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Abstract

Although traumatic brain injury (TBI) acutely disrupts the cortex, most TBI-related disabilities
reflect secondary injuries that accrue over time. The thalamus is a likely site of secondary
damage because of its reciprocal connections with the cortex. Using a mouse model of mild
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TBI (mTBI), we found a chronic increase in C1q expression specifically in the corticothalamic
system. Increased C1q expression colocalized with neuron loss and chronic inflammation and
correlated with disruption in sleep spindles and emergence of epileptic activities. Blocking C1q
counteracted these outcomes, suggesting that C1q is a disease modifier in mTBI. Single-nucleus
RNA sequencing demonstrated that microglia are a source of thalamic C1q. The corticothalamic
circuit could thus be a new target for treating TBI-related disabilities.

One sentence summary

The complement factor C1gq mediates loss of local sleep spindles and emergence of epileptic
spikes after mild TBI.

Traumatic brain injury (TBI) is a leading cause of disability in children and adults (1).

TBI affects 69 million people worldwide yearly (2) and can lead to cognitive dysfunction,
difficulty with sensory processing, sleep disruption, and epilepsy. Most of these adverse
outcomes manifest months or years after TBI and are caused by indirect secondary injuries
that develop as consequences of the initial impact (3). Because the primary injury is
essentially irreversible, understanding where, when, and how secondary injuries develop

is crucial for preventing or treating disability following TBI.

The cortex is often the site of primary injury because it sits directly beneath the skull.
However, the cortex belongs to many larger circuits, in particular the cortico-thalamo-
cortical loop. This circuit is important for sensory processing, attention, cognition, and
sleep (3-5). The thalamus itself, although not acutely injured in TBI, experiences secondary
injury, presumably because of its long-range reciprocal connections with the cerebral cortex
(6-10). Structural changes in the thalamus have been implicated in a number of long-term
TBI-related health outcomes (11, 12), and patients with TBI display secondary and chronic
neurodegeneration and inflammation in thalamic nuclei (13, 14).

Chronic neuroinflammation is common at secondary injury sites (15), but most attempts
to improve post-TBI cognitive outcomes with broad anti-inflammatory agents have failed
(15, 16). One potential mediator of post-TBI inflammation and injury is the complement
pathway, which is activated in the peri-injury area of brain lesions (17-19). Complement
activation contributes to inflammation and neurotoxicity in central nervous system (CNS)
injury and is increased in human brains afflicted with injury, epilepsy, and Alzheimer’s
disease (19-23). Aberrant activation of C1, the initiating molecule of the classical
complement cascade, can trigger elimination of synapses and contribute to the progression
of neurodegenerative disease (24). Conversely, C1/C1q is involved in normal synapse
pruning during development (25) and the complement system plays an important part in
brain homeostasis by clearing cellular debris and protecting the CNS from infection (20).

We investigated the role of C1q in post-TBI impairment of the corticothalamic system’s
function, with particular emphasis on the timing and location of C1q expression. We used a
mouse model of mild TBI (mTBI), which does not acutely affect subcortical structures, and
monitored neurophysiological changes in various regions of the cortex and thalamus using
cellular electrophysiology and wireless cortical recordings in freely behaving mice.
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Secondary C1q expression coincides with chronic inflammation,
neurodegeneration, and synaptic dysfunction in the thalamus

We induced a mild impact injury to the right primary somatosensory cortex (S1) of adult
mice (Fig. 1A) and assessed its impact on the brain 3 weeks later. This period corresponds to
the latent phase in humans, when the brain is undergoing adaptive and maladaptive changes
after injury (26). We stained coronal brain sections with markers of neurons (NeuN) and of
glial inflammation (C1q, classical complement pathway; GFAP, astrocytes; IBAL, microglia/
macrophages) (Fig. 1, C to E). Three weeks after surgery, mTBI mice had significantly
higher GFAP, C1q, and IBA1 expression in the peri-TBI S1 cortex and the functionally
connected ventrobasal thalamus (VB) and reticular thalamic nucleus (nRT) than did sham
mice (Fig. 1, B to E). We also saw increased expression of similar inflammatory markers

in thalamic tissue from human TBI patients, confirming that thalamic inflammation is a
consequence of TBI in humans too (Fig. S1).

Glial inflammation was associated with significant neuronal loss in the thalamic region,
particularly in the nRT (Fig. 1D and E, Fig. 2A). The nRT of mTBI mice had significantly
fewer neurons than the nRT of sham mice, particularly in the “body” region, which receives
most of its excitatory inputs from the injured somatosensory cortex (27-31) (Fig. 2, B to C).

To test whether C1q might mark functional damage in the cortex and thalamus, we
performed whole-cell patch-clamp recordings in brain slices obtained 3 to 6 weeks after
injury. We recorded layer-5 pyramidal neurons —a layer with neurons known to project

to both relay thalamus and nRT (32) —and fast-spiking GABAergic interneurons in the peri-
TBI S1 cortex, glutamatergic neurons in the relay VB thalamus, and GABAergic neurons
in the nRT. The neurons’ intrinsic membrane electrical properties and the spontaneous
excitatory and inhibitory postsynaptic current (SEPSC and sIPSC) properties were similar
between sham and mTBI mice in both the peri-TBI cortex and the VB thalamus (Table
S1). However, in the nRT, mTBI led to a reduction in the frequency of sIPSCs (Fig. 2, D
and E). Furthermore, nRT sEPSCs were smaller in amplitude, and trended toward a lower
frequency (Fig. 2, F and G). Immunofluorescence staining for green fluorescent protein in
mice expressing Thyl-GcaMP6f, a marker of neuronal calcium levels in corticothalamic
neurons, revealed reduced fluorescence in the thalamus after mTBI (Fig. 2, H and I).

We conclude that the major long-term effect of mTBI involves disruption of synaptic
transmission in the nRT, which coincides with increased C1q expression, reduced cortical
inputs, and local neuronal loss. In contrast, neurons in the peri-TBI cortex and the
glutamatergic relay VB thalamus appear normal at chronic stages post-mTBI (Table S1),
suggesting that neuronal vulnerability is specific to the GABAergic nRT.

Microglia are a source of Clq in the thalamus

To determine the cellular origin of C1q in the thalamus, we microdissected nRT and VB
thalamic tissue three weeks post injury (Fig. 3A) and performed single-nucleus RNA
sequencing (SnRNA-seq) on 6,228 nuclei from sham mice and 5,220 nuclei from mTBI
mice. After correcting for ambient RNA (33) and removing potential doublets (34), or
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nuclei with a high percentage of mitochondrial reads, clustering analysis identified the
expected cell types, including microglia (Cx3cri, P2ry12), astrocytes (Clan10, Fgfr3),
oligodendrocytes (Mobp, Olig1), oligodendrocyte progenitors (Sox8, Pagfra), GABAergic
neurons (Gadl, Gad?2), and glutamatergic neurons (S/c17a6, Slc17a7), which originated
from adjacent thalamocortical relay nuclei (Fig. 3B and fig. S2A). The cellular composition
was similar between sham and mTBI samples (Fig. S2, B and C) and we detected a few
markers of microglial (Apoe, Cst3)and astrocytic (Apoe, Clu) activation after mTBI (Fig.
S3A).

Microglia expressed high levels of C1ga, C1gb, and Clgc, the three genes that together
encode the 18 subunits of C1q (35) (Fig. 3C and fig. S3B). In contrast to our findings at the
protein level, the expression of the CZg genes in nuclear RNA was not significantly different
between mTBI and sham samples (Fig. 3D and fig. S3B). Because this was consistent with
previous reports that microglia activation is encoded in cytoplasmic rather than nuclear RNA
(36), we examined CZgamRNA in the bulk cytoplasmic fractions of our nuclei preparations
using quantitative reverse transcription polymerase chain reaction (QRT-PCR). This analysis
showed a trend towards increased CZga mRNA expression after mTBI, in both the thalamus
and the cortex (Fig. S3C). Similarly, mature oligodendrocytes and astrocytes in both sham
and mTBI mice expressed C4b, which acts downstream of C1 in the classical complement
pathway (Fig. 3E and fig. S3C). C4b expression in nuclear RNA increased 5.2-fold in

one subcluster of oligodendrocytes after mTBI (Fig. 3F and fig. S, 3E to G), but did not
significantly increase in astrocytes. Cytoplasmic bulk qRT-PCR confirmed a trend towards
increased C4band C2expression (Fig. S3G) whereas transcripts for other components of
the complement pathway, such as CIra, C1s1and Hc (C5), were not detected by sSnRNA-seq
or cytoplasmic gRT-PCR (Fig. S3, B and I). These data show that microglia are a source of
C1q in the thalamus, although we cannot exclude the possibility that other cell types such as
astrocytes and neurons could be additional sources (37-39).

None of the GABAergic neurons showed differential expression of components of the
complement pathway between mTBI and sham (Fig. S4). Rather, these neurons upregulated
several genes related to mitochondrial function and oxidative phosphorylation, including
Cox6c and Coxbaafter mTBI (Fig. S4G and table S2).

Blocking C1q function reduces chronic glial inflammation and neuron loss

Increased C1q expression was chronic (Fig. S5, A and B) and might therefore explain the
long-term effects of mTBI. To test this hypothesis, we used an antibody that specifically
binds to C1q and blocks its downstream activity (40). Mice were given intraperitoneal.
Injections of the C1q antibody or a mouse 1gG1 isotype control 24 hours after mTBI or
sham surgery, followed by twice-weekly treatments for three weeks.

mTBI mice treated with the anti-C1q antibody showed a strong reduction in inflammation
and reduced neuronal loss (Fig. 4, A to C) relative to control-treated mTBI mice, as
monitored by immunofluorescent staining. On average they had the same number of

nRT neurons as antibody-treated sham mice (Fig. 4C), whereas mTBI mice treated with
the control 1gG still showed inflammation and neuron loss 3 weeks after mTBI. As an

Science. Author manuscript; available in PMC 2022 January 11.
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alternative approach to the antibody treatment, we repeated the study using C1q”" mice and
found that they too exhibited reduced chronic inflammation and a non-significant NeuN loss
in the nRT after TBI (Fig. S6).

Measurements of anti-C1q and C1q in the brain and the plasma confirmed that the antibody
exerted its effect in the brain rather than peripherally (Fig. S7).

MTBI leads to loss of sleep spindles and increased epileptic spikes which

are prevented by anti-C1q treatment

We investigated the impact of mTBI /n vivo using brain rhythms as a readout of
corticothalamic circuit function. We implanted chronic wireless electrocorticographic
(ECoG) devices into sham and mTBI mice during the mTBI induction surgery and analyzed
changes in ECoG rhythms within a 12-hour window 3 weeks post-surgery. We focused our
analysis on sleep spindles, which originate from the nRT during non-rapid-eye-movement
sleep in mice (41). Sham mice had similar numbers of sleep spindles in the left and right
sensory cortices. In mTBI mice, however, the cortex ipsilateral to injury showed fewer sleep
spindles than the contralateral cortex (Fig. 5, A to D). mTBI mice also had focal epileptic
spikes ipsilateral to the injury (Fig. 6, A to D).

After 3 weeks of antibody treatment, mTBI mice receiving the anti-C1q antibody had
normal numbers of sleep spindles (Fig. 5, B, C, and D), and fewer epileptic spikes than the
mTBI mice treated with the isotype control (Fig. 6, B to E).

Discussion

Using electrophysiological approaches at the cellular and circuit levels, we found that mild
TBI in mice altered the synaptic properties of nRT neurons specifically and was associated
with C1g accumulation. The ensuing sleep disruption and development of epileptic spikes
were prevented by blocking the C1q pathway with an antibody that has translational
potential.

Previous observations of severe head injury show neurodegeneration in the human nRT (42).
Our studies showed that even mild cortical injury can lead to neuronal loss in the nRT three
3 after the injury. The loss of neurons in the nRT could explain some of the synaptic changes
we observed in this area. For instance, the reduced frequency of IPSCs 3 weeks after

mTBI could reflect a deficit in GABAergic neurons. Loss of GABAergic inhibition in the
nRT is known to result in corticothalamic circuit hyperexcitability (43, 44), and intra-nRT
GABAergic connections are important for coordinating inhibitory output to the excitatory
thalamic nuclei and controlling oscillatory thalamic activity (45). We also observed deficits
in nRT EPSCs, particularly a lower amplitude, which is consistent with the loss of the
excitatory cortical inputs. A similar alteration was found in a mouse model of epilepsy that
lacks GluA4 AMPA receptors at the cortico-nRT glutamatergic synapse (46). This defect
results in loss of feed-forward inhibition in the thalamus, and epileptic activities (46). We
therefore propose that alterations to the nRT EPSCs also contribute to corticothalamic circuit
hypersynchrony and seizures.

Science. Author manuscript; available in PMC 2022 January 11.
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Unlike nRT neurons, cortical neurons, such as excitatory layer-5 pyramidal neurons and
GABAergic fast-spiking interneurons, and the excitatory relay thalamic neurons were

not altered by mTBI at chronic time points. These observations suggest the presence of
homeostatic mechanisms that reduce chronic hyperexcitability after mTBI in the cortex and
relay thalamus. They also confirm that at least certain long-term outcomes of mTBI must
result from nRT dysfunction rather than simply from damage to the cortex. Nevertheless,
ECoG did reveal some local cortical deficits in sleep spindles and epileptic spikes. The
disruption in sleep spindles has been reported in rats and humans with severe TBI (5, 47),
and is more frequent in humans with mTBI than in those with severe TBI (48).

Given the emerging role of the nRT in generating local sleep spindles in the cortex (41),
we speculate that the local loss of sleep spindles in the cortex results from the secondary
damage to the nRT.

C1q has well-documented roles in normal brain function, such as synaptic pruning during
development (25), forgetting memories in adulthood (49), and in several neurological
disorders, including severe TBI (17-24, 50). We found that even after a mild TBI, C1q
expression was highly increased in the thalamus for up to four months after injury. Because
our mice with mTBI did not develop chronic generalized tonic-clonic seizures, we could not
determine whether blocking C1q could prevent full-blown seizures. However, we observed
many other protective effects of the anti-C1q antibody, including reduced inflammation

and neurodegeneration and protection against sleep spindle disruption and epileptic spikes.
A maladaptive role of C1qg, including aberrant synapse loss, has been reported in an /in

vivo mouse model of Alzheimer’s disease (22), although other studies have shown that

Clq can also play a “beneficial” role in Alzheimer’s disease by preventing neurotoxicity
caused by amyloid-p (51, 52). C1qg’s maladaptive role in mTBI may seem paradoxical in
light of its beneficial role in neuronal development and adaptive synapse pruning (25, 49).
However, there is evidence that different inflammatory types of astrocytes or microglia can
be protective or harmful in the brain (53, 54), and this concept could extend to C1q as well.
Indeed, C1q levels also increase in the cortex and relay thalamus, but do not appear to have a
damaging role at these sites because, unlike in the nRT, their neuronal physiology returns to
normal at chronic time points.

Our snRNA-seq results suggest that microglia, rather than the neurons themselves, are a
source of C1q, and astrocytes and oligodendrocytes of C4. C4 appears to mediate injury
after severe TBI, as shown by reduced motor deficits in C47- mice (18), and is a genetic risk
factor in schizophrenia in which sleep spindle loss is a major electrophysiological feature
(55, 56). Notably, C4 over-expression in mice increases microglia engulfment of synapses
(57), which provides a potential mechanism linking C1g/C4 to nRT dysfunction. Thus,
activation of C1g/C4 in thalamic glial cells could underlie the nRT vulnerability leading to
the transformation of sleep spindles into epileptic spikes. Lack of C5 in our model suggests
that nRT dysfunction is not due to C5a-C5aR1 microglial polarization or direct local (nRT)
neuronal damage caused by C5a or the membrane attack complex — mechanisms that require
C5 expression.

Science. Author manuscript; available in PMC 2022 January 11.
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The fact that GABAergic nRT neurons overexpress Coxé6c and Coxba, which are
mitochondrial indicators of disrupted neuronal homeostasis and cell death (58, 59) — 3
weeks after injury indicates that nRT neurons are at least dysfunctional and perhaps

still dying at that chronic stage. Because anti-C1q treatment reduces nRT neuronal loss,

we speculate that sometime after injury, C1q initiates a cycle of complement activation
including C4 production by oligodendrocytes, inflammation and neuronal loss. This cycle
adds to the damage presumably caused by the initial loss of cortical input, and maintains the
nRT’s dysfunctional state, leading to the loss of sleep spindles and a hyperactive thalamic
output to the cortex. What makes the nRT uniquely vulnerable to this cycle remains unclear.

In summary, our data point to the complement cascade as a disease modifier that could be
targeted after injury (in this study, starting 24 hours later) to avoid the devastating long-term
outcomes of mild TBI. This prospect is a possibility becauseanti-C1q treatment is already
used in a clinical trial for another neurological disorder (40, 60), and there is an expanding
pursuit of complement therapeutics for CNS disorders (61).

Genetic or pharmacological manipulations of the complement pathway can improve the
outcomes of severe TBI as well, specifically motor function and memory deficits in mice
(17, 18, 62, 63). The complement pathway could therefore become a therapy target for both
types of trauma.

Materials and Methods

Animals

All our protocols were approved by the Institutional Animal Care and Use Committee at
the University of California, San Francisco and Gladstone Institutes. Precautions were taken
to minimize stress and the number of animals used in each set of experiments. Mice were
separately housed after surgical implants.

Controlled cortical impact

We anesthetized mice with 2-5% isoflurane and placed them in a stereotaxic frame. We
performed a 3 mm craniotomy over the right somatosensory cortex (S1) centered at -1 mm
posterior from bregma, +3 mm lateral from the midline. TBI was performed with a CCI
device (Impact One Stereotaxic Impactor for CCl, Leica Microsystems) equipped with a
metal piston using the following parameters: 3 mm tip diameter, 15° angle, depth 0.8 mm
from the dura, velocity 3 m/s, and 100 ms dwell time. Sham animals received identical
anesthesia and craniotomy, but the injury was not delivered.

Patch-clamp electrophysiology

Recordings were performed as previously described (31, 46). We visually identified S1,

nRT, and VB neurons by differential contrast optics with an Olympus microscope and an
infrared video camera. Recording electrodes made of borosilicate glass had a resistance of
2.5-4 MQ when filled with intracellular solution. Access resistance was monitored in all the
recordings, and cells were included for analysis only if the access resistance was <25 MQ.
Intrinsic and bursting properties and SEPSCs were recorded in the presence of picrotoxin (50

Science. Author manuscript; available in PMC 2022 January 11.
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UM, Sigma-Aldrich), and the internal solution contained 120 mM potassium gluconate, 11
mM EGTA, 11 mM KCI, 10 mM HEPES, 1 mM CaCl,, and 1 mM MgCl,, pH adjusted
to 7.4 with KOH (290 mOsm). We corrected the potentials for -15 mV liquid junction
potential.

sIPSCs ) were recorded in the presence of kynurenic acid (2 mM, Sigma-Aldrich), and the
internal solution contained 135 mM CsCl, 10 mM EGTA, 10 mM HEPES, 5 mM Qx-314
(lidocaine N-ethyl bromide), and 2 mM MgCly, pH adjusted to 7.3 with CSOH (290 mOsm).

snRNA library construction and sequencing

SnRNA-seq libraries were processed using the Chromium Next GEM Single Cell

3’v3 library kit with dual indexing (10x Genomics) according to the manufacturer’s
specifications. For every sample, nuclei were diluted to 1,000 nuclei/pl in nuclei dilution
buffer, and 9,900 nuclei were loaded onto the Chromium, with a targeted recovery of 6,000
nuclei. Replicate 1 and 2 nuclei were processed on different Chromium runs. Libraries
were pooled based on their molar concentrations and sequenced on an lllumina NovaSeq
6000 system using an S1 flow cell and a v1 300-cycle Reagent Kit with 28 cycles for read
1, 90 cycles for read 2, 10 cycles for index i7 and 10 cycles for index i5. Cell Ranger
(4.0.0) (10x Genomics) was used to perform sample de-multiplexing, barcode processing
and single-nucleus gene-UMI counting. Reads were mapped to mm10 (GENCODE vM23/
Ensembl 98, from 10x). From replicate 1, we recovered 2,337 nuclei from sham mice with a
mean of 92,533 reads per nucleus, and 650 nuclei from mTBI mice with a mean of 162,363
reads per nuclei; from Replicate 2, we recovered 3,891 nuclei from sham mice with a mean
of 47,592 reads per nucleus, and 4,575 nuclei from TBI mice with a mean of 41,658 reads
per nucleus. Across all samples and replicates the median number of genes per nucleus was
2,200. Additional detailed are described in supplementary materials and methods.

Statistical analyses

All numerical values are given as means and error bars are standard error of the

mean (SEM) unless stated otherwise. Parametric and non-parametric tests were chosen

as appropriate and were reported in figure legends. Data analysis was performed with
MATLAB (SCR_001622), GraphPad Prism 7/8 (SCR_002798), ImageJ (SCR_003070),
Ponemah/NeuroScore (SCR_017107), pClamp (SCR_011323), and Spike2 (SCR_000903)
software.

Analysis of electrophysiological properties

The input resistance (Rjn) and membrane time constant (t,) were measured from the
membrane hyperpolarization in response to low intensity current steps (-20 to -60 pA). The
reported rheobase averages and SEMs were calculated on the basis of the current which first
caused at least one action potential during the stimulus per recording. All data from Table
S1 were analyzed using a Mann-Whitney test with a = 0.05 (*p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001), using GraphPad Prism 7 (SCR_002798).

Science. Author manuscript; available in PMC 2022 January 11.
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Cumulative probability distributions were generated in MATLAB (SCR_001622) from 11
sham nRT neurons and nine TBI neurons, using 200 randomly selected events from each
cell.

epileptic spike event detection in ECoG

Data analysis was performed using Spike2 (version 7.20, Cambridge Electronic Design,
Cambridge, UK) and Python 3.7 (Python Software Foundation). Epochs were assigned as
NREM sleep if the ratio of delta (6, 1.5 — 4 Hz) to total power (1.5 — 80 Hz) for ECoG

was higher than the threshold value with no locomotor activity. Sleep spindle analysis was
performed for a period of 12 hours (7 am — 7 pm) at day 20 or 21 after mTBI/sham surgery.
Epileptic spikes were analyzed during the same time frame. Recordings were not analyzed
during locomotion because it was challenging to reliably distinguish movement artifacts
from epileptic spikes (Fig. 6).

We used the Morlet Wavelet function to detect spindles in the 8-15 Hz frequency range. We
applied a threshold of [1 x the mean + 1.5 x the S.D.] of the ECoG power, and detected

all events above this threshold that lasted at least 0.5 seconds (Fig. 5, Fig. S8). All detected
events were visually validated by a scientist blinded to the groups. The onset and offset
times of a spindle event were extended to the closest cycle at 0 crossing before and after the
threshold. Amplitudes of spindles were computed from the average amplitude of the spindle
(8-15Hz) power between onset and offset time, divided by root mean square of the raw
ECoG signal, and averaged per mouse. False positive events that contained epileptic spikes
(defined as events that exceeded the threshold of 1 x the mean of the baseline + 7 x S.D.,
Figs. 5-6) were rejected after visual inspection of a scientist blinded to the groups.

Anti-C1lq antibody treatment

Anti-Clq antibody (ANX-M1, Annexon Biosciences) (22, 40, 64) and control (mouse
isotype 1gG1 antibody, MOPC, Clone BE0083, from BioXCell) were administered at 100
mg/Kkg, a non-toxic dose in rodents, first 24 hours post-TBI, and then every three days

for three weeks. Detailed treatment paradigm and pharmacological assays are described in
Supplementary Methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Theinjured cortex and functionally connected thalamus show chronic inflammation and
neuron loss three weeks after mTBI.

(A, B) Schematic of the controlled cortical impact (A) and of the S1 cortex and nRT and
VB thalamic regions (B). (C) Coronal brain section from a mTBI mouse stained for C1q.
Note that bilateral C1q expression is typical for the hippocampus. (D) Close-up images of
S1 (top), VB and nRT (middle), and confocal images of nRT (bottom) stained for C1q,
NeuN, GFAP, and Ibal. Injury site in the right S1 cortex is marked by an asterisk. Arrow

in nRT indicates location of confocal image. (E) Fluorescence ratios between ipsilateral and
contralateral regions in sham and mTBI mice. Data represent all points from min to max,
with a Mann-Whitney test and a = 0.05 (*p < 0.05, **p < 0.01). Analysis includes between
five and seven mice per group (n = three sections per mouse, one image per region).
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Fig. 2. ThenRT ipsilateral totheinjured cortex shows neuron loss and altered slPSC and sEPSC
propertiesthree weeks after mTBI.

(A-C) High-magnification coronal image of the nRT (A) and neuron counts across the
entire ipsilateral nRT (B) or per subdivision, normalized to the median value from the sham
group (C). Six mice per group (n = three sections per mouse, averaged). (D, E) sIPSC
recordings from nRT (D) neurons and frequency and amplitude distributions (E) in 13
neurons from four sham mice and 22 neurons from six mTBI mice. (F, G) Spontaneous
EPSC recordings (F) from nRT neurons and frequency and amplitude distributions (G) in
11 neurons from six sham mice and nine neurons from seven mTBI mice. Inset: averaged
EPSC traces from single nRT neurons. (H) Coronal brain sections from Thy1-GCaMP6f
mice with sham surgery and mTBI (asterisk). Bottom: projection terminals from the cortex.
(I Thy1-GCaMP fluorescence ratios between ipsilateral and contralateral regions. Data
represent all points from min to max, Mean + SEM, with a Mann-Whitney test and a = 0.05
(*p < 0.05, **p < 0.01). Analysis includes five sham mice and six mTBI mice (n = three
sections per mouse, one image per region).
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Fig. 3. Microglia are a source of C1q in thethalamusthree weeks after mTBI.
(A) Schematic of coronal brain sections showing the location of thalamic tissue dissection.

(B, C, E) UMAP representation of single-nucleus RNA sequencing data (n = 4,908 sham
nuclei, n = 4,338 mTBI nuclei, after data cleaning) colored by cell type or lineage (B),

and for nuclear CIga(C) or C4b (E) expression. Lineage markers described in Fig. S2A.
Normalized expression scale shown above, 0-max, with max value for each panel. (D,

F) Violin plots of CIgaexpression in microglial nuclei (D) and of C4b expression in
oligodendrocyte nuclei (F) from cluster 3 (Oligo 3, Fig. S3E) from sham and mTBI mice,
analyzed with a Wilcoxon Rank Sum test (ns = not significant). Analysis combines both
technical replicates, collectively representing nine sham mice and ten mTBI mice. Each dot
represents a single nucleus.
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Fig. 4. Anti-C1q antibody reduces chronic inflammation and neuron loss three weeks after

mTBlI.

(A, B) Coronal brain sections (A) and close-ups (B) of S1 (top), VB and nRT (bottom)

from mTBI mice treated with anti-C1q antibody and stained for C1qg, NeuN, GFAP, and
Ibal. Asterisk marks injury site. (C) Quantification of nRT neuron counts and fluorescence
ratios between ipsilateral and contralateral regions in sham and mTBI mice treated with the
anti-C1q antibody or the isotype control. Data represent all points from min to max, with a
Mann-Whitney test and a = 0.05 (*p < 0.05, **p < 0.01). Analysis includes between six and

eight mice per group (n = three sections per mouse, one image per region).
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Fig. 5. Anti-C1q antibody reverts chronic sleep spindlereduction after mTBI.
(A) ECoG recordings from a sham and mTBI mouse three weeks after mTBI. Blue traces

represent the band-pass (BP, 8—15 Hz) filtered ECoG. Horizontal blue lines show the
detected spindles. Arrows indicate epileptic spikes. (B) Same as (A) from mTBI mice
treated with an isotype control or the anti-C1q antibody. (C) Ratio of sleep spindle counts
in ipsilateral ECoG to sleep spindle counts in contralateral ECoG detected within a 12-hour
window. Data represent mean + SEM analyzed with a Mann-Whitney rank sum test with
a = 0.05 (*p < 0.05, **p < 0.01). Analysis includes n = six sham mice, n = nine mTBI
mice (left); n = seven control-treated mTBI mice, n = six antibody-treated mTBI mice
(right). (D) Density, normalized amplitude and duration of sleep spindles in contralateral
and ipsilateral ECoG from the mice in (C). Data represent mean + SEM analyzed with a
Kruskal-Wallis One Way Analysis of Variance on Ranks, all pairwise multiple comparison
procedures (Holm-Sidak method), a = 0.05 (*p < 0.05, **p < 0.01). Gray lines connect
contralateral and ipsilateral data points for each mouse.
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Fig. 6. Anti-C1q antibody reducesfocal epileptic spikesthat develop three weeks after mTBI.
(A) ECoG recordings from a sham and mTBI mouse three weeks post-mTBI. Horizontal

dashed lines represent the spike detection threshold. Vertical red lines indicate detected
spikes. (B) Same as A) from mTBI mice treated with an isotype control or the anti-C1q
antibody. Traces in A-B are from episodes of NREM sleep. (C) Number of epileptic spikes
detected within a 12-hour window. Data represent mean + SEM analyzed with a Mann-
Whitney rank sum test, a = 0.05 (*p < 0.05, **p < 0.01). Inset: an average epileptic spike
from the mTBI mouse shown in (B) (n=592 spikes; mean (black) £ SD (grey). Analysis
includes n = six sham mice, n = nine mTBI mice (left); n = seven control-treated mTBI
mice, n = six antibody-treated mTBI mice. (D, E) Number of epileptic spikes as a function
of the ratio of sleep spindles in the sham versus mTBI (D) and anti-C1q versus control mTBI
(E) mice from (C). Individual points represent each mouse and error bars represent mean +
SEM across both axes.
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