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Abstract

Background: C1QL3 is widely expressed in the brain and is specifically produced by
a subset of excitatory neurons. However, its function is still not clear. We established
C1ql3-deficient rats to investigate the role of C1QL3 in the brain.

Methods: C1qI3 knockout (KO) rats were generated using CRISPR/Cas9. C1qgI3 KO was
determined by polymerase chain reaction (PCR), DNA sequencing, and western blot-
ting. Microglia morphology and cytokine expression with or without lipopolysaccha-
ride (LPS) stimulus were analyzed using immunohistochemistry and real-time PCR. The
brain structure changes in KO rats were examined using magnetic resonance imaging.
Neuronal architecture alteration was analyzed by performing Golgi staining. Behavior
was evaluated using the open field test, Morris water maze test, and Y maze test.
Results: C1ql3 KO significantly increased the number of ramified microglia and
decreased the number of hypertrophic microglia, whereas C1gI3 KO did not in-
fluence the expression of pro-inflammatory factors and anti-inflammatory factors
except IL-10. C1ql3 KO brains had more amoeboid microglia types and higher Arg-1
expression compared with the WT rats after LPS stimulation. The brain weights
and HPC sizes of C1gI3 KO rats did not differ from WT rats. C1ql3 KO damaged
neuronal integrity including neuron dendritic arbors and spine density. C1gl3 KO
rats demonstrated an increase in spontaneous activity and an impairment in short
working memory.

Conclusions: C1ql3 KO not only interrupts the neuronal integrity but also affects the
microglial activation, resulting in hyperactive behavior and impaired short memory in
rats, which highlights the role of C1QL3 in the regulation of structure and function of

both neuronal and microglial cells.
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1 | INTRODUCTION

C1g-like subfamily (C1QL) consists of C1QL1-C1QL4, and they are
highly and predominantly expressed in the central nervous system
(CNS).! The C1QLs are secreted proteins, form homomeric or het-
eromeric complexes, and have been found to be synaptic organizers
involved in vital neuronal activities.?

C1QL3is a highly evolutionary conserved gene between humans
and rodents and is primarily expressed in adipose tissue and brain
tissue.®> C1QL3 as an adipokine can ameliorate vascular calcification;
improve glucose metabolism; and is associated with atherosclero-
sis,* childhood obesity,? and type 2 diabetes.® In the brain, C1QL3
and C1QL2, released from the mossy fiber-CA3 synapses in the
hippocampus (HPC), are likely to modulate kainate-type glutamate
receptor-mediated synaptic network activity.7 In addition, C1QL3
is required for the formation and/or maintenance of the synapses
of various brain regions including the basolateral amygdala, the pre-
frontal cortex, the suprachiasmatic nucleus, and the olfactory bulb
and plays a role in fear memory behavior,® multiple circadian behav-
jors,” and social transmission of food preference memory.*°

C1QL3 had been validated as a high-affinity ligand for an adhesion

G protein-coupled receptor, BAI3,*%12

and it was also a possible ligand
for kainate receptors including GluK2 and GluK4.” Kainate receptors
are expressed on neuronal membranes and depolarize on activation by
glutamate or other agonists.*® Not like the kainate receptor, BAI3 is pri-
marily expressed in the brain but is also expressed by other tissues'**>
and cancer cells, such as lung cancer cells, breast cancer cells, and glio-
blastoma.’® A recent study suggested the possible role of C1QL3 in
mediating the complex forming between BAI3 and two neuronal pen-
traxins that may influence excitatory synapses.'’

Microglia mediate classical innate and adaptive immune re-
sponses in the CNS,*® and it was more appreciated that microglia
played key roles in the process of synaptogenesis, synaptic pruning,
neurogenesis, and neuronal activity.lg’21 Besides the neuron, C1QL3
was reasonably supposed to target any cells expressing BAI3; how-
ever, it was unknown whether the microglia expressed BAI3, which
was regulated by C1QL3 in the brain. Here, we showed that primary
rat microglia expressed BAI3. C1ql3 knockout (KO) affected microg-
lia activation from ramified microglia to hypertrophic and amoeboid
microglia and increased the expression of anti-inflammatory factor
IL-10 in rat brains. And C1qgl3 KO increased the number of amoeboid
microglia and the level of anti-inflammatory factor Argl after lipo-
polysaccharide (LPS) stimulus. The neuronal complexity and den-
dritic spine number were also reduced, which resulted in hyperactive

behavior and the damage of short working memory in C1gI3 KO rats.

2 | MATERIALS AND METHODS
2.1 | Data extraction

The C1QL3 expression in different tissues for humans, rats, and mice
was obtained from Expression Atlas (https://asia.ensembl.org).
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2.2 | Animals

The C1qI3 KO rats were established using CRISPR/cas9 following
the methods we described previously.22 The exon 1 of C1ql3 was
targeted with two sgRNAs of (TCATCCTCATCCCGGTGCTGG) and
(AAGGTGCTGACAAGAGGGAGG), which, respectively, targeted on
the 5’ end and the 3’ end of exon 1. The Cas9 protein (30ng/ulL) and
the two sgRNAs (10ng/uL each) were mixed up, and the sediment
was removed by centrifugation. The fertilized eggs from Wistar rats
were obtained using the superovulation procedure. The mixture was
microinjected into the cytoplasm and male pronucleus of the fertilized
eggs and then transferred to pseudo-pregnant Sprague-Dawley
(SD) rats. The Wistar litters delivered by the pseudo-pregnant SD
rats were genotyped by polymerase chain reaction (PCR) with two
upstream primers of (5-TCCAAAAGCAGACAAGAGGATC-3’ and 5'-
CTACTTCTTCACCTACCACGTCCTG-3’) and one downstream primer
(5-GGCTTCTGAAACCTTATACATTCTCG-3'). The gene deletions
were confirmed by DNA sequencing analysis, and two founder rats
(9 and 13) were selected to be crossed with wild-type (WT) Wistar
rats to breed F1 heterozygotes. Finally, founder rat 13 (heterozygous
KO) could be passaged and homozygote rats were obtained and used
for follow-up studies. The homozygous KO rats were formally named
Wistar. C1qlI3 (tm)-GC/ILAS in our rat resource website (https://namr.
org.cn/Ldesc/1_1074).

2.3 | LPS administration

WT male rats (250-300g) and C1qgI3 KO male rats (250-300g) were
given an intraperitoneal injection of saline or 5mg/kg of LPS (Sigma).
After 1 week, the rat brains were isolated, and the cortical and HPC

brain regions were sectioned for immunohistology.

2.4 | Quantitative real-time-polymerase
chain reaction

The human brain samples were obtained from the Human Brain
Bank of the Chinese Academy of Medical Sciences & Peking
Union Medical College (approval no. 009-2014) as previously de-
scribed.?® The fresh rat tissues of the brain, heart, liver, spleen,
lung, kidney, thymus, and marrow were obtained from male WT
Wister rats. The primary culture microglia and neurons were
prepared with the procedure described previously.?#?° Total
RNA in different tissues and cells was isolated by TRIzol reagent
(15-596-018, Invitrogen) and was used to prepare cDNA with a
reverse transcription kit (RRO47A, TaKaRa). Quantitative real-
time PCR (gRT-PCR) was performed using SYBGreen RT-PCR
kits (RR820A, TaKaRa). The mRNA levels of C1ql3, Bai3, TNF-a,
iNOS, IL-1B, IL-6, Mrc1, IL-10, and Argl in different tissues were
estimated and normalized to glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH). The qRT-PCR primers are summarized
in Table 1.
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TABLE 1 gRT-PCR primers.

Primer name Sequence
rC1qI3-F GGCAAGTTCACCTGTTCCAT
rC1qI3-R TGTTGTTGTTTCCTCCGTGA
hC1ql3-F GGCATCTACTTCTTCACCTACCA
hC1qI3-R GAACCACACTGTTACTGGCATAG
rBai3-F CCAAAAGACCACCCAAAGAA
rBai3-R ACTGAGCATGTGCTCCACTG
rGAPDH-F CTCATGACCACAGTCCATGC
rGAPDH-R TTCAGCTCTGGGATGACCTT
riL1p-F CTGTGACTCGTGGGATGATG
rIL1f-R GGGATTTTGTCGTTGCTTGT
rlL6-F CCGGAGAGGAGACTTCACAG
rlL6-R ACAGTGCATCATCGCTGTTC
TNFa-F AGATGTGGAACTGGCAGAGG
rTNFa-R CCCATTTGGGAACTTCTCCT
riNOS-F AGGGAGTGTTGTTCCAGGTG
riNOS-R TCCTCAACCTGCTCCTCACT
rIL10-F CCTGCTCTTACTGGCTGGAG
rlL10-R TGTCCAGCTGGTCCTTCTTT
rArgl-F TATCGGAGCGCCTTTCTCTA
rArgl-R ACAGACCGTGGGTTCTTCAC
rMrcl-F CAAGGAAGGTTGGCATTTGT
rMrc1-R CAAAGGAACGTGTGCTCTGA
2.5 | Immunohistology staining

The WT and KO rats at 8 months of age (n=5 per group) were killed,
and the brain tissues were collected. The brain tissues were fixed
in 4% paraformaldehyde for 24 h and immersed in 20% sucrose fol-
lowed by 30% sucrose. The coronal frozen sections (25 um thick)
were prepared according to the methods previously reported.?®
The immunohistology staining of microglia was performed using
the protocol provided by the anti-lbalantibody manufacturer.
Briefly, the sections were dewaxed and hydrated in phosphate-
buffered saline, blocked with 10% normal goat serum, and then
incubated overnight at 4°C with anti-lbal antibody (ab178847,
1:200, Abcam). The sections were then incubated for 20min at
37°C with horseradish peroxidase (HRP)-conjugated goat antirab-
bit IgG (PV-9001, 1:200, ZSGB-Bio). The secondary antibody was
visualized with the substrate of DAB (3,3'-diaminobenzidine) (ZLI-
9018, 1:50, ZSGB-Bio). The sections were mounted in a mounting
buffer with DAPI (4,6-Diamidino-2-phenylindole,dihydrochloride)
(ZL1-9557, ZSGB-Bio). The images of the sections were scanned
with a digital slide scanner (Pannoramic 250 FLASH, 3DHISTECH)
and captured by case viewer software. The total number of rami-
fied, hypertrophic, and amoeboid microglia were counted (40
fields from 3 rats), and the average cell body sizes were measured

by image J (40 fields from 3 rats).

2.6 | Magnetic resonance imaging examination

A 7.0T small animal magnetic resonance imaging (MRI) system
(Varian, Palo Alto, CA, USA) was used for MRI examination of the
WT (n=>5) and KO rats (n=4) at 4 months of age. The rats were anes-
thetized with 2% isoflurane in medical oxygen (1 L/min). The coronal
T2-weighted images were obtained with fast spin-echo sequences.
The parameters were set as follows: field of view=35x35mm; no
slice=20; slice thickness=1mm; TR=3000ms; TE=18.0ms; image
matrix=256x256; and number of averages=10. The HPC areas
were drawn on the T2 images, and their volumes were estimated by
the software of Vnmrj (Varian).

2.7 | Sholl analysis and dendritic spine
counting of neuron

The fresh brain tissues were sampled from WT (n=3) and KO (n=3)
rats at 8months of age. The experiments were performed according
to the protocol of the Golgi Stain Kit (PK401, FD Neurotechnologies).
Briefly, the brain tissues were treated twice in a premixed solution
of A and B, followed by solution C. The tissues were snap-frozen in
isopentane at -80°C and then cut into 90-pm-thick sections using
a cryostat microtome at -22°C (Leica, Wetzlar, Germany). The sec-
tions were sequentially treated with solutions of C, D, and E to finish
the Golgi staining. The sections were then dehydrated, cleared, and
mounted with gum as a standard pathological procedure. Sections
were scanned, and Z-stacking images were obtained on a scanner
(Pannoramic 250 FLASH, 3DHISTECH). At least 30 images per slice
on a Z-stack mode were captured to establish three-dimensional
(3D) images of dendrites. The 3D images of pyramidal neurons in
the cortex (9 neurons per group) were used for Sholl analysis using
Image 1.2527 The number of intersections with the Sholl circles was
counted, which represented the neural complexity. The dendritic
segments 10um long from the tip of the basal dendrite were inter-
cepted from 3D images of pyramidal neurons. At least 11 segments
in each group were used to count the dendritic spines by Reconstruct
1.1.0.0. Software as previously reported.?®?’ The number of the

spines represented the status of neuron and synapse integrity.

2.8 | Behavior analysis

The behavior of rats was determined at 8 months of age by open
field test, Morris water maze (MWM) test, and Y maze test in a spe-
cific pathogen-free (SPF) facility at standard conditions.

For the open field test, the rats (WT, n=30; KO, n=15)
were gently placed in the center zone of the open field box
(80x80x35cm) and were allowed to explore freely for 5min in
the box. The arena was divided into three areas including periph-
ery (zone 1), transition (zone 2), and center (zone 3). The motion

trail of each rat was recorded for 5min using a camera. The moving
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distances, velocity, and frequencies in the three zones of the rats
were, respectively, estimated with VisuTrack software (XinRuan,
Shanghai, China).

The MWM test was modified from a protocol of our previous
study.®° A large round pool with a diameter of 150cm and height
of 60cm was divided into four zones. A hidden platform in water
was placed in the target zone of the pool. The rats (WT, n=27; KO
n=12) were placed in the pool and allowed to swim for 60s once,
which was repeated twice a day. This operation lasted for 5days,
which would allow the rats to set up spatial memory about the coor-
dinates of the target zoon and the hidden platform. The time to find
the platform was recorded as latency, which represented the learn-
ing ability of the rats. On day 6, the hidden platform was removed.
The rats were placed in contralateral zoon of the target zoon swim
for 120s. The platform crossing number and target zoon duration
were recorded using a video tracking system to estimate the spatial
memory of the rats.

The Y maze test was performed according to the methods of
our previous study.®! Briefly, the three arms of the maze apparatus
(60x 15 x20cm) were conveniently marked as A, B, and C. The rats
(WT, n=25; KO, n=16) were released at the end of one arm and
allowed to explore freely for 5min among the three arms. The total
moved distances, entry numbers, and sequences in different arms
in 5min were recorded by VisuTrack software. The correct sponta-
neous alternation between arms, such as A-B-C or B-C-A or C-A-
B, were counted and calculated using the formula: the spontaneous
alteration (%)=alternative number/(total entry number-2)x100%,
which reflected the working memory. Between the two tests, the Y
maze was cleaned with 75% ethanol.

2.9 | Statistical analysis

All of the data were expressed as mean+SD, and an unpaired t-test
was used for comparison between only two groups. The data of
crossing in three zones of open filed box were analyzed using mul-
tiple t-tests. The 5-day escape latency data from MWM tests were
analyzed using repeated measures of two-way analysis of variance
(ANOVA), and the other data were analyzed by one-way ANOVA.
The two-tailed p values less than 0.05 were considered statistically
significant. Statistical analysis was performed using GraphPad Prism
software (version 9).

3 | RESULTS

31 |
rats

Generation and identification of C1gI3 KO

Before the generation of C1gI3 KO rats, we detected the expres-
sion pattern of C1ql3, which might suggest some clues about its
function. First, the expression data from Expression Atlas (https://
asia.ensembl.org) showed that C1ql3 expression was mainly

confined to brain tissues of humans, F344 rats, and C57BL/6 mice
(Figure 1A). The results of gRT-PCR showed that C1ql3 was also
mainly expressed in the brain tissues of Wister rats (Figure 1B).
Second, in primary culture, both microglia and neurons expressed
C1ql3 and its receptor gene Bai3 (Figure 1C,D). Third, we de-
tected the C1ql3 expression in a few brain samples from human
Alzheimer's disease (AD), and the results showed that C1gI3 mRNA
levels were significantly decreased in AD brain samples compared
with that of normal brain samples (Figure 1E; n=8, p<0.01). These
results suggested that C1gl3 mainly expressed in the brain was
produced by both microglia and neurons and may be involved in
AD.

The C1ql3 KO Wistar rats were generated by the CRISPR/cas9
strategy, and seven heterozygous KO founders (3, 5, 7, 9, 10, 11,
13) were obtained from 14 litters (Figure 1F,G). The heterozygous
founder rats 9 and 13 were selected for breeding, and founder rat 13
could be successfully passaged and generate homozygous KO rats,
which had a deleted 631 bp fragment and an added stop codon at
+61bp of the open reading frame, which resulted in the loss of C1gl3
protein in the brain tissues (Figure 1H). No obvious changes in feed,
coat, and bodyweight (Figure 11, n=8, not significant [ns]) were ob-
served in KO rats compared with WT rats. The survival of C1q/3 KO
rats was monitored from birth to 12months of age, and the results
indicated that C1q/3 KO did not affect the life span of rats. These
results indicate that C1qI3 KO rats were successfully generated, and

C1ql3 KO did not affect growth, development, and survival.

3.2 | CiqlI3 KO promotes the microglia activation

Microglia play significant noninnate immune roles and support
the development, maintenance, homeostasis, and repair of the
brain. The morphology of microglia may reflect its active status
and is related to its function.®? The ramified microglia have long
thin branches and a small cell body, which secretes cytokines and
chemically surveys the environment of the brain. The hypertrophic
microglia are activated with short thick branches and an enlarged
cell body, which are involved in phagocytosis, antigen presenta-
tion, and production of inflammatory factors. The amoeboid mi-
croglia have fewer or no branches and tend to phagocytose debris
in the brain. Immunohistochemistry for IBA1 on brain sections
was performed to investigate the effect of C1g/3 KO on microglia.
The results analysis of Ibal-positive microglia showed that the
total number of microglia in KO brains did not differ from that of
WT brains (Figure 2B; n=30, ns). However, the number of rami-
fied microglia was significantly increased by 40% in the KO brain
(Figure 2D; n=30, p<0.01), whereas the hypertrophic microglia
were significantly decreased by 35% in the KO brain compared
with the WT brain (Figure 2E; n=30, p<0.01). The average size of
microglia in the KO brain also showed an increased tendency com-
pared with that of the WT brain (Figure 2C; n=40, p<0.05). These
results indicated that C1qI3 loss affected microglia morphology,
which may reflect the changes in microglia activation state induced
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FIGURE 1 The expression of C1ql3 in different tissues and the identification of knockout (KO) rats. (A) The C1ql3 expression in different
tissues from humans, rats, and mice was compared using the data obtained from Expression Atlas (https://asia.ensembl.org). (B) The tissue
expression pattern of C1gl3 mRNA in Wistar rats was confirmed with real-time polymerase chain reaction (RT-PCR) (n=23). (C) The C1qI3
mMRNA levels in primary culture microglia and neurons were detected using RT-PCR (n=3). (D) The Bai3 mRNA levels in primary culture
microglia and neurons were detected using RT-PCR (n=3). (E) The C1gI3 mRNA levels in control and Alzheimer's disease (AD) brain samples
were compared using RT-PCR (n=8). (F) The C1qI3 were knocked out in Wistar rats by the CRISPR/cas9 strategy. (G) Fourteen litters were
genotyped using PCR and confirmed by DNA sequencing. Among them, seven heterozygous KO rats (indicated by hollow arrow) were
obtained, and the founder 13 could be passaged and the offspring were used for follow-up studies. (H) The expression of the C1gl3 protein
was detected in the homozygous C1ql3 KO rats. (I) The growth status of KO rats was observed, including feed, coat, and bodyweight (n=8).

ns, not significant. **p<0.01; ****p <0.0001.

by C1ql3 KO. However, although the microglia activation was af-
fected by the deletion of C1ql3, the expression of TNF-«, iNOS,
IL-1B, IL-6, Mrcl, and Argl did not change in KO brains compared
with that of WT brains (Figure 3A-F; n=6 or 8, ns). Only the levels
of IL-10, an anti-inflammatory factor, were increased by 55% in the
KO brain compared with that of the WT brain (Figure 3G; n=6 or 8,
p<0.05). These results suggest that C1qI3 KO might be positively
associated with microglial M2 polarization, which was consistent
with the results of one recent study.*®

To further explore the effect of C1gl3 KO on microglia under
inflammatory conditions, LPS intraperitoneal injection was admin-
istered once, and the brains were extracted and sectioned into 25-
pm coronal sections after 1 week. The results showed that, under
LPS stimulus condition, the number of ramified microglia and
hypertrophic microglia was significantly decreased by 74% and

68%, respectively, in the KO brain (Figure 2D,E; n=30, p<0.001;
Table 2), whereas the amoeboid microglia in KO brain were signifi-
cantly increased by 74% compared with the WT brain (Figure 2F;
n=30, p<0.001; Table 2). The expression of TNF-a, iNOS, IL-18,
IL-6, Mrcl, and IL-10 in the KO brain with LPS stimulus did not
differ from that of the WT brain with LPS stimulus (Figure 3A-E,G;
n=6 or 8, p<0.05; Table 2), whereas the levels of Argl, an anti-
inflammatory factor, were significantly increased by 16% in the
KO brain compared with that of the WT brain (Figure 3F; n=6 or
8, p<0.05; Table 2).

After the LPS stimulus, both WT and KO microglia were acti-
vated by LPS, indicated by increasing the amoeboid type and inflam-
matory factor expression such as IL-1p (Figure 3; Table 2). Of note,
the activation of KO microglia induced by LPS appeared to be stron-
ger than WT microglia, indicated by increasing the amoeboid type
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FIGURE 2 The morphological observation of the microglia of wild-type (WT) and knockout (KO) rats. (A) The brain samples were
collected from WT and KO rats at 8 months of age. The brain sections were prepared and stained with Ibal antibody to mark the microglia
cells. The presentative images of microglia in the brain cortex from WT and KO rats with or without lipopolysaccharide (LPS) stimulus were
shown (scale=20pm). Red arrows marked different microglial types, including ramified, hypertrophic, and amoeboid microglia. (B) The total
number of microglia was counted and compared between WT and KO brains with or without LPS stimulus (n=30 per group). (C) The average
sizes of the cell body of microglia were measured by Image J (WT, n=40; KO, n=40; WT+LPS, n=25; KO +LPS, n=21). (D-F) The number
of ramified, hypertrophic, and amoeboid microglia was compared between WT and KO brains with or without LPS stimulus (n=30 per

group). ns, not significant. *p<0.05, **p <0.01, **p<0.001.

and anti-inflammatory factor Arg-1 expression in KO + LPS microglia
compared with WT + LPS microglia (Figure 3; Table 2).

Taken together, these results suggest that C1ql3 KO increases
microglial anti-inflammatory activity without pathologic stimulus
indicated by higher IL-10 level, whereas C1ql3 KO promotes both
microglial amoeboid-like polarization and anti-inflammatory activity
under LPS stimulation conditions.

3.3 | C1ql3 KO damages neuronal integrity

The WT and KO rats were first applied to MRI examination to esti-
mate the volumes of HPC of the rats. The rats were then killed, and
the whole brains were stripped and weighed. The results showed
that both HPC volumes and brain weight of KO rats did not dif-
fer from that of WT rats (Figure 4A-C; WT, n=5; KO, n=4; ns). To

analyze the neuronal integrity, the neuronal complexity and spines
in the cortex were detected by performing Golgi staining. The Sholl
analysis of Golgi-stained neurons showed that the intersection num-
ber of KO neurons was significantly reduced compared with WT
neurons (Figure 5A,C; n=9 per group, p<0.01). This result indicated
that neuronal complexity was damaged by the C1gI3 KO. The den-
dritic segments 10pm long from the tip of the basal dendrite were
amplified, and the spines with different morphology as filo, long
thin, thin, stub, mush, and branch were observed and counted. The
result showed that the total number of spine protrusions (Prots)
of KO neurons was significantly reduced (Figure 5B,D; n=11 per
group, p<0.001), especially the mush and branch spines on KO neu-
rons was significantly reduced compared with that of WT neurons
(Figure 5B,D; n=11 per group, p<0.05). The alteration in dendritic
arborization and the decrease in spine density in KO brains suggest

that the C1ql3 KO interrupted neuronal integrity.
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FIGURE 3 The cytokine expression of the brain tissues of wild-type (WT) and knockout (KO) rats. (A-D) The total RNA of the cortex and
hippocampus tissues was isolated from WT and KO rats at 8months of age. The pro-inflammatory factor levels of TNF-qa, iNOS, IL-1p, and
IL-6 in WT, KO, WT +lipopolysaccharide (LPS), and KO +LPS brain samples were detected using real-time polymerase chain reaction (RT-
PCR) (WT, n=8; KO, n=6; WT +LPS, n=6; KO+LPS, n=8). (E-G) The anti-inflammatory factor levels of Mrc1, Argl, and IL-10 in WT, KO,
WT +LPS, and KO +LPS brain samples were detected using RT-PCR (WT, n=8; KO, n=6; WT +LPS, n=6; KO +LPS, n=8). ns, not significant.

*p<0.05,

**p<0.01, ***p<0.001.

TABLE 2 The changes in microglial morphology and inflammatory factors in WT and KO rat brain with or without LPS stimulus.

Group comparison

Resting

Activated

Pro-inflammatory

Anti-inflammatory

Ramified

T**
Hypertrophic
l**
Amoeboid
Ins

TNF-alns
iNOS|ns
IL-1B4ns
IL-6]ns
Mrcllns
IL-101*
Argl|ns

KO versus WT

KO + LPS versus WT +LPS

Ramified
R
Hypertrophic
e
Amoeboid
e
TNF-atns
iNOStns
IL-1ptns
IL-61ns
Mrcitns
IL-10tns
Arglr*

WT + LPS versus WT

Ramified
Ins

Hypertrophic
l/*
Amoeboid
T***
TNF-atns
iNOStns
IL-1p1**
IL-61ns
Mrcllns
IL-107**
Argl|ns

KO + LPS versus KO

Ramified
l,***

Hypertrophic
l***
Amoeboid
T***
TNF-at**
iNOStT*
IL_lﬁT***
IL-6Tns
Mrc11**
IL-101*
Arglt*

Abbreviations: |, downregulated; KO, knockout; LPS, lipopolysaccharide; ns, not significant; 1, upregulated; WT, wild type.
*p<0.05; **p<0.01; ***p<0.001.

34 |

To investigate the behaviors of KO rats, WT and KO rats were
comparatively applied to the open field test, MWM test, and

C1ql3 KO causes abnormal behaviors in rats

Y maze test. The open field test showed that the KO rats were

hyperactive, had a longer path length, displayed higher moving

speed, and increased frequencies crossing the zones (Figure 6A-
D; WT, n=30; KO, n=15; p <0.05). No significant cognitive defect
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FIGURE 4 The magnetic resonance
imaging (MRI) examination of the
hippocampus (HPC) volumes of wild-
type (WT) and knockout (KO) rats. (A)
WT and KO rats at 4 months of age were
anesthetized with 2% isoflurane, and the
serial coronal T2 images were obtained
from MRI. The representative images of
WT and KO brains (WT, n=4; KO, n=4)
are shown, and blue-circled regions are
HPC area (scale=5mm). (B) HPC volumes
of WT and KO brains were calculated and
compared (WT, n=5; KO, n=4). (C) After
the MRI examination, the whole brains

were stripped and weighed (WT, n=5; KO, (B) (©) ns
n=4). ns, not significant. 80- ns
1 20y ]
g 60{ -F . 5 —%
E 404 )
o —~
§ 2 1.5
204 3
[
0 T T
WT KO 1.0 T T

was noticed in KO rats compared with WT rats in the MWM test
(Figure 6E-H; WT, n=30; KO, n=15; ns). However, the impairment
in the short working memory of KO rats was observed, indicat-
ing significantly reduced spontaneous alteration compared with
WT rats in the Y maze test (Figure 61-K; WT, n=30; KO, n=15;
p<0.01). The results suggested that C1gI3 KO altered natural be-
havior and interrupted short working memory.

4 | DISCUSSION

Although C1QL3 is a brain-specific expression protein in hu-
mans and rodents,»? the reports about its function are still
limited. The role of C1ql3 KO in regulating synapse density has
been demonstrated in mice."® Similarly, we observed that mush
and branch spines were significantly reduced in KO rat neurons
compared with WT rat neurons (Figure 5B,D; n=11 per group,
p <0.05), which resulted in the fact that the total number of spines
was significantly reduced in KO rat neurons relative to WT rats
(Figure 5B,D; n=11 per group, p<0.001). It was reported that the
BAI3 protein, the receptor of C1QL3, regulated synaptogenesis
required for normal brain function.3* Therefore, it was a possible
mechanism that the impairment of the C1ql3/Bai3 signal pathway
was involved in the regulation of synapse damage in C1gI3 KO rats.
Importantly, we also observed that neuronal complexity was inter-
rupted by the C1gI3 KO, indicated by the results of the Sholl analy-
sis (Figure 5A,C; n=9 per group, p<0.01). Neuronal functions
are closely dependent on neuronal integrity, including dendritic

architecture, synaptic structure, and plasticity.gs’37 These results

highlight the important role of C1QL3 in maintaining neuronal ar-
chitecture and brain function.

In physiological conditions, microglia are critical for proper neu-
ronal function in the brain, including the regulation of programmed
cell death, neurite formation, synaptic homeostasis, and synapto-
genesis.®® In pathological conditions, microglial activation is closely
correlated with many pathological changes and influences disease
progression by its anti-inflammatory or pro-inflammatory responses
in brain diseases, such as AD, motor neuron disease, and Parkinson's
disease.>*° The morphology of microglia corresponds to its active
status and is related to its function.3*! To date, only one previous
study of traumatic brain injury in mice demonstrates the indirect
association of downregulating C1qI3 expression with microglial po-
larization after curcumin treatment.®® Here, we showed the direct
effect of C1gl3 KO on microglia morphology and activation under
both physiological and pathological conditions. Our results showed
that C1ql3 was not only expressed in neurons but also expressed in
microglia (Figure 1C). Importantly, Bai3, which had been validated as
a high-affinity receptor of C1gl3,'? was also expressed in microg-
lia (Figure 1D). Therefore, we first analyzed the microglial morphol-
ogy and activation status of KO brains and found that the deletion
of C1ql3 significantly increased the number of ramified microglia
(Figure 2D; n=30, p<0.01) and decreased the number of hypertro-
phic microglia (Figure 2E; n=30, p<0.01), suggesting the possible
role of C1qI3 in controlling the physiological status of brain microg-
lia. Furthermore, we evaluated the effects of C1gI3 KO on microglia
under LPS inflammatory stimulus. The results indicate that C1gI3 KO
rats had more amoeboid microglia types and higher anti-inflammatory

factor Arg-1 expression after LPS stimulation compared with the WT
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FIGURE 5 The detection of the neuronal integrity of wild-type (WT) and knockout (KO) rats. (A), (C) The thick brain sections from WT
and KO rats at 8 months of age were stained with a Golgi staining kit. The binary images of neurons in the WT and KO cortex were randomly
acquired, and the intersection number of neurons was determined by Sholl analysis, which indicated the neuronal complexity (n=9 per
group). Scale bar=75pum. (B), (D) The Z-stack images of basal dendrites on the neurons from WT and KO cortices were acquired by a digital
slide scanner, and the total number of dendritic spines on 10-pm basal dendrites was counted using RECONSTRUCT software (n=11 per

group). *p<0.05, **p<0.01, ***p <0.001; ns, not significant.

rats with the LPS stimulus (Figures 2 and 3; Table 2), suggesting the
effects of C1gI3 KO on the microglial polarization under pathological
conditions. Taken together, the process of microglia activation was
affected by C1ql3 KO, suggesting that the regulation of microglia was
a possible mechanism for C1qI3 involved in neural activity.

C1ql3 KO rats displayed hyperactivity including a longer path
length, higher moving speed, and increased frequencies crossing the
zones in the open field test (Figure 6A-D; WT, n=30; KO, n=15;
p<0.05), which was an attention-deficit hyperactivity disorder
(ADHD)-like phenotypes.42 The circadian rhythm abnormality is a

clinical feature of ADHD,*® and the C1qI3 plays a role in circadian
behaviors.®?Y” We speculate that hyperactivity induced by C1ql3
KO might be due to the interruption of circadian rhythm in rats.
The Y maze can be used to assess short-term working memory in
rodents, and the spontaneous alternation between the arms reflects
the status of working memory and prefrontal cortical functions.**
The C1gI3 KO rats showed a significant decrease in spontaneous
alternation in the Y maze test relative to WT rats (Figure 6K; WT,
n=25; KO, n=16; p<0.01). The results suggest that abnormality of

short-term working memory and prefrontal cortical function may
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FIGURE 6 The behavior analysis of wild-type (WT) and knockout (KO) rats. The WT and KO rats were applied to three different behavior

tests to estimate their cognitive ability. (A-D) In the open field test, the
zone 3 were used to evaluate the hyperactive behavior (WT, n=30; KO

total distances moved, velocity, and frequency in zone 1, zone 2, and
, n=15). (E-H) In the Morris water maze test, the escape latencies

to find the platform during the training phase, the crossing number over the platform area, and the duration in the target zone during
the examination phase were used to evaluate the spatial learning and memory (WT, n=27; KO, n=12). ns, not significant. (I-K) The short

working memory of rats (WT, n=25; KO, n=16) was evaluated using sp
in the maze were also shown here. *p <0.05, **p <0.01; ns, not significa

exist in C1gl3 KO rats, which may be caused by the neuronal and
synaptic damage observed in KO rats.

There have been several studies based on C1ql3 KO mice,HO'45
whereas we generated C1ql3 KO rats for the first time in the present
study. We have summarized and compared the phenotype differ-
ence between C1qgl3 KO rats and C1gl3 KO mice in Table 3. In brief,
they both have increased activities and decreased synapse densi-
ties. Working memory impairment was observed in C1g/3 KO rats,
whereas fear memory impairment was observed in C1gl3 KO mice.
However, the effect of C1qI3 KO on glucose and lipid metabolism in
rats should be investigated in the future studies.

ontaneous alteration (%) in the Y maze, and the total distances moved
nt.

There are three limitations of this study that should be noted.
First, single-cell sequencing should be applied to explore microg-
lia diversity to determine the precise effect of C1ql3 KO on the
microglia. Second, neuron-specific KO or glial-specific KO an-
imal model should be used for studying the effect of C1gI3 on
neurons or microglia. Third, primary neuron or microglia cells
should be isolated from KO rats to study the effect of Ciql3
KO in vitro. In our future work, we intend to investigate the ef-
fect of C1ql3 on neuronal or glial cells using selective KO an-
imal models and primary culture in combination with single-cell
sequencing.



ZHANG ET AL.

TABLE 3 The comparison of phenotype features between C1qI3
KO rats and C1ql3 KO mice.

C1qI3 KO
Phenotype C1qlI3 KOrrats mice
Activity Increased Increased
Body weight Not changed Decreased
Glucose and lipid metabolism Not detected Improved
Synapse Decreased Decreased
Microglia activation Affected Not detected
Fear memory Not detected Impaired
Working memory Impaired Not detected
Spatial memory Not changed Not detected

Abbreviations: KO, knockout; ns, not significant; WT, wild type.

5 | CONCLUSION

In conclusion, C1qI3 KO interrupts the neuronal integrity, affects the
microglial morphology and polarization, and causes hyperactive be-
havior and impaired working memory in rats, highlighting the role
of C1ql3 protein in regulating the structure and function of neurons

and microglia.
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