microglial cell body analyzed
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(El Hajj et al., 2019). Cellular inclusions were defined as endosomes containing cellular
elements (including axon terminals with distinctive synaptic vesicles, but also elements that
were in a more advanced stage of digestion and hence not recognizable) at various stages
of digestion. Digested vacuoles had a fully lucent contact and were larger than 300 nm
(Savage et al., 2020). Dilation of the endoplasmic reticulum and/or Golgi apparatus cisternae
was noted when the distance between the cisternal membranes was 50 nm or greater (El
Hajj et al., 2019; Hui et al., 2018). Microglial contacts with myelinated axons, extracellular
debris, and synapses between presynaptic axon terminals and post-synaptic dendritic spines
were also quantified, for each microglial cell body analyzed. In particular, presynaptic axon
terminals were differentiated by their synaptic vesicles, while post-synaptic spines were

in contact with a pre-synaptic axon terminal, often with a visible post-synaptic density

at their junction (EI Hajj et al., 2019; Hui et al., 2018). In addition, in our qualitative
analysis, neuronal cell bodies were distinguished by their pale nuclei and pale cytoplasm,
heterochromatin pattern, as well as innervation from axon terminals (EI Hajj et al., 2019;
Hui et al., 2018).

4.5.4. Flow Synaptocytometry—Flow synatocytometry was performed as previously
described (Krukowski et al., 2018; Krukowski et al., 2018). Hippocampi were homogenized
in 0.32 M sucrose in HEPES (Sigma Aldrich, St. Louis, MO H0887) in a glass Dounce
homogenizer. Gross tissue fragments were removed in a by centrifugation (1200xg for

10 min), supernatant collected. Synaptosomes were isolated by further centrifugation
(13000x%g for 20 min), supernatant was discarded and pellets containing synaptosomes

were collected. Samples are kept cold (either on ice or in chilled centrifuges) for staining
procedures. Synaptosome collection was standardized between samples will be by total
protein concentrations (Pierce BCA Protein Assay, Thermo Scientific, Rockford, IL, 23225).
Synaptosomes (50 ug/ml) were divided into 1.5 ml microcentrifuge tubes for staining. For
antibody staining, synaptosomes were first permeabilized by Cytofix/Cytoperm fixation
solution (BD Biosciences, San Diego, CA, 554722) for 20 min on ice. Samples were washed
2x with 700 pl of perm/wash buffer (BD Biosciences, San Diego, CA, 554723) at 13,000

x g for 5 min. at 4 °C. Primary antibodies (Synapsin-1 and PSD-95) were added for 30

min and agitated after 15 min. Samples were washed 2x with 700 pl of perm/wash buffer

at 13,000xg for 5 min. at 4 °C. Secondary antibodies (Goat anti-rabbit 405, Invitrogen,
Carlsbad, CA A31556; Goat anti-mouse 488 Invitrogen, Carlsbad, CA, A11001; Goat anti-
mouse 647 Invitrogen, Carlsbad, CA, A21236) were added for 30 min and agitated after 15
min at 4 °C in the dark. All reagents were made fresh for each staining day. Synaptosomes
were determined by size-calibrated beads and co-staining with antibodies specific for pre
(synapsin-1) and post-synaptic (PSD-95) markers. No positive staining was observed in
samples containing: (1) no synaptosomes (2) secondary antibodies alone. Samples were run
in duplicate or triplicate. Data were collected on an LSRII (BD) and analyzed with Flowjo™
software (v10, Tree Star Inc.). 30,000 events were collected for total synaptosomes.

4.5.5. Immunofluorescent Confocal Imaging—~For immunohistochemistry analysis,
animals were lethally overdosed, followed by PBS perfusion, brains were fixed in ice-cold
4% paraformaldehyde, pH 7.5 (PFA, Sigma Aldrich, St. Louis, MO, 441244) for 24 hrs
followed by sucrose (Fisher Science Education, Nazareth, PA, S25590A) protection (15% to
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30%). Brains were sectioned into 20 um slices using a Leica cryostat (Leica Microsystems,
Wetzlar, Germany) and mounted on slides (ThermoFisher Scientific, South San Francisco,
CA). Slides were brought to room temperature (20 °C) prior to use. Slides were washed
three times with tris-buffered saline (TBS) for 10 min. each. All slides were blocked in

a 10% donkey serum diluted in 0.1 M phosphate buffered saline (PBS) with 0.5% Triton
X-100 for 1 h in the dark. Slides were then stained with primary antibodies specific for Iba-1
(Rabbit, Wako, Richmond, VA 019-19741, 1:500) and parvalbumin (Mouse, Millipore,
MAB1572, 1:5000) overnight, washed three times in TBS, and stained for the secondary
antibody, donkey anti-rabbit Alexa-555 (Invitrogen, Carlsbad, CA, A31572, 1:500) and
donkey anti-mouse Alexa-647 (Abcam, Cambridge, UK, 181292, 1:500). Tissues were fixed
using ProLong Gold (Invitrogen, Carlsbad, CA, P36930) and a standard slide cover sealed
with nail polish. 3—-4 images separated by 100-140 pm in CA1 dorsal hippocampus were
averaged per animal. 15 pm in depth z-stack images were acquired on a Nikon High Speed
Widefield Confocal microscope (Ti inverted fluorescence; CSU-W1) at the UCSF Nikon
Imaging Center. 200x magnification.

4.5.6. Imaris Analysis—Imaris v.9.6 was utilized for 3D visualization of confocal
data (Bitplane, http://www.bitplane.com/imaris). The 3D view tab in the Imaris imaging
software was used to optimize brightness, contrast and 3D-rendering properties for the
best representation of the imaging. Due to variations in Thy-1 brightness contralateral

and ipsilateral brains were paired for generating the best parameters. 3D reconstruction

of excitatory neuronal somas (Thy1-YFP), parvalbumin-expressing inhibitory neuronal
somas (Parvalbumin+, Alexa-647) and microglia (Ibal+, Alexa-555) were generated in the
Imaris Surface modality. Satellite microglia were calculated as microglia that were directly
touching a neuronal soma (distance from soma = 0).

4.5.7. Electrophysiology—Acute sagittal brain slices (250 pm) including the
hippocampus were prepared from mice that underwent either TBI or sham surgical
procedures 7-9 days prior (n = 4 mice per group). Mice were anesthetized with Euthasol
(0.1 ml/ 25 g, Virbac, Fort Worth, TX, NDC-051311-050-01), and transcardially perfused
with an ice-cold sucrose cutting solution containing (in mM): 210 sucrose, 1.25 NaH2PO4,
25 NaHCO3, 2.5 KClI, 0.5 CaCl2, 7 MgClI2, 7 dextrose, 1.3 ascorbic acid, 3 sodium pyruvate
(bubbled with 95% O2 — 5% CO2, pH 7.4) Mice were then decapitated and the brain was
isolated in the same sucrose solution and cut on a slicing vibratome (Leica, VT1200S, Leica
Microsystems, Wetzlar, Germany). Slices were incubated in a holding solution (composed of
(in mM): 125 NaCl, 2.5 KCl, 1.25 NaH2P0O4, 25 NaHCO3, 2 CaCl2, 2 MgClI2, 10 dextrose,
1.3 ascorbic acid, 3 sodium pyruvate, bubbled with 95% O2 — 5% CO2, pH 7.4) at 36 °C for
30 min and then at room temperature for at least 30 min until recording.

Whole cell voltage clamp recordings were obtained from these slices in a submersion
chamber with a heated (32 — 34 °C) artificial cerebrospinal fluid (aCSF) containing (in mM):
125 NaCl, 3 KClI, 1.25 NaH2PO4, 25 NaHCO3, 2 CaCl2, 1 MgCl2, 10 dextrose (bubbled
with 95% 02 — 5% CO2, pH 7.4). Patch pipettes (3-6 MQ) were manufactured from
filamented borosilicate glass capillaries (Sutter Instruments, Novato, CA, BF100-58-10) and
filled with an intracellular solution containing (in mM): 135 CsMeS, 5 CsCl, 10 HEPES, 4
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NaCl, 4 MgATP, 0.3 Na3GTP, 7 2 K-phosphcreatine, 2 Qx314Br, and 1-2% biocytin. CAl
pyramidal neurons were identified using infrared microscopy with a 40x waterimmersion
objective (Olympus, Burlingame, CA). Recordings were made using a Multiclamp 700B
(Molecular Devices, San Jose, CA) amplifier, which was connected to the computer with a
Digidata 1440A ADC (Molecular Devices, San Jose, CA), and recorded at a sampling rate
of 20 kHz with pClamp software (Molecular Devices, San Jose, CA). We did not correct
for the junction potential, but access resistance and pipette capacitance were appropriately
compensated before each recording.

To measure optogenetically-evoked PV+-mediated post synaptic currents (0IPSC) in CAl
pyramidal neurons, the cell was held at 0 mV in voltage clamp. 10 msec flashes of blue
light, generated by a Lambda DG-4 high-speed optical switch with a 300 W Xenon lamp
(Sutter Instruments) and an excitation filter set centered around 470 nm, were delivered to
the slice through a 40x objective (Olympus) with a range of light intensities from 40 uW to
4 mW. At each light intensity, the light pulse was repeated five times with 30 sec intervals
in between each stimulus. The five 0lPSCs were averaged and peak amplitude measured for
each light intensity.

4.5.8. Statistics—All data were evaluated with GraphPad Prism 8 statistical software.
Statistical significance between groups for most variables was determined using a Student
two-tailed #test with or without Welch’s correction. For nonparametric data, including the
electron microscopy analyses, a Mann-Whitney-test was assessed to determine significance.
The RAWM maze and the olPSC amplitude with increasing light intensity were analyzed

as a repeated measures two way ANOVA with a Bonferroni post hoc examination. Outliers
were determined using the ROUT method in GraphPad Prism with Q (the maximum desired
false discovery rate) set at 2%. Only one outlier was identified in the optogenetically-evoked
inhibitory postsynaptic current data which was excluded from the analysis. P values below
0.05 were considered significant. Individual statistical analysis is denoted in the figure
legends.

The number of mice used was sufficient to result in statistically significant differences

using standard power calculations with alpha = 0.05 and a power of 0.8. We used

an online tool (http://www.bu.edu/orccommittees/iacuc/policies-and-guidelines/sample-size-
calculations/) to calculate power and samples size based on experience with the respective
tests, variability of the assays and inter-individual differences within groups. All experiments
were randomized and blinded by an independent researcher to injury group.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Traumatic Brain Injury Induces Spatial Learning and Memory Deficits. (A) Experimental
Design- Adult male and female mice were subjected to sham or TBI surgery. Seven days
later spatial learning and memory was measured with the radial arm water maze. Animals
ran 3 blocks (3 trials/block) during one learning day (day 7) and one block for a memory
probe (day 8). (B) The TBI group made significantly more errors over the course of learning
when compared with sham mice (significant group differences denoted. Two-way repeated
measures ANOVA revealed a significant time (p = 0.0001) and injury (p = 0.01) effect. Dot
depicts group mean and SEM. (C) TBI impaired hippocampal-dependent spatial memory
in mice during the memory probe on day 8. Unpaired #test with Welch’s correction (p =
0.0006). Individual animals plotted, bar depicts group mean and SEM. *p <0.05, ***p <
0.001. n : Males Sham = 8; Females Sham = 7; Males TBI = 6; Females TBI = 8.
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Increase in Microglial Phagocytosis of Synapses after Trauma. (A) Experimental design:
Male animals received TBI surgery. Four days post injury fluorescent antibody-labeled
PSD-95 synapse particles are injected into the ipsilateral (injured) and contralateral
(uninjured) hippocampus. On day seven days microglia were isolated and phagocytic
activity was quantified by measuring the percentage of microglia that engulf labeled
synapses (CD45!°, CD11b* co-expressing with intracellular PSD-95-FITC). (B,C) TBI
induces synaptosome phagocytosis by microglia in the ipsilateral hemisphere when
compared to the contralateral hemisphere. Increases were measured by (B) raw number
and (C) percentages. Student #test used to determine differences between groups. Individual
animals plotted, bar depicts group mean and SEM. **p <0.01. n: Male TBI contralateral
hemisphere = 4; Male TBI ipsilateral hemisphere = 4.
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Ultrastructural Analysis of Trauma-Induced Microglia Phagocytic Phenotype. (A)
Experimental design: CX3CR1GFP/+ (in a C57BL6J background) male mice received
unilateral, focal TBI surgery. Two or seven days later brains were extracted for
ultrastructural analysis using immunocytochemical transmission electron microscopy
(immunoTEM) against GFP, comparing the ipsi (injured)- versus contralateral (uninjured)
hippocampus. Examination occurred in dorsal hippocampus CAL. (B-E) Electron
micrographs showing examples of microglial cell body and processes stained for GFP
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with peroxidase in the hippocampus CAL of TBI mice, ipsilateral or contralateral to the
lesion. (B) Microglial cell body observed ipsilateral to the lesion, two days after injury, that
contains a large number of phagocytic inclusions, in addition to juxtaposing two neuronal
cell bodies and several axon terminals. (C) Microglial cell body observed contralateral to the
lesion, seven days after the injury, that is devoid of cellular inclusions, but contacting axon
terminals and other elements among the neuropil. (D) Microglial process observed ipsilateral
to the lesion seven days after injury that contains phagocytic inclusions including one with
still intact synaptic vesicles recognized by their 40-nm diameter and distinctive morphology,
indicating its axon terminal nature. (E) Microglial processes observed contralateral to the
lesion, seven days after injury, that are largely devoid of cellular inclusions, except for a
vacuole in a process, yet making extensive contacts with pre- and post-synaptic elements.
EM notations. microglia-contacted axon terminals = t, pseudocolored in green; dendrite =

d; dendritic spine = s; lysosome = ly; microglial cell body = M; nucleus pseudocolored in
fuchsia; microglial process = m; mitochondrion = mt; myelinated axon = ma, neuronal cell
body = N; phagocytic inclusions = pseudocolored in purple; vacuole = v. Arrows point to
synapses.
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Trauma-induces Synapse Loss. (A) Experimental Design- Hippocampi were collected from
TBI or sham male and female animals at 7 dpi. The ipsilateral hippocampus was extracted.
Synaptosomes were isolated by sucrose gradient followed by size calibration beads, then co-
expression of excitatory pre and post synaptic markers- pre-synaptic marker Synapsin-1 and
post synaptic marker PSD-95. (B) Significant decreases in total synaptosome numbers in the
TBI (7 dpi) group when compared to Sham group. Student #test with Welch correction used
to determine differences between groups. Individual animals plotted, bar depicts group mean
and SEM. ***p <0.001. n: Male Sham = 5; Female Sham = 9; Male TBI = 8 Female TBI =
9.
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Increase in Satellite Microglia Interacting with Excitatory and Inhibitory Neuronal Somata
after Trauma. (A,B) Electron micrographs showing examples of microglial cell bodies
stained for GFP with peroxidase in dorsal CA1 after TBI, ipsilateral to the lesion: (A)
Microglial cell body stained for GFP by peroxidase observed in the pyramidal cell layer
ensheaths a neuronal cell body and contacts two additional neurons while containing several
phagocytic inclusions including vacuoles and lysosomes. Microglia-associated pockets of
extracellular space are shown by asterisks. (B) Microglial cell body observed in dorsal
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CAL1 which also ensheaths a neuronal cell body, contains cellular inclusions and makes
contacts with axon terminals in the neuropil. Arrows point to synapses. EM notations.
Microglia = M, nucleus pseudocolored in fuchsia; Neuronal cell body = N, pseudocolored
in cyan; vacuole = v, pseudocolored in purple; lysosome = ly, pseudocolored in purple;

* = microglia-associated pocket of extracellular space; microglial contacted axon terminal

= pseudocolored in green; arrows = synapse; dendritic spine = s; axon terminal =t, d

= dendrite. (C) Experimental Design- Brains were collected from TBI male Thyl-YFP
expressing animals at 7 dpi. Brain sections containing the dorsal hippocampus CA1 were
stained with IBA1 (denoted in red) to denote microglia. Confocal microscopy followed

by Imaris quantification identified the proportion of Thy1-YFP-positive excitatory neurons
(denoted in green) with satellite microglia in the ipsi- (D) and contralateral (E) CAL stratum
pyramiaale. (F) Significant increases in the percentage of excitatory neuron somata with
satellite microglia were observed when comparing the ipsi with the contralateral hemisphere.
(G) Significant increases in the percentage of PV-positive inhibitory neuron somata (denoted
in purple) with adjacent satellite microglia were measured when comparing the ipsi with the
contralateral hemisphere. Images were acquired on a Nikon High Speed Widefield Confocal
microscope (Ti inverted fluorescence; CSU-W1) at the UCSF Nikon Imaging Center. 200x
magnification. Student #test. Individual animals plotted, bar depicts group mean and SEM.
**p <0.01. n: Male TBI contralateral = 3; Male TBI ipsilateral = 3.
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Fig. 6.

Ingrease in Microglial Dendritic Synaptic Interaction with TBI. (A) Microglial cell body
stained for GFP with peroxidase seen extending pseudopodia that contact axon terminals and
containing phagocytic inclusions in the pyramidal cell layer of TBI mice, ipsilateral to the
lesion, seven days after injury. Microglia-associated pockets of extracellular space are shown
by asterisks (B) Example of microglial process stained for GFP with peroxidase in the dorsal
hippocampal CA1 of TBI mice, ipsilateral to the lesion, seven days after injury. The process
is ensheathing a dendrite, without any axon terminal innervation or astrocytic process in
between them and contains phagocytic inclusions contacting axon terminals. EM notations:
axon terminal = t; pseudocolored in green; dendrite = d; pseudocolored in cyan; dendritic
spine = s; pseudocolored in pink; endoplasmic reticulum = er; lysosome = ly; mitochondrion
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= mt; neuron = N; microglial process = m; * = microglia-associated pocket of extracellular
space; phagocytic inclusion = pseudocolored in purple.
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Impairment of Inhibitory Synaptic Input after Trauma. (A) Experimental Design- A 10 ms
flash of blue light is used to activate ChR2 (a light-sensitive cation channel) expressed
exclusively in PV + inhibitory neurons while the corresponding evoked inhibitory synaptic
response is recorded in CA1 pyramidal neurons. (B) Example optogenetically-evoked
inhibitory post-synaptic current (0lPSC) recorded in TBI (dark blue) and sham (light blue)
neurons. (C) A reduced amplitude of the olPSC with higher light intensities is identified
when comparing TBI to Sham groups. Two-way repeated measures ANOVA revealed a
significant light x TBI interaction (p = 0.0354). Bonferroni post-hoc analysis confirmed a
significant reduction with TBI at the 100% light intensity (p = 0.0208). Circles depict group
means and bars indicate SEM. n: TBI neurons = 11 (from 4 mice), Sham neurons = 9 (from
4 mice).
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Quantification of Ultrastructural Analysis by Immunocytochemical Transmission Electron Microscopy on Day
2 post injury. Male C57BI16J mice received unilateral, focal TBI surgery. Two days post injury brains were
extracted for ultrastructural analysis by immunocytochemical transmission electron microscopy against GFP,
comparing the ipsi (injured)- versus contralateral (uninjured) hippocampus. Examination and quantification

occurred in dorsal hippocampus CA1.

DAY 2 Contra  Ips p value
Cellular Inclusions 20+£05 53+12 ¥
Synaptic contacts 1.0+£03 13+02 0.28
Myelinated axon contacts 0.0+0.0 0.1+0.1 0.10
Digested vacuoles 07+02 28+10 0.20
Extracellular debris 0701 07+01 099
Lipid bodies 02+01 00x00 053
Lipofuscin granules 01+01 00+00 0.99
ER/Golgi Dilation 01+00 03x01 04

Values are expressed as average number per microglial cell body profile (mean +/-= SEM). Mann-Whitney test was used to determine differences

between groups.

*
p <0.05.

n: Contralateral cells = 17, Ipsilateral cells = 16.
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Table 2

Quantification of Ultrastructural Analysis by Immunocytochemical Transmission Electron Microscopy on Day
7 post injury. Male C57BI16J mice received unilateral, focal TBI surgery. Seven days post injury brains were
extracted for ultrastructural analysis by immunocytochemical transmission electron microscopy against GFP,
comparing the ipsi (injured)- versus contralateral (uninjured) hippocampus. Examination and quantification
occurred in dorsal hippocampus CA1.

DAY 7 Contra  Ips p value
Digested Vacuoles 00+£00 03x01 gpg18*
Synaptic contacts 01+00 08+02 gg12*
Myelinated axon contacts 0.1+0.0 03+0.1 0.18
Cellular Inclusions 14+03 30+09 020
Extracellular debris 07+01 0.8+00 0.65
Lipid bodies 00+00 0100 0.60
Lipofuscin granules 00+0.0 0.0+£00 0.99
ER/Golgi Dilation 00+£00 0301 (gig*

Values are expressed as average number per microglial cell body profile (mean +/-= SEM). Mann-Whitney test was used to determine differences

between groups.

*
p<0.05

*ok

p <0.01.

n: Contralateral cells = 17, Ipsilateral cells = 16.
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