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uncovers unique expression patterns in
postnatal brain development in mice
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Recent studies have found non-immunological roles of the classical comple-
ment pathway (CP) in brain development and its involvement in neu-
ropsychiatric and neurodegenerative diseases. However, multiple
complement activation pathways exist beyond the CP, but their expression
and function remain poorly understood in the brain. Using MERFISH, we
constructed a comprehensive spatial transcriptomic atlas of the complement
system in mouse brains from late embryonic stage to adulthood. Here we show
that most complement genes are expressed locally with a remarkable degree
of cellular, spatial, and temporal heterogeneity and that complement reg-
ulatory mechanisms are distinct from the periphery. Beyond confirming the
known expression of the CP, our measurements reveal endogenous expression
of the alternative pathway (AP), notably the AP activator Masp3 in immature
brains. Masp3 deficiency alters molecular structure of the brain and causes
working spatial memory defects, indicating a role of Masp3 in brain matura-

tion, potentially via modulation of AP activity.

The complement system is a well-characterized key regulator of both
innate and adaptive immunity* with over 50 known complement-
related genes in rodents, consisting of complement cascade compo-
nents, receptors, and regulators. The complement cascade can be
activated through three distinct pathways: the classical pathway (CP),
the lectin pathway (LP), and the alternative pathway (AP). Numerous
studies have shown that the CP mediates microglia-dependent synapse
pruning during normal neural development®®, and that its over-
activation can cause Schizophrenia’'°. Moreover, complement acti-
vation has also been frequently implicated in the progression of many
neurodegenerative diseases' '¢. However, unlike in the periphery, our
understanding of the complement system in the brain remains

incomplete. For example, the expression and regulation of the com-
plement cascade in different brain regions, cell types, and across
postnatal development stages have not been comprehensively deter-
mined. And, while the role of the CP in neuronal development is clear,
it remains unknown if the LP and AP are involved in brain development,
and if so, whether their functions are redundant with the CP.

As many of the complement genes are lowly and heterogeneously
expressed in the brain, it is technically challenging to profile their
expression by single-cell RNA sequencing, due to constraints in
sequencing depth, transcript capture efficiency, and the number of
cells profiled. Moreover, tissue dissociation for such characterization
naturally disrupts the spatial context. The low and heterogeneous
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expression also make it technically challenging to detect complement
proteins by immunohistochemistry (IHC). Furthermore, as many
complement components are secreted, IHC does not define the
regional or cellular sources.

Multiplexed Error-Robust Fluorescent in situ Hybridization
(MERFISH), a spatial transcriptomic method with single-cell resolution,
has emerged as a potential solution to these challenges'?, with the
demonstrated ability to profile hundreds to thousands of genes,
including lowly expressed genes, and from these measurements
define, discover, and map cell types in different regions of the mouse
and human brain?>**"%, Recently, MERFISH and related methods have
been extended to define and map cell populations across the entire
adult mouse brains® . By then integrating these measurements with
companion single-cell RNA sequencing datasets, the transcriptome-
wide gene expression and spatial organization of thousands of neu-
ronal populations have been described. However, only a very limited
number of genes in the complement pathway were included in the
target gene set in these studies. Thus, given the limited sensitivity of
single-cell RNA sequencing, inferred complement gene expression
through data integration remains low in resolution and accuracy.
Moreover, these studies have been limited to adult mice, leaving the
developmental regulation, a critical aspect of complement function in
the brain, unexplored.

To address these limitations, we report here a comprehensive
overview of the complement system in mouse brains from late
embryonic stage (embryonic day 18.5/E18.5) to adulthood (postnatal
day 120/p120) profiled with MERFISH. Our data showed that beyond
the established expression of CP, most of the complement genes (47
out of 51 profiled) are locally expressed across different brain
regions. Supporting the functional significance of this expression, we
find that complement expression is differentially regulated by brain
region and cell type and that these expression patterns evolve with
age. Consistent with prior findings®®, our data support an induction
of the CP over time. Extending beyond these observations, we find
below threshold expression of essential LP serine protease gene
Masp2 along with ample expression of the LP inhibitor gene Map44,
suggesting a limited local source for LP activation in healthy young
brains. By contrast, AP genes are expressed in the brain, particularly
in immature brains. Depletion of the AP activator Masp3 shifts the
distribution of subsets of cortical vGlutl* excitatory neurons, and in
parallel, results in spatial working memory defects. Collectively,
these findings suggest a role of Masp3 and, by extrapolation, the AP,
in brain maturation.

Results

Complement components are locally produced in the brain with
cell-type and brain-region heterogeneity

To construct a brain atlas for the complement system, we designed a
249-gene MERFISH probe library comprising genes in the following
groups: (1) canonical markers for major brain cell types; (2) cortical
layer and brain region markers; (3) neurotransmitter synthesis, trans-
port and receptors; (4) known genes involved in neural development
and homeostasis; and (5) 51 complement genes, including comple-
ment components, receptors and regulators (Table Sl1). Given the
tremendous heterogeneity of cell types in the brain, and the lack of a
consensus for terminal neuronal and glial cell types, our goal with this
library was to determine complement expression in major categories
of cells in the brain parenchyma. From six whole sagittal sections from
postnatal day 60 (p60) young adult mouse brains, we decoded over
250 million RNA molecules that were assigned to over half a million
segmented cells (Fig. 1). Overall, the measured gene expression was
highly reproducible between replicates (Fig. S1A) and well correlated
with published abundance values from bulk RNA-sequencing of the
brain (Fig. S1B). In addition, the RNAs included to mark different brain
regions detected by MERFISH showed expected spatial distribution

patterns that matched those from the Allen Brain Atlas (ABA) in situ
hybridization database (Fig. S1C).

Using these measurements, we identified 16 major brain cell types
based on established cell type markers (Figs. 1A, B, S1D, a full list of cell
type abbreviations can be found in Table S2). We then performed a
second round of clustering to refine cell types and place them in dis-
tinct brain regions (Figs. 1C-K, S2), resulting in 17 subtypes of vGlutl*
neurons, 12 subtypes of vGlut2® neurons, and 12 subtypes of inhibitory
neurons. vGlutl* neurons mainly occupied the cortex and cerebellum,
and their subclusters formed distinct cortical layers and sub-structures
of the hippocampus (Figs. 1D, S2A, B). vGlut2* neurons mainly located
in the brain stem and segregated into various nuclei in the thalamus
and mid-/hind- brain (Figs. 1E, S2C, D). Inhibitory neurons formed
transcriptionally distinct subclusters in the cortex, striatum, mid-/
hind- brain and the cerebellum. In the thalamus, inhibitory neurons
were most densely located in the reticular nucleus (IN-RT) as
expected®' (Figs. 1F, S2E, F). Similarly, subtypes of astrocytes
(Figs. 1G, S2G, H) and oligodendrocytes (Figs. 1H, S2I,]) also segregated
by brain regions, whereas microglia (Figs. 11, S2K, L), oligodendrocyte
progenitor cells (Figs. 1), S2M, N), and endothelial cells (Figs. 1K, S20,
P) did not display brain-region specific sub-populations. We leveraged
these spatial distribution properties to identify 23 distinct brain
regions and assigned cells to these regions (Fig. 1C, a full list of brain
region abbreviations can be found in Table S3).

We next evaluated the spatial and cell-type expression pattern of
the complement genes. As false positive signals are present in image-
based approaches to single-cell transcriptomics, such as MERFISH, we
included eight barcodes that were not assigned to any target RNA in
the library (termed “blanks”) to measure this false positive rate. Genes
detected at least 2 standard deviations above the average of blanks in
at least 1 cluster of cells were considered as expressed. 44 out of 51
(86.3%) complement genes examined were expressed above this
threshold in at least one cluster (Figs. S3 and S4). CIrb, Hc (encoding
C5), C9, C4bp, Fcna, Masp2 and Vsig4 did not pass this threshold in p60
mouse brains. Nonetheless, for completeness we report the observed
average expression for these genes by major brain cell types (Fig. S3)
and refined subclusters (Fig. S4). Figure 2A summarizes genes
involved in different complement pathways and their overlap. We have
constructed an interactive online platform to facilitate the visualiza-
tion of these data (https:/moffittlab.github.io/visualization/2024_
Complement_Brain/index.html).

Genes in the CP were most highly expressed by glial cells in the
brain (Fig. S3). Among them, the genes of the Clq pattern recognition
complex (Clqa, Cigb, Clgc) were highly and exclusively expressed by
microglia (MG) and perivascular macrophages (PVM) (Figs. 2B left
panel, 2C, S3), with relatively homogeneous distribution across dif-
ferent brain regions (Fig. 2D, E), observations that are consistent with
findings in published single-cell RNA sequencing studies in both
human and mouse brains®**, CP activation requires serine proteases
ClIr (encoded by Clra and CIrb) and Cls (encoded by Cis1 and C1s2)
downstream of the Clq complex. In contrast to genes encoding the
Clq complex, CIr/s genes were sparsely expressed only in a few cell
types and in restricted brain regions—mainly cells of the choroid
plexus (ChP) and pericytes (Figs. 2B, middle and right panels, 2C-E, S3)
—suggesting these essential components for CP activation could be
made available through circulating cerebral-spinal fluid (CSF) pro-
duced by the ChP and through paracrine secretion by pericytes that
are found in the base membrane of capillaries. In addition, limited local
expression of CIr/s genes may be a mechanism to prevent complement
overactivation at steady state.

LP components were generally very sparsely expressed in the
brain (Fig. 2F-I), mainly by small subsets of neurons. Among the LP
components, pattern recognition molecules Fcnb, Mbl1, and Mb[2 were
detected above background (Figs. 2F, left and middle panel, 2G, S3).
Spatially, they were enriched in the cortex and the ChP (Fig. 2H). Within
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Fig. 1| Cell type and brain region identification in young adult mouse brain by
MERFISH. A UMAP visualization of primary cell clusters identified by MERFISH in
p60 mouse brain sagittal sections. B The spatial localization of each primary cell
type in a representative brain slice. Cells are colored by cell type as in (A). C The
spatial location of identified brain regions for the slice in (B). Spatial localization of
secondary cell clusters of vGlutl® (ExN-vGlutl, D) and vGlut2* (ExN-vGlut2, E)
excitatory neurons, inhibitory neurons (InN, F), astrocytes (Astro, G),
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oligodendrocytes (OD, H), microglia (MG, I), oligodendrocyte progenitor cells
(OPC, J) and endothelial cells (Endo, K) for the slice in (B). Full lists of cell type and
brain region abbreviations can be found in Tables S2 and S3, respectively. Note that
PF (parafascicular region) and RT (reticular nucleus) are thalamic nuclei, and that
Th designates other thalamic regions that are not further distinguished. Scale bar:
2 mm. Source data are deposited on Data Dryad (https://doi.org/10.5061/dryad.
cnpShqcbq).

the cortex, Fcnb was enriched in superficial cortical layers 2-4, but Mbl1
and MbI2 were enriched in deep cortical layers 5 and 6 (Fig. 2I).
However, the level of Masp2, which encodes the serine protease
essential for LP activation, was below detection limit in all cell types,
suggesting a minimal local source of LP in healthy young adult mouse
brains.

The AP does not involve pattern recognition factors but requires
complement factor B (Cfb) and factor D (Cfd), and is positively regu-
lated by properdin (Cfp)* and the serine protease Masp3*. Masp3 is a
distinct transcript variant encoded by the Masp1 gene. And due to high
sequence similarity among the isoforms, MERFISH probes for the
Maspl gene were not designed to distinguish its isoforms. We there-
fore refer to the Masp1 gene as pan-Maspl to distinguish the gene from
the transcript variants and to indicate isoform non-specific detection
with MERFISH. Transcripts of all AP components were detected above
threshold, particularly in various types of neurons, neural and oligo-
dendrocyte progenitor cells (Figs. 2J, K, S3). Besides the cerebellum
and the olfactory area, their expression was also enriched in the cortex
(Fig. 2L), especially in deep cortical layers five and six (Fig. 2M). These
observations indicate a previously unappreciated presence of the AP in
the brain. Notably, AP activator Cfp was mostly highly expressed by
neural progenitor cells (Fig. 2K), further suggesting a role of the AP in
these cells.

Both CP and LP activate C2 and C4b, and then converge with the
AP and activate C3. C2, C4b and C3 transcripts were all detected above
threshold but sparsely distributed in the brain (Fig. 2N). They were
mainly detected in glial cells, with C2 expressed by pericytes and the
ChP, C4b by astrocytes (notably Gfap* fibrous astrocytes, Fig. S4D),

ependymal cells and pericytes, and C3 by microglia (Figs. 20, S3).
Spatially, C2, C4b and C3 were enriched in structures surrounding the
brain ventricles, including the fiber tract and corpus callosum, the ChP,
and the ependyma, and showed generally low expression levels in
other brain regions (Fig. 2P, Q). These observations suggest a unique
aspect of complement regulation in the brain. Unlike in the periphery
where C4b and C3 are among the most abundant serum proteins, the
brain has very limited access to these components at homeostasis,
either from a local source or from the serum due to the blood-brain
barrier. Such restricted levels may represent a mechanism to prevent
damage from complement overactivation.

Complement activation eventually results in the formation of the
membrane attack complex, a plasma membrane pore composed of C5-
C9, which can trigger inflammatory response and lead to catastrophic
lytic cell death”. This process is therefore tightly regulated. In the
brain, transcripts of C6, C7 and all three subunits of C8 (C8a, C8b, C8g)
were detected above threshold (Figs. 2R, S, S3). However, the local
expression of two essential components of MAC, C5 (encoded by Hc)
that initiates MAC formation, and the pore-forming subunit C9, was
below threshold, suggesting transcriptional level suppression of MAC
in healthy young brains. We further speculate that local expression of
C6-C8 could indicate the “preparedness” of the brain to respond to
inflammatory and disease conditions. To support this idea, dysregu-
lated MAC formation has been implicated in the pathogenesis of Alz-
heimer’s disease in mouse models®**.

Complement receptors are additional essential components in
the cascade. Based on their cell type expression patterns, we loosely
grouped the complement receptors into two categories: those
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expressed by microglia, cell types that respond to complement acti-
vation through receptor-ligand binding, and those expressed by neu-
rons (Fig. 2T, U, S3). Microglia function as brain tissue resident
macrophages, and similar to their peripheral counterparts, they
expressed ftgam (encoding Cd11b/Cr3), the receptor for complement
iC3b, that allows microglial phagocytosis of complement opsonized
synapses in development and diseases. In addition, microglia were also

the main cell type that expressed C3arl, C5arl and C5ar2, encoding
receptors for anaphylatoxins C3a and C5a produced upon comple-
ment activation. C5arl is known to drive pro-inflammatory response,
whereas C5ar2 has been reported to sequester C5a and have immu-
nomodulatory functions*. In the brain, C5ar2 expression is sig-
nificantly higher than that of CSarl, suggesting a way in which
inflammation may be regulated in healthy young brains.
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Fig. 2| Complement expression in p60 young adult mouse brains. A A simplified
summary of complement component genes, their involvement in complement
activation pathways, and genes that are shared across different complement
pathways. Genes of complement receptors and regulators are not enumerated.

B Representative plots of the spatial distribution of transcripts detected by MER-
FISH of selected CP-specific genes (Clga, CIra and CIsI). These genes were selected
to highlight the heterogeneity in overall abundance and spatial distribution pat-
tern. C Dot plots showing CP-specific gene expression pattern by cell type. Only top
cell types that express these genes were plotted to facilitate visualization. Gene
expression among all major brain cell types can be found in Fig. S3. Dot plots

showing CP-specific gene expression pattern by broad brain regions (D) and by
cortical layers (E). F-Q Similar plots as in (B-E) for LP-specific (F-I), AP-specific
(J-M) and genes involved in at least two complement activation pathways (N-Q).
R Spatial distribution of transcripts of genes to form the MAC. S Dot plots showing
cell type expression pattern of MAC genes. Similar plots as in (R, S) for complement
receptor genes (T, U) and complement regulatory genes (V, W). Full lists of cell type
and brain region abbreviations can be found in Tables S2 and S3, respectively. Scale
bar: 2 mm. Source data are deposited on Data Dryad (https://doi.org/10.5061/
dryad.cnp5hqcbq).

Neurons, especially vGlutl® excitatory neurons, expressed abun-
dant level of receptors to Clq, including Cd209b (encoding DC-SIGN,
mouse homologue to SIGN-R1), and neuronal pentraxins NptxI, Npt2,
and Nptrx*** (Figs. 2T, U, S3), which may serve as a docking site for Clq
and downstream complement deposition. Nrpl, a newly identified
receptor for complement split products*’, was expressed by neurons,
ChP, endothelial cells and pericytes in addition to microglia (Figs. 2U,
S3), reflecting its previously established function neuronal and vas-
cular systems through interaction with semaphorins and VEGF***,

The complement cascade is tightly regulated by complement
regulators at almost every stage of its activation. At the level of com-
plement initiation, Serpingl, which inhibits both CP and LP serine
proteases*®, was highly expressed by the pericytes and the ChP
(Figs. 2W, S3). To regulate further complement activation at the level
of C4b and C3, membrane-bound regulator Csmd1*~*°, and its struc-
tural homolog Csmd2, were highly expressed by neurons, neural pro-
genitor and oligodendrocyte progenitor cells (Figs. 2V, W, S3). Factor |
(Cfi) that proteolytically inactivates C3, and its cofactors C4 binding
protein (C4bp) and membrane cofactor protein (MCP, encoded by
Cd46) were detected at low levels in many brain cell types, notably
neurons (Figs. 2W, S3). Complement factor H (Cfh), a soluble regulator
that limits the amount of active C3 and C5 convertases from the
alternative pathway, was highly expressed in microglia, pericytes and
the ChP. Decay-accelerating factor (DAF, encoded by Cd55), a
membrane-bound C3 convertase inhibitor, was highly expressed in the
choroid plexus and ependyma (Figs. 2V, W, S3). Finally, membrane
attack complex formation is under the control of soluble complement
S-protein vitronectin (Vtn) and clusterin (Clu)**”', and membrane-
bound regulator Cd59 (encoding the MAC inhibitory protein)®. Vin
was mostly expressed by pericytes, whereas Cd59 was most highly
expressed by the ChP, but was also broadly detected in neurons
(Figs. 2V, W, S3). Clu was not included in our library due to very high
expression level reported in previously published mouse brain bulk
RNA sequencing experiments.

Collectively, we showed that the vast majority of the complement
genes profiled are locally expressed in the brain. Their expression
patterns vary in overall abundance, cell-type and regional distribu-
tions. In addition to confirming previously known expression of CP
genes in the brain, our data suggest an insufficient brain-endogenous
expression of LP genes, but sufficient local expression of AP genes to
support their activation. Furthermore, through both the protection of
blood-brain barrier and low local gene expression, the brain is exposed
to limited levels of essential components for complement activation,
such as serine proteases, C3 and C4, and MAC components C5 and C9.
Finally, each stage of complement activation is tightly regulated
through the expression of conventional and brain-enriched comple-
ment regulators in various cell types. These observations suggest that
complement expression is tuned to ensure controlled activity in the
brain at steady state, yet allow the brain to respond rapidly and effi-
ciently to infection or disease conditions.

Complement expression is developmentally regulated
It is well established that postnatal synaptic pruning®®, a highly
dynamic process that happens at different ages depending on the

brain region, is driven in part by the CP. Moreover, the expression of
complement components important for synaptic pruning, such as Clq,
is dynamically regulated over development and normal aging®. Given
this role for complement in brain development, we asked if the
expression pattern of other complement genes may also change over
age. We therefore expanded our MERFISH measurement to the brains
from late gestation stage embryos at embryonic day 18.5 (E18.5, n=4),
neonates at postnatal day 5 (p5, n = 6), and 4-month-old mature adults
(p120, n=3). As above, we identified all expected major cell clusters
and assigned brain regions in samples across age groups (Fig. S5).
Supporting our measurements, expression of neurogenesis and pro-
liferation markers such as Mki67, Dcx, Sox4, Sox11, and Cd24a, declined
over age (Fig. S5F) while the mature oligodendrocyte marker Opalin,
and several neural transmission genes, including Slc17a7 (encoding
vGlutl), glutamate receptors Grin2a, Grin2c and GABA receptor type A
subunit Gabrd (Fig. S5F) were enriched in adult brains.

Across all age groups measured, 47 out of 51 (92.2%) complement
genes examined in MERFISH were expressed above background in at
least one age group. Only CIrb, Hc, C4bp and Masp2 showed no above
background expression at any age. This observation further supports
the notion that while most complement components are expressed
locally over time, the brain prevents complement overactivation by
limiting expression of key regulators such as Masp2 and Hc. Further-
more, cell type-specific complement gene expression patterns
remained consistent over time (Fig. S6), suggesting that these
expression patterns are cell type intrinsic. However, clear changes
were observed in both the overall abundance (Fig. 3A-D) and spatial
distribution (Fig. S7) of many complement genes, indicating develop-
mental regulation of complement expression.

We next explored each complement pathway in more depth. CP
genes were generally much more abundant in adult brains compared
to embryonic and juvenile brains, including the genes encoding the
Clq/r/s complex, as well as C2, C4b and C3 (Fig. 3A). An increase in CIga
is the result of a combination of increased microglia abundance and
increased cellular expression by microglia (Fig. 3E). In contrast,
expression of CIgb and CIgc per microglia declined over time (Fig. 3E,
top panel), and therefore the overall increase in C1gb and ClIgc abun-
dance is predominantly a result of microglia expansion. In addition,
neuronal Clq receptor NptxI was the top-enriched complement gene
over time (Fig. 3C), further supporting a general induction of the
potential to activate CP over development. Although expression of LP
genes was induced at p120 (Fig. 3A), the Masp2 expression level
remained below threshold, suggesting insufficient local expression to
support LP activation in all age groups tested. In contrast, multiple AP
components, including pan-Maspl, Cfd and Cfp, were highly expressed
in embryonic and juvenile brains (Fig. 3A). In parallel, expression of
complement factor H (Cfh), an AP inhibitor, increased over time
(Fig. 3D). Such transcription pattern suggests that if AP were active in
healthy brains, it would be primarily in immature brains. As for MAC
components, their expression was generally lower in p5 and p60 brains
(Fig. 3B). Coincidentally, both MAC inhibitors Cd55 (decay accelerating
factor DAF) and Cd59a were enriched in p120 mature brains (Fig. 3D).
These expression patterns of MAC components indicate that as the
brain matures, it may have increased potential to activate the terminal
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Fig. 3 | Developmental regulation of complement gene expression. Heatmap
showing change of average expression over time from E18.5 to p120 of complement
components involved in the three complement activation pathways (A), membrane
attack complex (B), complement receptors (C) and regulatory genes (D). Average
expression is calculated over all cells, regardless of their cell type and brain region,
and normalized to the average of all age groups combined for each gene. Data is
presented as fold change of the mean at a given age to the mean of all samples.
E, F Dot plot showing change over time of expression in top expressing cell types
for CP genes. G Representative spatial plotting of aggregated expression score of
CPin E18.5, p5, p60 and p120 brains. The expression of CIqga, ClIgb, CIra, Clrb, CIsl,
CIs2, C2, C4b and C3 were included in the calculation. H Heatmap showing aggre-
gated expression score of CP by broad brain region (left panel) and by cortical

layers (right panel) over age. Same genes as in (G) were included in the calculation.
I-N Similar plots as in (E-H) for LP (I-K) and AP (L-N). The expression of Mbl1,
MbL2, Fcna, Fcnb, Masp2, C2, C4b and C3 were included in the calculation for LP; the
expression of pan-Maspl, Cfd, Cfb, Cfp and C3 was included for AP. O Dot plot
showing change over time of expression of genes shared among all three com-
plement pathways in top expressing cell types. P Summary of overall availability of
components in each complement activation pathway from brain endogenous RNA
expression over time. Gray dashed line represents background that is set based on
detection threshold. Colored dashed lines represent trends by extrapolation, rather
than actual result measured in this study. Full lists of cell type and brain region
abbreviations can be found in Table S2 and S3, respectively. Scale bar: 2 mm. Source
data are deposited on Data Dryad (https://doi.org/10.5061/dryad.cnp5hqcbq).
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pathway, but at steady state, it can prevent MAC damage by expressing
sufficient regulatory proteins accordingly.

As complement components typically work in concert with other
members in the same pathway, functional inference cannot be drawn
from the expression of a single complement gene. Therefore, to better
describe the overall availability of essential components from local
gene expression for complement activation, we computed an aggre-
gated complement expression score by brain region, calculated as the
geometric mean of the expression of the genes involved in each
complement activation pathway. For each pathway, pathway-specific
initiation genes and relevant shared components are included in the
calculation. As our data did not distinguish cortical layers 2/3 and
cortical layer 4 in E18.5 brains, we combined cortical layers 2-4 for
consistency among age groups.

This analysis showed that the overall expression of CP genes
generally increased across all brain regions over time, with the highest
expression score seen in the ChP, followed by the cortex. And within
the cortex, the CP score gradually declined from superficial layers 2-4
to deep layers 6 and 6b (Fig. 3E, H). In addition, this analysis revealed
an induction of LP gene expression in mature adult brain at p120,
particularly in the cortex and striatum (Fig. 31-K). However, sub-
threshold levels of Masp2 expression continued to suggest that if there
is activation of LP in the brain, it is likely provided by peripheral
sources of Masp2 or, in the case of neuroinflammatory stimuli, driven
by local induction of Masp2 expression. As for AP, overall expression of
its components was most enriched in E18.5 but showed brain-region-
dependent regulation over age. Specifically, we observed a re-
induction of AP expression in the p120 mature cortex, a trend that
was much less pronounced in other brain regions (Fig. 3L-N). The
change over time of the expression score of all three complement
pathways is summarized in Fig. 3P. From these analyses, we observed
that CP and AP genes expression patterns exhibited temporal and
spatial (across cortical layers) complementarity, suggesting non-
redundant function of these two pathways in brain development.

Alternative complement pathway activator Masp3 is highly
expressed in late embryonic brains

The unique cell-type and temporal regulation of pan-Masp1 expression
prompted us to focus on this gene. It is the only complement gene
whose expression was most elevated in the embryonic brain and dra-
matically declined over time. It is also one out of two complement
genes with ample expression in neuronal and oligodendrocyte pro-
genitor cells, the other such gene being AP activator Cfp. These pan-
Masp1 expression patterns suggested a role in brain development and
in progenitor cells during late embryonic stages to neonates.

Maspl is a complex gene. It encodes three functionally distinct
variants that are derived from alternative splicing: the serine protease
Maspl that activates the LP; Map44 that acts as a LP inhibitor; and the
serine protease Masp3 that activates AP in a Cfd-dependent
manner****>** (Fig. 4A). Thus, to compare the relative abundance of
each Maspl isoforms, we designed isoform specific primers (Fig. 4A)
and performed digital droplet PCR (ddPCR) on mouse brain cortex and
control liver samples. In p60 brains, Map44 was the most abundant
isoform, followed in abundance by Masp3, while Maspl was below
detection limit (Fig. 4B). By contrast, Maspl was the most abundant
isoform in the liver (Fig. 4C), confirming our ability to detect this
transcript and suggesting a brain-specific regulation of the relative
abundance of these isoforms. Consistent with MERFISH observation
(Fig. 3A), the expression of all Maspl isoforms declined over time
(Fig. 4D-F), but their relative abundance did not change. The expres-
sion pattern of Maspl isoforms was further validated by RNAscope
using pan-Masp1 and isoform-specific probes in E18.5 and p120 frontal
cortex (Fig. 4G).

Together, these results indicate that the pan-Maspl transcripts
detected by MERFISH likely represent the expression of the Masp3 and

Map44 isoforms, but not the Maspl isoform in the brain. Below
detection limit expression levels of Maspl and Masp2, together with
ample expression of Map44, suggest LP inhibition in the brain. In
contrast, expression of Masp3 indicates possible AP activity in late
embryonic to early postnatal brains.

To explore whether the pan-Maspl expression detected by MER-
FISH in the brain is consistent with the hypothesis of potential AP
activity in the brain, we reasoned that for AP to be active, its compo-
nents should be expressed in spatial proximity to the cells expressing
pan-Maspl, especially Cfd, the direct downstream target of Masp3. As
complement components mainly function as secreted factors, we
further reasoned that regional co-expression may be more relevant
than cell-type co-expression. To explore the regional covariation in
complement expression, we calculated the average expression per
brain region for complement genes that were detected above thresh-
old by MERFISH. We first compared spatial expression patterns
between pan-Maspl and Cfd, and, indeed, we found a strong positive
correlation between them in both p5 (Fig. 4H, Pearson correlation
coefficient=0.57, p=0.0035) and p60 (Fig. 4I; Pearson correlation
coefficient=0.51, p=0.01) brains. To extend this analysis to other
relevant complement component genes, we computed pair-wise
Pearson correlation coefficient using their expression by brain
region (Fig. 4)). We found that other AP genes, Cfb and Cfp, also shared
some level of positive spatial expression correlation with pan-Masp1 in
pS brains, a time point with relatively high pan-Maspl expression
(Fig. 4J). Conversely, we noticed a significant negative correlation
between pan-Maspl with C2, a gene shared between the CP and the LP,
but not the AP (Fig. 4H), suggesting pan-Masp1 expression is unlikely
associated with CP and LP. In short, this correlation analysis supports
that pan-Masp1 expression may indicate brain AP activity.

Masp3 deficiency altered cortical distribution of vGlutl® exci-
tatory neuron subtypes in juvenile mice

To explore the in vivo function of Masp3, we turned to a Masp3-
deficient mouse model*. In this model, exon 12 of the Masp1 gene was
deleted via CRISPR/Cas9, which specifically inactivates the transcript
variant encoding Masp3, leaving the other two transcript variants,
which encode Maspl1 and Map44, respectively, intact®*. Indeed, a rabbit
red blood cell hemolytic assay** showed that plasma AP activity was
largely abrogated in Masp3 homozygous knockout mice (Masp3™”") but
not in heterozygous Masp3 knockout mice (Masp3"") or wild-type lit-
termate controls (Masp3™*) (Fig. 5A), confirming AP attenuation in the
Masp3” mouse.

As Masp3 is highly expressed in late embryonic and neonatal
mouse brains, we performed MERFISH on p5 male Masp3”* and
Masp3” mouse brain sagittal sections. We again identified expected
major brain cell types (Fig. 5B) and subclusters. Overall, our analyses
did not indicate major cell type or gene expression changes caused by
Masp3 deficiency. However, we found that the loss of Masp3 may
affect the distribution and relative abundance of vGlutl® excitatory
neuron subclusters, specifically, subclusters 1 (sub-C1) and 6 (sub-C6;
Fig. 5C, D). Spatially, sub-C6 occupied superficial cortical layers and
overlapped with sub-Cl1 (Fig. 5E, orange: sub-Cl; purple: sub-Cé6). In
Masp3** brains, sub-Cé6 cells spread throughout the anterior-posterior
axis (Fig. SE, left panel), whereas sub-Cé cells in the Masp3”~ cortex
(Fig. 5E, right panel) were restricted to the anterior cortex. Many of the
top sub-Cé enriched genes (Fig. 5F) were those that increase in adult
vGlutl" neurons compared to juvenile neurons (Fig. 5G), including
Rbfox3 (encoding NeuN) and SicI7a7 that are usually associated with
mature neurons. Using RNAscope, we detected reduced expression of
Slc17a7 in the superficial layers of the posterior cortex of Masp3” mice
(Fig. 5H, 1), consistent with MERFISH result that indicated a reduction
of Slc17a7-high neurons in the same cortical area (Fig. SE, F). In addi-
tion, sub-C6 neurons also expressed higher levels of neurotransmis-
sion genes that are most enriched in p5 vGlutl' neurons compared to
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Fig. 4 | Masp3 expression is developmentally regulated in the brain.

A Schematic drawing of the MaspI gene and alternative splicing of its transcript
variants. Exons 1-8, and 10-11 (in gray) encode the regulatory domain found in both
Maspl and Masp3. Serine protease domain of Maspl is encoded by exons 13-18 (in
purple). MaspI-specific PCR primers amplify a sequence encoded by exons 11 and
13 (purple arrows). Exon 12 (in blue) encodes Masp3-specific serine protease
domain. Masp3-specific PCR primers amplify a sequence encoded by exons 11 and
12 (blue arrows). Map44 lacks the serine protease domain and is encoded by exons
1-9, with exon 9 (in orange) unique to the Map44 transcripts. Map44 specific PCR
premiers amplify a sequence encoded by exons 8 and 9 (orange arrows). Expres-
sion of Maspl, Masp3 and Map44 in p60 brain cortex (B) and liver (C) by ddPCR.
n =4 mice per age group; gender balanced. One-way ANOVA with Tukey’s multiple
comparisons test. In the cortex (B): MasplI: 8.8 x 107 + 2.4 x10°5; Masp3:

0.0061 + 0.0012; Map44: 0.0550 + 0.0091; in the liver (C): MaspI: 0.3662 + 0.1400;
Masp3: 0.0791 + 0.0411; Map44: 0.0119 + 0.0038. Expression of Masp1 (D), Masp3
(E) and Map44 (F) over time by ddPCR. n =5 mice for E18.5, n =4 mice for all other
age groups unless otherwise specified; gender balanced. One-way ANOVA with
Tukey’s multiple comparison test. For Masp1 (D): E18.5: 0.0130 + 0.0030; p2:

0.0027 + 0.0010; p5: 0.0018 +0.0006 (n=3); p60: 1.19*10* + 0.49 x10™*; For
Masp3 (E): E18.5: 0.1270 + 0.0258; p2: 0.0198 + 0.0041; p5: 0.0115 + 0.0026; p60:
0.0050 + 0.0011; For Map44 (F): E18.5: 1.572 + 0.226; p2: 0.5927 + 0.1316; p5:
0.3555+ 0.0826 (n=3); p60: 0.0555 + 0.0051. G Representative RNAscope image
of pan-Masp] (isoform non-specific, i, ii), Masp!1 (iii, iv), Masp3 (v, vi) and Map44 (vii,
viii) in the frontal cortex of E18.5 (top row) and p120 (bottom row) mice. Repeated
in n=3 mice per age group, images from one sample are shown. Scale bar: 50 um.
Scatter plot of average normalized counts per cell of Cfd versus that of pan-Maspl
by brain region detected by MERFISH in p5 (H) and p60 (I) brains. Each dot
represents one brain region. A full list of brain region abbreviations can be found in
Table S3. Pearson correlation test, two-tailed. Pearson correlation coefficient
r=0.57in p5, p=0.0035; r=0.51in p60, p = 0.01. ] Heatmap of pair-wise two-tailed
Pearson correlation coefficient of pan-Masp1 expression by brain region with other
complement components as detected by MERFISH in pS5 (left column) and p60
(right column) samples. Complement components below detection threshold in all
age groups are excluded. Pearson correlation coefficient is labeled on the heatmap.
Error bars represent standard deviation; ns not significant; *p < 0.05, *p < 0.01,
***p < 0.001, **p < 0.0001. Source data are provided as a Source Data File.

other ages, such as glutamate metabotropic receptors Grm3, Grm?7,
and GABA receptor subunits Gabras, Gabrb3 (Fig. 5G). Differentially
expressed genes between sub-Cl and sub-Cé6 suggest these cells may
be at distinct maturation states. An alteration of the relative abundance
of these neuronal subtypes indicates a role of Masp3 in the neuronal
maturation process, and a disruption in this process may further affect
neuronal circuitry development. As neuronal maturation takes place
over time and varies by brain region, further analysis at additional time
points is necessary to determine whether Masp3 only affects these two
cortical excitatory neuron subtypes or has a broader impact.

Masp3 deficiency affected systemic development and caused
spatial working memory deficits

Given the molecular changes observed in Masp3-deficient mouse
brains, we speculated that these mice might have additional

neurological defects. We noted several broad physiological effects in
the Masp3” mice. These mice had a lower-than-expected birth rate: 20
out of 173 (11.6%, compared to expected 25% or 43 mice) female mice,
and 23 out of 160 male mice (14.4%, compared to expected 25% or 40
mice) born from heterozygous breeding pairs were Masp3”
(Table S4). Among those that survived, Masp3”" mice had sustained
lower body weight. On average, male Masp3”~ weighed 20% less than
littermate control Masp3 +/+ males, and females weighed 14.5% less
(Fig. 6A), indicating an important role of Masp3 in systemic
development.

To then explore neurological defects induced by the loss of
Masp3, we tested cognition, motor function, anxiety and depression
with a series of behavioral assays. A novelty Y maze test for spatial
working memory was applied to assess cognitive function (illustrated
in Fig. 6B). Both Masp3”* (n=8, males, Fig. 6C, left panel) and Masp3""
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highlighted). A full list of cell type abbreviations can be found in Table S2. D Stacked
bar plot showing relative abundance of sub-C1 and sub-Cé6 of vGlutl* excitatory
neuron in Masp3™* and Masp3™ brains. E Spatial plotting of sub clusters 1 (orange)
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1539 + 861. All male mice in (B-1I). Error bars represent standard deviation; *p < 0.05,
**p <0.01, **p < 0.001, ***p < 0.0001. Source data are provided as a Source

Data File.

mice (n =9, males, Fig. 6C, middle panel) showed expected preference
for previously unexplored territory, as measured by time spent
(Fig. 6D) and distance run (Fig. 6E) in the novel vs. familiar arms.
However, the Masp3” mice lack such preference (n =7, males, Fig. 6C,
right panel; Fig. 6D, E), indicating deficits in spatial working memory.
We did not observe defects in other behavioral assays (Fig. S8), indi-
cating that the loss of Masp3 did not affect motor function
(Fig. S8A-B), induce anxiety (Fig. S8C), or cause depression
(Fig. S8D-E). Thus, our results are consistent with a focused rather
than broad role of Masp3 in the healthy development and function of
the central nervous system. Nonetheless, we note that given the broad
physiological effects introduced by Masp3 deficiency and the potential

for systemic effects, it is possible that these neurological effects do not
reflect a direct effect of Masp3 on neurodevelopment.

Discussion

Here we used MERFISH to produce a spatially resolved brain atlas of
the complement system over development. With our approach, we
found that the brain has a local supply of most complement compo-
nents, whose expression exhibited temporal, cellular and spatial het-
erogeneity. Complement activation in the brain is strictly regulated,
with aspects that are distinct from the periphery. First, expression of
serine proteases that are indispensable for complement cascade is
maintained at very low level at steady state to keep minimal basal level

Nature Communications | (2025)16:11132


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-66048-5

mfed ) ot
A Body weight B \ g
40 3k %k % %k ‘ ‘
* ns xxex Habituation | 5| St
s0d T 1 ’
ns * 2 |
I
g 20
10
0 T
Female Male ‘ ‘ \
Test || Start
® Masp3** @ Masp3"- @ Masp3'" 21| arm

|
|

Fig. 6 | Masp3 deficiency resulted in spatial working memory deficits. A Body
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B lllustration of spatial novelty Y-maze test setup, created with BioRender.com.

C Representative heatmap of spatial novelty Y-maze during test phase in which the
left arm was novel, in Masp3"* (left panel), Masp3”~ (middle panel) and Masp3™
(right panel) mice. D Time spent and E distance run in the familiar (black dots) vs.
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complement activity. Similarly, shared components of the three
complement activation pathways C2, C4b and C3 are lowly expressed,
unlike in the periphery where C4b and C3 are among the most abun-
dant serum proteins. The brain also uses tissue-specific regulation on
transcript variants of the Maspl gene to moderate LP and AP activity,
and, unlike in the periphery, the brain expresses high levels of the
variant encoding Map44 that inhibits LP. In addition, absence of local
expression of the C5-encoding gene Hc, and the inability to access
serum C5 due to the blood-brain barrier likely prevents MAC formation
and subsequent lytic cell death in healthy brains. Moreover, the brain
limits inflammation by preferentially expressing immunomodulatory
C5a receptor C5ar2 over CSarl. Finally, canonical and brain-enriched
complement regulators are abundantly expressed both by neurons
and non-neuronal cells in the brain to provide an additional level of
protection against complement attack.

Although a role of the CP activation in normal brain development®®
and neurological diseases’™ has been widely reported, little is known
about the LP and the AP in the brain. Our transcriptional evidence
suggests insufficient local expression to support LP activation, based on
the subthreshold level of expression of LP serine proteases Maspl and
Masp2, but abundant expression of LP inhibitor, Map44, throughout all
ages tested. However, the role of LP in embryonic neural migration has
been previously reported®. It remains possible that trace levels of local
Maspl and Masp2 expression may be sufficient for LP activity in the
brain. Alternatively, a peripheral source may activate brain LP, especially
in embryonic and early postnatal brains when the blood-brain barrier is
still immature. In addition, local production of LP could be activated in
aging and disease conditions, for example, in traumatic brain injury***’
and ischemic stroke in the brain®,

On the other hand, our data indicated a presence of the AP in the
developing brain, supported by the observation that all AP genes are
locally expressed above the detection threshold. Spatially, pan-Masp1
expression correlated with that of Cfd, a key AP gene and a direct
downstream target of the Masp3 isoform encoded by the Maspl gene
that functions as AP activating serine protease. In addition, isoform-
specific analyses revealed high expression of Masp3, rather than

Maspl, in embryonic and early postnatal brains. Transcriptional evi-
dence by MERFISH showed that Masp3 deficiency altered cortical
distribution of subsets of vGlutl® excitatory neurons in juvenile mice.
Specifically, loss of Masp3 caused reduction of excitatory neurons that
expressed high levels of mature neuron markers such as Sic17a7 and
Rbfox3in the posterior cortex of neonatal mice. In parallel, adult Masp3
deficient mice developed deficits in spatial working memory, con-
sistent with the notion that Masp3 may have a role in neural devel-
opment. These phenotypes resemble the 3MC syndrome in human, a
rare autosomal recessive disorder characterized by delayed develop-
ment, abnormal facial cranial structure, short stature, and intellectual
disabilities®>*°. In addition to mutations in LP genes (MASP1, COLECIO
and COLECII), it has been recently reported that homozygous loss-of-
function mutations specifically affecting the MASP3 transcript variant
of the MASPI gene can also cause 3MC syndrome™*°. In fact, 3MC
causative mutations in the MASPI gene are either located in exons that
are shared among all three transcript variants, or in exon 12, which is
specific to the MASP3 transcript™®, but no MASPI or MAP44 isoform-
specific mutations have been reported. This observation supports that,
beyond the LP, the loss of MASP3 may be a cause of the 3MC syndrome.
However, although the most well-established molecular function of
Masp3 is the proteolytic activation of Cfd and thereby AP activation, it
may act on other substrates outside of the complement cascade®’.
Further studies using Cfb or Cfd-deficient models are necessary to
make the distinction.

While this study generated insights into the source of comple-
ment components, their regulation and potential function in the brain,
these results should be interpreted with caution. Our analyses were
primarily based on transcriptional data, yet RNA expression does not
always align with protein abundance, due to factors such as post-
transcriptional regulation, protein stability, secretion, or localization.
Such a difference is particularly important to consider when studying
the complement system, an enzymatic cascade primarily based on
secreted proteins. Future development of reliable antibodies and
functional assays suitable for the brain is essential to validate
hypotheses generated based on RNA expression.
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Methods

Mice

All animal experiments were performed in compliance with the Insti-
tutional Animal Care and Use Committee at Harvard Medical School
and Boston Children’s Hospital (protocol numbers ISO0000111 and
1S00002660), and with the guidelines of the Laboratory Animal Center
at the NIH for the humane treatment of animals. Postnatal C57BI/6)
mice from p2 to pl120 were used in this study (WT; The Jackson
Laboratory, strain 000664). The strain was originally obtained from
the Jackson Laboratory and then bred and maintained in-house. For
embryonic C57BI/6) mice, pregnant females with known gestational
day was obtained from the Jackson Laboratory (strain 000664). The
Masp3 mutant mice were obtained from the Song lab at University of
Pennsylvania, School of Medicine, and expanded in-house. Specifically,
these mice are on a C57Bl/6) background, and exon 12 of the Masp1
gene was deleted using CRISPR/Cas9**. 5-day-old Masp3 mutant mice
were used for MERFISH and RNAscope, adult Masp3 mutant mice
(10-14-week-old) were used for serum collection for hemolytic assay
and behavioral tests. All mice were maintained at the AAALAC-
accredited animal facility at Harvard Medical School, at ambient tem-
perature between 20 and 22 °C and 40% to 60% humidity with a 12-h
light-dark cycle and fed with standard chow diet and water ad libitum.

MERFISH library target gene selection

We selected a panel of 249 genes composed of seven major categories:
(1) complement related genes (a total of 51 genes, including 26 com-
plement components, 13 known and putative complement receptors
in the brain, and 12 complement regulators’->3>#1-4330516364- (9 prain cell
type markers (2-3 well-established markers per brain cell type)***’; (3)
brain region markers selected based on empirical data and ABA
reference ISH results; (4) genes related to neuronal function (including
a comprehensive list of neurotransmitter synthesis, transports and
receptors) and homeostasis selected based on empirical data; (5)
astrocyte function related to neurodevelopment and disease
conditions®®®%; (6) microglia in neurodevelopment and disease
conditions®”’; (7) other genes implicated in neurodevelopmental
disorders. These genes are listed in Table S1.

MERFISH probe sequence design and probe library construction
MERFISH probe sequences were designed using a previously estab-
lished protocol?. Each target gene in our library was assigned a
unique 24-bit binary barcode with Hamming distance 4, and Hamming
weight 4. The Ensembl Genome Reference Consortium Mouse Build 38
(mm10) was used as the reference transcript sequences. When a gene
of interest has multiple isoforms, the predominantly expressed iso-
form was selected as the reference sequence. If multiple isoforms were
expressed at a comparable level, probes were not penalized for tar-
geting multiple isoforms. 80 distinct probes were designed for each
target gene, though a few genes too short to support this number of
probes had fewer. Each probe contains one 30-nt targeting sequence
complementary to the target gene that has minimal homology to other
genes. Overlap of the 30-nt complementary region between probes for
the same target gene was allowed. To each targeting sequence, three
20-nt readout regions were concatenated, the sequence of which is
complementary to the readout probe sequence whose associated bit
in the barcode assigned to that gene contained a “1”. The probe
sequences are deposited on Data Dryad (https://doi.org/10.5061/
dryad.cnp5hqcbq). The template oligopool library was custom syn-
thesized by Twist Biosciences and amplified to generate the final probe
library for hybridization following a published protocol” 2.

MERFISH sample preparation, imaging and decoding of raw
image data

Samples for MERFISH were prepared as previously described” .
Briefly, mice were euthanized with isoflurane overdose. Brains were

quickly dissected and immediately frozen on dry ice and stored at
-80°C until sectioning. Sagittal slices of 14-um thickness were col-
lected at 960 + 80 um from the midline in E18.5 mice; 960 + 80 um, and
2040 +80um from the midline in p5 mice, 1000+100 um, and
2450 +100 um from the midline in p60 mice, and 1000 + 100 pm from
the midline in p120 mice. Brain slices were collected on poly-D-lysine-
coated silanized glass coverslips covered with orange fiducial beads
that were prepared as previously described”. Brain sections were
allowed to air dry, then fixed in 4% paraformaldehyde (PFA) for 10 min
at room temperature, and washed three times with RNase-free PBS.
Fixed brain slices were stored in 70% ethanol for at least 16 h (and up to
3 days) before hybridization. Encoding probe hybridization was per-
formed at 37 °C for 48 h in a humidified chamber inside a covered petri
dish as previously described”. Samples were then washed, embedded
in polyacrylamide gel, and treated with proteinase K as previously
described®. Fully prepared samples were stored in RNase-free 2X SSC
at 4 °C for less than 3 days before imaging. Images were collected on a
custom microscope and fluidic system as described previously’. Z
stacks of 10-um thickness at 1-um step size were taken for each field of
view. 12 cycles of two-color readout probe hybridization, imaging,
fluorophore cleavage, and wash were performed to measure signals for
the 24-bit barcode scheme. The total imaging time for a full sagittal
section was ~36-40 h. To ensure optimal signal, buffers and readout
probe solutions were replaced with fresh preparations after six cycles
of imaging. Raw MERFISH imaging data were decoded using a pre-
viously established pipeline’®?. In the pipeline, cells were segmented
relying on nuclei and total cytoplasmic RNA signals, using a watershed-
based algorithm as previously described®. Only counts found within
the cell body were used in downstream analyses.

MERFISH data analyses
MERFISH decoding was performed with previously published code
available on Github at https://github.com/ZhuanglLab/MERFISH_
analysis. All downstream MERFISH analyses were performed with
custom code in Python 3.7.4 (deposited on Data Dryad, https://doi.
org/10.5061/dryad.cnpShqcbq). Features with a volume above 100 ym?
were considered cells, those below the volume threshold were
removed, as well as cells with zero total RNA counts. Data were nor-
malized by cell volume and then scaled to bring the total number of
RNA counts per cell to 250. RNA counts were then log transformed for
cell type clustering with the Scanpy package” following the standard
workflow. To correct for batch effect, the Harmony algorithm’ was
applied after principal component analysis (PCA), and the corrected
PCs were used for clustering. Primary clustering was performed using
the Leiden algorithm” with kNN =30 and resolution = 1. Neuronal cell
types identified from primary clustering were regrouped into inhibi-
tory neurons, vGlutl® neurons and vGlut2® excitatory neurons. Sec-
ondary clustering was then performed for each primary cell type with
individually kNN and resolution adjusted to avoid over-clustering.
For experiments performed on p5 Masp3”*and Masp™ brains, to
minimize batch effect while preserving biological differences, each
MERFISH run was composed of one Masp3"* and one Masp3”~ sample.
A total of 3 MERFISH datasets were then integrated, and batch effects
were removed with Harmony™ prior to cell type clustering.

19,20

Brain region assignment

For brain region identification, the spatial distribution of each refined
cluster was plotted and compared with Allen Brain Atlas. Cell types that
showed spatial specificity were used as reference clusters for brain
region assignment. For each individual cell, the identity of its top
30 spatially nearest neighbor cells was calculated using the Near-
estNeighbors function from sklearn neighbors python package. The
cell was assigned to the brain region based on the most frequently
found reference cell within its vicinity. The cell was assigned “NA” if a
consensus brain region reference cell could not be identified.
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Aggregated complement expression score

Average expression of each complement gene was calculated by brain
region. Aggregated expression score per brain region was computed
as the geometric mean of the average expression of complement
components involved in each pathway. For plotting purposes, all cells
within the given brain region were assigned the aggregated score
calculated for that region.

RNA expression analysis by ddPCR and qRT-PCR

Mouse anterior cortices were dissected after transcardiac perfusion
with 20 ml ice-cold RNase-free PBS. Brain tissue samples were lysed in
the presence of TRIzol reagent (Ambion 15-596-018) with TissueLyser
homogenizer (Qiagen 85600). RNA was isolated using phenol-
chloroform extraction followed by purification with Zymo Direct-zol
RNA Miniprep Kit (Zymo Research R2052). Genomic DNA removal and
cDNA synthesis were performed with iScript gDNA clear cDNA synth-
esis kit (Bio-Rad 1725035) by following manufacturer’s instructions.
ddPCR reactions were run with QX200™ ddPCR™ EvaGreen Supermix
(Bio-Rad 186-4034). Each 20 pl reaction mix contains 10 ul EvaGreen
Supermix, 0.5 pl primer mix at 5 uM each, and 9.5 pl of cDNA. Droplets
containing the reaction mixture was generated by the Bio-Rad micro-
fluidic droplet generator, PCR amplified using the following cycle
conditions: 95 °C for 3 min, 40 cycles of 95 °C for 20's, 60 °C for 20 s
and 72°C for 30s, and then read with the Bio-Rad QX100 droplet
reader. Data were analyzed using Bio-Rad QuantaSoft software
v.1.7.4.0917. qRT-PCR was performed using iTag™ universal SYBR"
Green supermix system (Bio-Rad 1725124) and run on the Bio-Rad
CFX96 real-time system with the same cycle conditions as in ddPCR.
Signal was read at the end of each 60 °C incubation period. Hprtl was
used as reference gene in both ddPCR and gRT-PCR. Primers for
ddPCR and gRT-PCR were designed using the PrimerBank primer
designing tool developed by Harvard Medical School/Massachusetts
General Hospital. Hprtl (fwd: GCGTCGTGATTAGCGATGATG; rev:
CTCGAGCAAGTCTTTCAGTCC); Maspl (fwd: AGTGCTCAAGAGAAG
CCTGC; rev: AGCAGCTGTCAAAACCCAGT)*; Masp3 (fwd: AGTGCTC
AAGAGAAGCCTGC; rev: ACCCTCGATGTGTCTTCCAC)*; Map44 (fwd:
CAAAGACCAAGTGCTCGTCA; rev: CTTCTCCAATTCGATCTCGC)*.

RNAscope™ in situ hybridization

RNAscope™ in situ hybridization was performed on fresh frozen brain
sections of 14 um thickness. The RNAscope™ Fluorescent Multiplex
Assay kit (ACDBio, 323130) was used. Samples were prepared following
the manufacturer’s instructions. Probes: Mm-Masp1, channel 1 (isoform
non-specific, ACDBio 525851-Cl1); Mm-MaspI-O1, channel 1 (Masp3-
specific customized probe for NM_001359083.1, ACDBio 1176541-Cl1);
Mm-Masp1-02, channel 1 (Maspl-specific customized probe for
NM_008555.3, ACDBio 1193891-Cl1); Mm-Maspi-0O4, channel 1 (Map44-
specific customized probe for XM_006521829.5, ACDBio 201741-C1);
Slc17a7 (ACDBio, 416631-C1). Images were obtained using an Olympus
Fluoview FV1000 confocal microscope with 40x magnification objec-
tives. Slc17a7 density in superficial cortical layers was quantified with
ImageJ (version 1.54p) and normalized to DAPI nuclei area in the region
of interest.

Rabbit red blood cell hemolytic assay for alternative comple-
ment activation

Rabbit RBC hemolytic assay was performed as previously described”.
Briefly, rabbit red blood cell (Complement technology, B300) was
washed in GVB® (Ca*" and Mg free, Complement technology, B103)
buffer and diluted to 10°/ml in the same GVB° buffer. Mouse EDTA
plasma was diluted to 40% in GVB-Mg*'EGTA (5 mM) buffer. Diluted
plasma was incubated with 10 ul of diluted rabbit RBC in a final volume
of 50 ul and incubated at 37 °C for 30 min in a water bath with mixing.
For complete hemolysis control, 10 ul diluted rabbit RBC was added to
40 ul of H,0.10 mM EDTA was added at the end of incubation to stop

the reaction. Cells were centrifuged at 1000 x g for 5 min at 4 °C. OD
405 nm was read on the supernatant. Percent hemolysis was calculated
as sample OD405nm divided by OD405 of RBC lysis in H,O.

Spatial novelty Y maze test

Mice were allowed to acclimate for at least 30 min prior to starting the
test. The experiment was run in a clear, Y-shaped 3-arm maze with a
120° angle between the arms. Each mouse was run twice in the Y-Maze,
first for a 3 min habituation phase then for a 3 min test phase, with a
delay of 2 min from the end habituation phase and the beginning of
test phase. The testing arena was cleaned after each trial. For each trial,
the mouse was always introduced in the same arm, denoted as
“starting arm”. For habituation phase, one arm was blocked off, which
was randomized and balanced for genotypes. For the test phase, the
blockade was removed, the mouse was re-introduced and allowed
to freely explore the entire testing arena. All trials were video
recorded and analyzed using EthoVision XT 17 software (Noldus). The
time spent and distance run in the familiar and the novel arms were
compared.

Light-dark box test

Mice were allowed to acclimate for at least 30 min prior to starting the
test. The experiment was run in an ENV-520 open-field arena (Med
Associates) that was equally divided into two chambers with a small
opening in between. One chamber was under direct illumination (650
lux), and the other chamber was protected from light with a black
opaque insertion. The test mouse was introduced to the center of the
light chamber and was allowed to run freely in both chambers for
10 min. Its movement was tracked with infrared beams, and all data
were recorded and analyzed with the Activity Monitor software from
Med Associates. The percentage of time spent and distance run in the
light chamber are reported.

Open field test for locomotion

Mice were allowed to acclimate for at least 30 min prior to starting the
test. The experiment was performed in a clear 27 x 27 x 20 cm® Plex-
iglas chamber from Med Associates. The test mouse was allowed to run
freely in the test arena for 1h and tracked with infrared tracking sys-
tem. Data were recorded and analyzed with the Activity Monitor
software from Med associates. The total distance traveled (cm) was
reported for general locomotor activity.

Rotarod test

Mice were allowed to acclimate for at least 30 min prior to starting the
test. The experiment was performed on a rotarod apparatus (Stoelting;
Ugo Basile Apparatus) consists a texturized plastic roller flanked by
large round dividers to isolate test mice. Mice are tested in groups of
up to five mice. A habituation run with performed by letting the mice
run on the rod rotating at 4 rpm for 5 min. During this step, mice were
replaced back to run if they drop from the rotating rod. Following
habituation, mice were reintroduced to the rotarod apparatus and
tested with accelerating rod rotation speed (4-40rpm in 3 min,
maintained at 40 rpm for a total of 5min). Mice were tested three
times, and the average latency to fall across three trials was reported.
Mice were allowed to rest for at least 20 min between trials.

Tail suspension test

Mice were allowed to acclimate for at least 30 min prior to starting the
test. In this experiment, a 4 cm plastic thin tube was introduced to the
test mouse’s tail as a climb stopper. A five-centimeter scotch tape was
adhered and folded in half around the tip of the test mouse’s tail. The
test mouse was hooked to the test arena and suspended upside down
for 10 min, without being able to touch the bottom of the test arena. Its
movement was recorded, tracked and analyzed with the EthoVision XT
17 software (Noldus). The total immobile time was reported.
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Forced swim test

Mice were allowed to acclimate for at least 30 min prior to
starting the test. This experiment was performed in 2000 ml
Pyrex beakers with a diameter of approximately 12 cm, filled with
25 +1°C water to the 1400 ml mark. The test mouse was weighed
before the start of the test and each trial duration was 6 min. The
test mouse’s movement was recorded, tracked and analyzed with
the EthoVision XT 17 software (Noldus) and the total immobile time
was reported.

Statistics

Statistical analyses were performed in Python and GraphPad Prism
8.3.0. All data in dot plots were presented as mean + standard devia-
tion. One-way or two-way ANOVA was applied for multiple group
comparisons. Pair-wise comparisons were performed using appro-
priate multiple comparison tests. Detailed statistical methods used
were indicated in the figure legend. Exact p values are included in
Table S5.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source data are provided with this paper. MERFISH probe sequences,
decoded raw data in this study, have been deposited on Data Dryad
(https://doi.org/10.5061/dryad.cnpShqcbq). We also constructed an
interactive online platform (https://moffittlab.github.io/visualization/
2024 _Complement_Brain/index.html) to facilitate spatial data visuali-
zation, and to provide additional cell type, brain region and age-
dependent differential expression analyses. Source data are provided
with this paper.

Code availability

Code for MERFISH decoding was published previously”?® and is
available on Github at https://github.com/ZhuanglLab/MERFISH_
analysis. Code for additional analyses performed in this study has
been deposited on Data Dryad (https://doi.org/10.5061/dryad.
cnpShqcbq).
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