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C1q, the initiator of the classical complement cascade, mediates synapse elimination in the postnatal mouse dorsolateral geniculate
nucleus of the thalamus and sensorimotor cortex. Here, we asked whether C1q plays a role in experience-dependent synaptic refinement
in the visual system at later stages of development. The binocular zone of primary visual cortex (V1b) undergoes spine loss and changes
in neuronal responsiveness following the closure of one eye during a defined critical period [a process referred to as ocular dominance
plasticity (ODP)]. We therefore hypothesized that ODP would be impaired in the absence of C1q, and that V1b development would also be
abnormal without C1q-mediated synapse elimination. However, when we examined several features of V1b development in mice lacking
C1q, we found that the densities of most spine populations on basal and proximal apical dendrites, as well as firing rates and ocular
dominance, were normal. C1q was only transiently required for the development of spines on apical, but not basal, secondary dendrites.
Dendritic morphologies were also unaffected. Although we did not observe the previously described spine loss during ODP in either
genotype, our results reveal that the animals lacking C1q had normal shifts in neuronal responsiveness following eye closure. Experi-
ments were performed in both male and female mice. These results suggest that the development and plasticity of the mouse V1b is
grossly normal in the absence of C1q.
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Introduction
Synapse formation and elimination occur continuously in sub-
sets of synapses in the brain (Grutzendler et al., 2002; Trachten-

berg et al., 2002). Synapse elimination is prominent during
development in both mice and humans (Huttenlocher, 1979;
Hong and Chen, 2011; Kano et al., 2018), and can be increased by
changes in sensory experience (Trachtenberg et al., 2002; Holt-
maat et al., 2006; Keck et al., 2008). Excessive synapse elimination
has been implicated in neuropsychiatric and neurodegenerative
disease (Mucke and Selkoe, 2012; Glausier and Lewis, 2013).
Thus, understanding the cellular and molecular mechanisms that
regulate this process is of great importance to human health.

Received May 2, 2019; revised Oct. 21, 2019; accepted Oct. 23, 2019.
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Significance Statement

These findings illustrate that the development and experience-dependent plasticity of V1b is mostly normal in the absence of C1q,
even though C1q has previously been shown to be required for developmental synapse elimination in the mouse visual thalamus
as well as sensorimotor cortex. The V1b phenotypes in mice lacking C1q are more similar to the mild defects previously observed
in the hippocampus of these mice, emphasizing that the contribution of C1q to synapse elimination appears to be dependent on
context.
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Synapse elimination is associated with the induction of ocular
dominance plasticity (ODP), a classic model of experience-
dependent plasticity in the visual system (Mataga et al., 2004;
Coleman et al., 2010; Zhou et al., 2017). In normal mice, the
responsiveness of neurons in the binocular zone of primary visual
cortex (V1b) is dominated by input from the contralateral eye.
However, depriving the contralateral eye of input for 3– 4 d by
monocular deprivation (MD) during the critical period [�post-
natal day (P)19 –P32 in the mouse; Gordon and Stryker, 1996)],
causes a shift in V1b responsiveness toward the non-deprived
ipsilateral eye. Synapse loss in V1b accompanies this shift
(Mataga et al., 2004; Coleman et al., 2010; Zhou et al., 2017). ODP
can thus be used as a model to study the mechanisms mediating
experience-dependent synapse elimination.

The innate immune molecule C1q is a known regulator of
synaptic development, and a candidate for regulating synapse
elimination in V1b. C1q is a secreted protein, which in the im-
mune system binds to pathogens and apoptotic cells and initiates
a proteolytic cascade referred to as the classical complement cas-
cade (Ricklin et al., 2010; Thielens et al., 2017). In at least some
parts of the brain, C1q is thought to mediate synapse elimination
by binding to synapses and locally activating the classical com-
plement cascade, which results in engulfment of presynaptic in-
puts by microglia (Stevens et al., 2007; Schafer et al., 2012). Mice
lacking C1q show impaired anatomical and electrophysiological
refinement of retinal ganglion cell (RGC) inputs to the dorsolat-
eral geniculate nucleus of the thalamus (dLGN) at 1 month of
age, demonstrating sustained defects in connectivity (Stevens et
al., 2007). Furthermore, mice lacking C1q show increased densi-
ties of dendritic spines in sensorimotor cortex, have increased
pyramidal neuron dendritic branching, and are prone to seizures
(Chu et al., 2010; Ma et al., 2013). Whether C1q promotes syn-
apse elimination in V1b during development or in response to
changing visual experience has, however, not been examined.

Here, we investigated the role of C1q in the development and
plasticity of V1b in mice. In mice lacking C1q, we counted spines
to examine synapse development and elimination, performed in
vivo electrophysiology to measure firing rates, and used electro-
physiology and in situ hybridization against the immediate early
gene Arc to determine how loss of C1q affects ODP. We found
that although C1q is present in V1b during the critical period, it
was not required for the development of most spine populations
on layer (L)2/3 pyramidal neurons. The dendritic arbors of these
neurons were also unaffected by loss of C1q. In vivo electrophys-
iological recordings furthermore revealed normal spontaneous
and visually evoked firing rates in V1b in the absence of C1q.
Spine loss following critical period MD has previously been de-
scribed on the apical dendrites of L2/3 pyramidal neurons
(Mataga et al., 2004), but we failed to observe MD-induced spine
loss in either genotype. However, we found normal ocular dom-
inance (OD) shifts in mice lacking C1q compared with their wild-
type (WT) littermates. Together, these findings thus indicate that
in V1b of mice lacking C1q, the development and plasticity of
neuronal morphology and eye-specific inputs are largely normal.

Materials and Methods
Mice. All procedures were approved by the Boston Children’s Hospital
institutional animal care and use committee in accordance with NIH
guidelines for the humane treatment of animals. C1qa �/� mice are on a
C57BL/6J background and were a kind gift from M. Botto (Imperial
College, London). WT animals used in Figures 1 and 7 were purchased
from the The Jackson Laboratory (stock #000664), or derived from
C1qa�/ �x C1qa�/ �crosses. All other animals were derived from
C1qa�/ �x C1qa�/ �crosses.
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Figure 1. C1q is present in the developing V1b, and levels increase with age. A, Represen-
tative images of immunohistochemistry against C1q (white) and DAPI (blue) across cortical
layers in V1b at P10 (top), P20 (middle), and P32 (bottom), of WT (left) and C1qa �/� (right)
animals. Approximate locations of the cortical layers are noted to the left of the images. Scale
bar, 100 �m. B, C, Representative confocal images of immunohistochemistry against C1q
(white) and DAPI (blue) in L2/3 (B) and L4 (C) in V1b of WT and C1qa �/� animals, at P10 (top),
P20 (middle), and P32 (bottom). The C1q signal is absent in C1qa �/� tissue, demonstrating
specificity of the antibody. Scale bar, 20 �m. D, Quantification of C1q confocal immunofluores-
cence intensities in L2/3 of V1b across ages. C1q levels are significantly higher at P32 than at P20
or P10 (one-way ANOVA, F(2,9) � 17.04, p � 0.0009, n � 4 animals/age. P10 vs P20, p �
0.1538, P10 vs P32, p � 0.0007, P20 vs P32, p � 0.0123, Tukey’s multiple comparisons test). E,
Quantification of C1q confocal immunofluorescence intensities in L4 of V1b across ages shows
significantly higher C1q levels at P32 than at P20 or P10 (one-way ANOVA, F(2,9) � 12.12, p �
0.0028, n � 4 animals/age. P10 vs P20, p � 0.2468, P10 vs P32, p � 0.0023, P20 vs P32, p �
0.0297, Tukey’s multiple-comparisons test). F, Left, Representative confocal image of immu-
nohistochemistry against C1q (magenta) and spinophilin (green) in L2/3 of V1b at P32, in a WT
animal. Images are representative of n � 3 animals. White circles mark examples of spinophilin
puncta that overlap with, or are closely apposed to, C1q puncta. Scale bar, 2 �m. Right, Two
examples of super-resolution SIM images of partially overlapping C1q and spinophilin puncta
(not from the same sections as the confocal image to the left) from P29 –P30 WT mice. Images
are representative of n � 3 animals. Scale bar, 0.3 �m. All error bars represent SEM. *p � 0.05,
**p � 0.01, ***p � 0.001.
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Monocular deprivation and enucleation. MD was performed under iso-
flurane anesthesia. The eyelids were sutured together with a single mat-
tress suture using nylon sutures (Ethicon, catalog #G697G). Monocular
enucleation (ME) was performed under isoflurane anesthesia. If the eye
to be enucleated had previously been sutured, the sutures were removed
and the eyelids opened. The eyelid margins were trimmed. The optic
nerve was then cut with scissors and the eye removed, and the eyelids
sealed shut with cyanoacrylate.

C1q immunohistochemistry. Mice were anesthetized with Avertin (240
mg/kg, i.p.) and transcardially perfused with PBS. Brains were dissected
out and drop fixed in 4% PFA (Electron Microscopy Sciences, catalog
#15710) for 2 h at room temperature. Brains were then washed in PBS,
transferred to 30% sucrose in PBS, and kept in sucrose at 4°C for 24 – 48
h. Brains were embedded in a 2:1 mixture of 30% sucrose in PBS and
OCT (Sakura Finetek, catalog #4583), and sectioned at 30 �m on a cry-
ostat onto X-tra slides (Leica Microsystems, catalog #3800200). Tissue
sections were dried, washed in PBS, and blocked for 2 h at room temper-
ature with slow agitation in 10% normal goat serum (Sigma-Aldrich,
catalog #G9023–10ML) with 1% TX-100 (Sigma-Aldrich, catalog
#T8787–100ML) in PBS. Primary antibody (rabbit anti-C1q, 1:500; Ab-
cam, catalog #ab182451; RRID:AB_2732849) was applied overnight, in
5% normal goat serum with 0.5% TX-100 in PBS, at room temperature
with slow agitation. Tissue sections were then washed 3� 10 min with
PBS and incubated with the appropriate AlexaFluor-conjugated sec-
ondary antibody (1:200; Invitrogen/ThermoFisher Scientific) for 2 h,
in 5% normal goat serum with 0.1% TX-100 in PBS, at room temper-
ature with slow agitation. Finally, tissue sections were mounted with
VECTASHIELD with DAPI (Vector Laboratories, catalog #H-1000). Im-
munofluorescence intensity was calculated in ImageJ (NIH) from images
taken on an SPE confocal microscope (Leica). Layers were identified by
examining the density of DAPI-positive nuclei. Epifluorescence images
were taken on a VS120 Virtual Slide Microscope (Olympus).

For C1q and spinophilin staining, tissue collection was performed as
described in the previous paragraph. Brains were sectioned at 14 �m on
a cryostat onto X-tra slides (Leica Microsystems, catalog #3800200). Tis-
sue sections were dried, washed in PBS, and blocked for 2 h at room
temperature in 5% donkey serum (Sigma-Aldrich, catalog #D9663-
10ML) with 0.3% TX-100 (Sigma-Aldrich, catalog #T8787-100ML) in
PBS. Primary antibody (rabbit anti-C1q, 1:500; Abcam, catalog
#ab182451; RRID:AB_2732849; sheep anti-spinophilin/PPP1R9B, 1:200;
R&D Systems, catalog #AF6465; RRID:AB_10718703) was applied over-
night, in 5% donkey serum with 0.3% TX-100 in PBS, at 4°C. Tissue
sections were then washed 3� 10 min with PBS and incubated with the
appropriate AlexaFluor-conjugated secondary antibody (donkey anti-
rabbit, 1:200; Invitrogen/ThermoFisher Scientific; donkey anti-sheep,
1:200; Jackson ImmunoResearch) for 2 h, in 5% donkey serum with 0.3%
TX-100 in PBS, at room temperature. Finally, tissue sections were
mounted with VECTASHIELD with DAPI (Vector Laboratories, catalog
#H-1000). Images were taken on an SP8 confocal microscope (Leica).
Layers were identified by examining the density of DAPI-positive nuclei.

For structured illumination microscopy (SIM) imaging, staining was
performed in the same way, except Hoechst 33342 (Invitrogen/Thermo-
Fisher Scientific, catalog #H3570) was added to the secondary antibody at
1:10,000, and the sections were mounted with ProLong Glass Antifade
Mountant (Invitrogen/ThermoFisher Scientific, catalog #P36984). Im-
ages were then acquired with five grating rotations using an ELYRA PS1
Superresolution Microscope (Zeiss), and processed using the Zeiss SIM
algorithms.

Colocalization analysis. Confocal images of C1q and spinophilin im-
munostaining were acquired on an SP8 confocal microscope (Leica) as
described. Images were then processed in Ilastik (Sommer et al., 2011),
which is an image processing software that can be trained to recognize
various features in images, without being explicitly told which criteria to
use for feature recognition. Ilastik was trained to recognize C1q and
spinophilin immunostaining using separate training paradigms for each
marker, and to output segmented images. The overlap of C1q and spi-
nophilin puncta was then calculated in ImageJ (NIH) using the Analyze
Particles function, and compared with the overlap obtained when the
segmented C1q channel was rotated by 90°.

Spine counting. Spines were counted in animals aged P10, P20, and
P29 –P30. Animals in the oldest group were either normally reared, or
had undergone 4 d of MD with MD starting at P25–P26. Spines were
visualized using the FD Rapid GolgiStain Kit (FD NeuroTechnologies,
catalog #PK401A), according to the manufacturer’s instructions. In brief,
animals were anesthetized, decapitated, and brains were washed in
double-deionized water before immersion in solution A�B. After 4
weeks of incubation, brains were transferred to solution C for 3–7 d. They
were then embedded in ice and sectioned coronally at 100 �m on a
cryostat. Sections were placed on gelatin-coated slides (FD NeuroTech-
nologies, catalog #PO101), stained with solutions D�E, dehydrated with
ethanol and cleared with xylene. Sections were then mounted under
coverslips with Permount (Fisher Scientific, catalog #SP15-500).

Golgi-Cox stained sections were imaged under bright-field on a Vir-
tual Slide Microscope VS120 (Olympus) and on an E800 microscope
(Nikon). Using these images, cells were selected for subsequent higher-
magnification imaging and spine counts. Cells that fit the following se-
lection criteria were chosen: located in L2/3 of V1b (preferably but not
exclusively in deeper L2/3); located superficially in the slice for better
imaging quality; no highly clustered cells where it would be difficult to
determine to which cell the apical dendrite belonged. For the P10 and P20
age groups cells in both hemispheres were used, whereas cells in the
P29 –P30 normally reared (NR) and MD groups were only in the hemi-
sphere contralateral to the deprived eye. Depth of cortical layers was
determined using the Allen Mouse Brain Atlas (http://portal.brain-
map.org/; Sunkin et al., 2012). Identification was performed blind to
genotype and experimental paradigm.

Image stacks of Golgi-stained cells that passed the selection process
were imaged on a BX63 upright bright-field microscope (Olympus),
using a 100� objective for the primary and secondary apical dendrite
spine quantification, and a 60� objective for the secondary basal den-
drite spine quantification and for Sholl analysis. Light source intensity
was adjusted for each cell to account for differences in tissue clarity.
When a cell was partially obscured by other stained neurons or by back-
ground signal, it was only used for some of the quantifications; the num-
ber of cells or mice used thus varies between the quantifications.

For measuring the distance between the soma and the first branch
point, and to identify the 25 �m segment distal to the first branch point,
cells were reimaged on an SP8 confocal microscope (Leica) by detecting
reflected light (Spiga et al., 2011). Measurements were then made in the
FilamentTracer module in Imaris v7.7.2. For measuring the length of
dendrite segments on secondary branches (apical and basal), dendrite
lengths were measured using the Simple Neurite Tracer plugin in ImageJ
(Longair et al., 2011). Dendrite segments on secondary branches used for
spine quantification generally started at the first branch point, and ended
when the dendrite ended, branched again, moved out of the section, or
was obscured by other neurites or noise. Spines were then counted man-
ually in ImageJ, with the experimenter blind to genotype and experimen-
tal paradigm. For each animal, 2– 8 cells were counted.

Sholl analysis. The arbors of the same neurons used for spine counting
were reconstructed manually using the Simple Neurite Tracer plugin in
ImageJ (Longair et al., 2011), blind to genotype. Sholl analysis was then
performed on the traced apical and basal arbors using the Sholl analysis
plugin in ImageJ (Ferreira et al., 2014).

Electrophysiological recordings in primary visual cortex. Recording
methods were adapted from previously published methods (Stephany et
al., 2014, 2016, 2018). Mice that were either normally reared, or had
undergone 4 d of MD, were anesthetized with isoflurane (2%) and placed
in a stereotaxic frame where body temperature was maintained at 37°C
using a homeostatically-regulated heat probe (TCAT-2LV, Physitemp).
Dexamethasone (4 mg/kg; West-Ward Pharmaceuticals) was adminis-
tered subcutaneously to reduce cerebral edema. The eyes were flushed
with saline, covered with a thin layer of silicone oil (Sigma-Aldrich, cat-
alog #378429), and then covered for the duration of craniotomy. The
scalp was resected and a titanium head bar was secured to the skull with
cyanoacrylate glue and dental cement (Ortho-Jet Liquid and Ortho-Jet
Powder, Lang Dental). A small craniotomy (2 mm in diameter) was made
over V1, and a small silver grounding wire (A-M Systems, catalog
#782500) was inserted through a burr hole that was made over the con-
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tralateral cerebellum. Then, a dose of chlorprothixene (0.5 mg/kg, s.c.;
Sigma-Aldrich, catalog #1671) was administered before transferring the
mouse to the recording setup.

Recordings were made with silicone multisite electrodes (A1x16-5
mm-50-177-A16, NeuroNexus Technologies) inserted into V1 using a
motorized drive (MP-225, Sutter Instruments). Once the electrode was
in place, warm agarose (2.5% in ACSF) was placed over the craniotomy
to protect the cortex and to reduce mechanical noise. The electrical signal
was sampled at 25 kHz on a RZ5P Workstation (Tucker-Davis Technol-
ogies), and filtered between 300 and 5000 Hz for spiking activity. Multi-
unit activity was recorded on all 16 channels (separated by 50 �m)
starting 100 �m below the pial surface. In each mouse, there were 3– 4
penetrations separated by at least 200 �m across the binocular zone of
V1. Subsequently, noise artifacts were removed and single units were
isolated from the multiunit activity at each contact site using Offline
Sorter (Plexon).

Animals were immobilized using the titanium head bar at a distance of
25 cm from a video monitor (ASUS VG248QE 24 inch LED, Backlit LCD
Monitor) with a refresh rate of 144 Hz, and a mean luminance of 40
cd/cm 2. Visual responses were driven by custom stimuli generated in
MATLAB Psychophysics Toolbox. First, a sparse noise stimulus was pre-
sented to both eyes at the beginning of each penetration, and the resulting
activity map was used to determine receptive field location. Full lumi-
nance (ON) and minimum luminance (OFF) squares covering 4° of
visual space were flashed (350 ms) one at a time on a gray background in
a pseudorandom order along a 16 � 10 grid subtending 64° of visual
space in azimuth, and 40° of visual space in elevation. Activity from sites
outside of the binocular zone, as defined by a receptive field �25° in
azimuth, were excluded from subsequent analysis. Then, responses were
driven by sinusoidal gratings (0.02 cpd, 100% contrast, 2 Hz temporal
frequency) drifting in 12 directions separated by 30° for 2 s ON followed
by 2 s of a luminance-matched gray screen. Each stimulus condition was
repeated at least 10 times in a pseudorandom order, interleaved by a gray
screen to measure spontaneous activity. Action potentials (APs) were
identified online in recorded traces with Synapse Software (Tucker Davis
Technologies). Only waveforms extending beyond 4 SD above the aver-
age noise were included in subsequent analysis. For each contact site, the
number of APs in response to the grating stimuli was summed and aver-
aged over the number of presentations. If the average number of APs for
the grating stimuli was not �50% above the blank, the contact site was
discarded.

Single-unit activity was used to calculate the average spontaneous and
visually evoked activity. The spontaneous activity was calculated from
the average number of APs elicited by the blank, whereas the visually
evoked activity was calculated by subtracting the spontaneous activity of
that unit from the average number of APs elicited by the grating in the
unit’s preferred orientation.

The ocular dominance index (ODI) was calculated for the multiunit
activity on each contact site within the binocular zone by comparing the
number of APs elicited in a given unit when showing the same visual
stimulus to each eye independently. The order of presentation (con-
tralateral then ipsilateral vs ipsilateral then contralateral) was alternated
between penetrations for each animal. Units were assigned to one of
seven ocular dominance (OD) categories (1–7) where units assigned to
Category 1 are largely dominated by input from the contralateral eye, and
units assigned to Category 7 are largely dominated by input from the
ipsilateral eye (Wiesel and Hubel, 1963). To categorize each contact site,
the average number of APs elicited by the blank (spontaneous activity)
was subtracted from the average number of APs elicited by the gratings
(evoked activity) for the contralateral eye (CE) and the ipsilateral eye
(IE), across all grating orientations. Next, the ODI, given by ODI � (IE �
CE)/(IE � CE) was calculated for each contact site and assigned to OD
Categories 1–7 as follows: �1 to �0.6 � 1, �0.6 to �0.4 � 2, �0.4 to
�0.1 � 3, �0.1 to 0.1 � 4, 0.1 to 0.4 � 5, 0.4 to 0.6 � 6, 0.6 to 1 � 7.
Finally, the sum of the number of cells in each category was used to
calculate the contralateral bias index (CBI) for each animal with the
following formula: CBI � [(n1 � n7) � (2/3)(n2 � n6) � (1/3)(n3 �
n5) � N]/2 N where N is the total number of contact sites and nx is the

number of contact sites with OD scores equal to x (Gordon and Stryker,
1996).

Measuring binocular zone expansion. ODP was assayed by measuring
binocular zone expansion similar to previous publications (Tagawa et al.,
2005; Bochner et al., 2014). For MD experiments, animals underwent
MD starting at P25–P28. After 4 d of MD, when the mice were P29 –P32,
the suture was opened and the deprived eye enucleated. Age-matched
littermates (NR in Results) that had not undergone MD were also ME at
this time (i.e., at age P29 –P32). The enucleated mice were placed in the
dark overnight (16 h), then exposed to bright lights for 30 min and finally
decapitated under isoflurane anesthesia. Both MD and NR conditions
thus received strong stimulation of the remaining eye before kill, thereby
making it possible to visualize the binocular region in the hemisphere
ipsilateral to the remaining eye, but only the MD mice were given time to
adapt to the change in visual input.

Brains were flash frozen on liquid nitrogen and embedded in OCT
(Sakura Finetek, catalog #4583). The brains were sectioned coronally at
16 �m on a cryostat onto X-tra slides (Leica Microsystems, catalog
#3800200). Arc in situ hybridization was then performed using RNAs-
cope Fluorescent Multiplex kits (ACD, catalog #320850) with the probe
against mouse Arc in color 1 (ACD, catalog #316911), using alt B in the
Amp 4 amplification step. The in situ hybridization was performed ac-
cording to the manufacturer’s instructions, except for the protease treat-
ment being shortened to 3–10 min (shorter times for lower quality
tissue).

The hemisphere ipsilateral to the remaining eye (contralateral to the
deprived eye) was imaged on a TiEclipse microscope (Nikon). The bin-
ocular zone of V1 was imaged from bregma �3.15 to �3.87. Sections
without signal in L2/3 of V1b were discarded. The length of the Arc-
positive zone in L4 and L2/3 was calculated in ImageJ (NIH) as the
full-width at half-maximum (FWHM), as has been done previously
(William et al., 2017). To measure the FWHM, the half-maximum was
first determined. The maximum intensity was defined as the average
intensity in a 121.5 � 121.5 �m square placed in the center of V1b of the
layer analyzed, while the minimum was defined as the average intensity
in a same-sized square placed in the monocular section of V1 (V1m) of
the layer analyzed. The half-maximum was calculated as the value half-
way between these two intensities. The Arc intensity was then measured
across V1 in the following manner. A polygon was drawn around the
layer-of-interest in V1b and surrounding areas. The Arc signal was fil-
tered inside this polygon using a mean filter with radius 50 pixels (� 81
�m). A line of width 50 pixels (� 81 �m) was drawn through the filtered
region, parallel to the cortical layer and the surface of the brain. The
intensity profile along the line was plotted, and the FWHM, and thus the
length of the binocular zone, was defined as the length for which the Arc
intensity was above the half-maximum. If there were multiple peaks
above the half-maximum, the original image was examined to determine
whether the binocular zone spanned the peaks or consisted of only one of
them. V1b Arc fluorescence intensity was quantified by dividing the max-
imum intensity by the minimum intensity, using the same measurements
as the ones used to determine the FWHM. Analysis was performed blind
to genotype and experimental condition.

For ME experiments, mice were monocularly enucleated at P28. After
4 d, at P32, the ME mice were placed in the dark overnight (16 h).
Age-matched littermates (NR in Results) that had not previously under-
gone enucleation were monocularly enucleated at this time and also
placed in the dark overnight. The next morning, at P33, mice were then
light exposed, and tissue collected and sectioned, as described for the MD
animals. For the ME group, Arc transcript was detected using colorimet-
ric in situ hybridization, similar to previous studies (Lein and Shatz, 2000;
William et al., 2012). The full-length mouse Arc probe was generously
shared with us by C. Shatz (Stanford University), who had received it
from P. Whorley (Lyford et al., 1995). DNA was digested with NotI,
transcribed from the T7 promoter, and labeled with Digoxigenin using a
kit (Sigma-Aldrich, catalog #11175025910). Sections were allowed to
thaw at room temperature immediately before use, and then fixed for 10
min in 4% PFA (Electron Microscopy Sciences, catalog #15710) in PBS.
Sections were permeabilized with proteinase K for 5 min, fixed for an-
other 5 min in 4% PFA (Electron Microscopy Sciences, catalog #15710),

772 • J. Neurosci., January 22, 2020 • 40(4):769 –783 Welsh et al. • Normal Ocular Dominance Plasticity without C1q



and then acetylated for 10 min. Sections were blocked with yeast RNA for
1 h, then incubated overnight 72°C with an antisense Digoxigenin-
labeled Arc probe under coverslips. Coverslips were removed in 5� SSC.
Slides were then washed in 0.2� SSC and blocked with 10% normal goat
serum (Sigma-Aldrich, catalog #G9023-10ML) at room temperature.
Slides were incubated overnight at 4°C in sheep anti-Digoxigenin-AP
(1:3000, Fab fragments; Sigma-Aldrich, catalog #11093274910) in 1%
normal goat serum (Sigma-Aldrich, catalog #G9023-10ML). Finally, the
signal was developed using NBT/BCIP solution (Sigma-Aldrich, catalog
#11681451001).

The hemisphere ipsilateral to the remaining eye was imaged under
bright-field on a TiEclipse microscope (Nikon). Images were inverted
and then analyzed as described for the RNAscope in situs.

Statistics/experimental design. Both males and females were used for all
experiments. Data analysis was performed in GraphPad Prism 8, except
for the already mentioned analyses performed using MATLAB. More
information about statistical design can be found in the Results and in the
figure legends. � � 0.05 unless otherwise stated.

Results
C1q is present in juvenile V1b
C1q is a large complex, consisting of peptides encoded by the
three genes C1qa, C1qb, and C1qc. All three genes are highly
expressed by microglia and macrophages across the brain, and at
negligible levels by other cell types (Fonseca et al., 2017; Saunders
et al., 2018; Zeisel et al., 2018; Hammond et al., 2019). We there-
fore expected C1q protein to be present also in V1b. We per-
formed immunohistochemistry using an antibody raised against
the entire C1q complex (Stephan et al., 2013), and examined the
staining patterns at P10, P20, and P32; the latter two ages approx-
imately mark the beginning and the end of the critical period for
ODP in the mouse (Gordon and Stryker, 1996). At low-
magnification, C1q was present across cortical layers at all three
ages (Fig. 1A). Because ODP has primarily been studied in L2/3
and in L4, we used confocal imaging to specifically examine these
layers. Loss of the C1qa gene is sufficient to disrupt the protein
complex and abolish classical complement cascade activation
(Botto et al., 1998), and immunoreactivity of the C1q antibody
was previously shown to be absent in C1qa�/� animals (Stephan
et al., 2013). We therefore used these mice as negative controls for
the immunohistochemistry.

At all three ages, C1q protein was present above C1qa�/�

levels in both L2/3 and L4 (Fig. 1A–C). The amount of C1q was
low at P10, but the immunofluorescence intensities increased
with age, including during the critical period (Fig. 1D,E). This
finding applied both to L2/3 and L4 (one-way ANOVA with
Tukey’s multiple-comparisons test. L2/3: F(2,9) � 17.04, p �
0.0009, P10 vs P32, p � 0.0007, P20 vs P32, p � 0.0123; L4: F(2,9)

� 12.12, p � 0.0028, P10 vs P32, p � 0.0023, P20 vs P32, p �
0.0297). Thus, C1q protein is present in the developing V1b, with
overall C1q levels increasing with age.

Many previous studies have found that C1q localizes to sub-
sets of synapses (Stevens et al., 2007; Stephan et al., 2013; Hong et
al., 2016; Lui et al., 2016; Dejanovic et al., 2018). We confirmed
these observations in L2/3 of V1b at P29 –P32, by costaining for
C1q and spinophilin, a protein enriched at spines (Allen et al.,
1997). Using confocal imaging, we found that a subset of spi-
nophilin puncta overlapped with, or were closely apposed to, C1q
puncta (Fig. 1F, left). To confirm that this colocalization was not
solely because of chance, we rotated the C1q channel by 90°, and
compared the number of colocalized C1q and spinophilin puncta
when the C1q channel was in its original configuration to when it
was rotated. We found that the number of colocalized puncta
went down slightly but significantly when the C1q channel was

rotated (original number of puncta per field-of-view: 2152 	
116.7, rotated number of puncta per field-of-view: 2007 	 112.5,
error represents SEM; paired two-tailed t test, p � 6.2 � 10�7,
n � 30 sections from 3 mice), suggesting that C1q is mildly en-
riched at spinophilin puncta. We furthermore used super-
resolution SIM imaging to examine the C1q and spinophilin
staining patterns, and identified examples of colocalization also
at this higher resolution (Fig. 1F, right). These results suggest that
C1q puncta are present near dendritic spines in V1b, and thus
could bind to synaptic structures to promote their elimination by
microglia.

C1q is not required for the development of a spine population
implicated in ODP
All previous studies on the role of C1q in nervous system devel-
opment have been performed in mice lacking C1qa. One pheno-
type described in C1qa�/� mice is increased spine densities in L5
of somatosensory cortex at P23 (Ma et al., 2013). Thus, we next
asked whether loss of C1qa impacts spine development in V1b.
MD during the critical period induces spine loss on the apical
dendrites of V1b L2/3 pyramidal neurons, which is most pro-
nounced in the 25 �m segment distal to the first branch point of
the apical dendrite (Mataga et al., 2004). We therefore limited our
analysis to this specific segment, and counted spines in WT and
C1qa�/� mice at P10, P20, and P29 –P30. We labeled neurons
using Golgi-Cox staining, and used bright-field microscopy to
image pyramidal neurons in L2/3 of V1b (Fig. 2A–C). In z-stacks
from P10, P20, and P29 –P30 animals, we counted the number of
spines in the 25 �m segment following the first branch point. At
all three ages, the spine numbers in the C1qa�/� mice were in-
distinguishable from their WT littermates (Fig. 2D). This finding
applied both when spine numbers were analyzed per animal, and
when they were analyzed per cell (unpaired two-tailed t test, per
mouse: P10: t(7) � 0.7854, p � 0.4580; P20: t(8) � 1.665, p �
0.1345; P29 –P30: t(10) � 1.54, p � 0.1546; per cell: P10: t(41) �
0.2109, p � 0.8340; P20: t(52) � 1.504, p � 0.1386; P29 –P30: t(46)

� 1.511, p � 0.1377; Fig. 2E,F).
Spine densities on apical dendrites of L2/3 pyramidal neurons

increase with distance from the soma (Mataga et al., 2004). In-
deed, we found that the number of spines on a dendrite segment
was significantly correlated with the distance between the soma
and the first branch point at the two older ages (P10 WT: rs �
0.2616, p � 0.3081; P10 C1qa�/�: rs � 0.5366, p � 0.0047; P20
WT: rs � 0.6199, p � 0.0003; P20 C1qa�/�: rs � 0.5634, p �
0.0041; P29 –P30 WT: rs � 0.7321, p � 0.0001; P29 –P30
C1qa�/�: rs � 0.7085, p � 0.0001; Fig. 3A). A difference in the
position of the first branch point between the genotypes could
thus obscure any absolute changes in spine numbers between WT
and C1qa�/� mice. We therefore confirmed that the position of
the first branch point was unchanged in the C1qa�/� animals, by
measuring the distance between the soma and the first branch
point in all cells used for spine counting. For all three ages, the
average distance in the C1qa�/� animals was the same as in the
WT mice (unpaired two-tailed t test, P10: t(7) � 0.2727, p �
0.7929; P20: t(8) � 0.5198, p � 0.6173; P29 –P30: t(10) � 0.3156,
p � 0.7588; Fig. 3B). Together, these results suggest that the
number of spines in this apical dendrite segment develops nor-
mally in C1qa�/� mice.

C1q is transiently required for the development of spines on
apical, but not basal, secondary dendrites
The proximal spines on the apical dendrites of L2/3 pyramidal
neurons constitute only one out of many spine populations in
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V1b. To determine whether other spine populations were also
unaffected in mice lacking C1q, we therefore examined spine
densities on secondary apical and basal dendrites of V1b L2/3
pyramidal neurons. We again used Golgi-Cox staining to visual-
ize the neurons.

We first examined spine densities on apical dendrite second-
ary branches at P10, P20, and P29 –P30 (Fig. 4A). Surprisingly,

these did not behave as the primary apical dendrite segments
analyzed in Figure 2. While the C1qa�/� mice showed normal
spine densities at both P10 and P29 –P30, the densities were in-
creased in the C1qa�/� animals at P20 when the data were quan-
tified per mouse (unpaired two-tailed t test, P10: t(7) � 0.04222,
p � 0.9675; P20: t(8) � 2.371, p � 0.0452; P29 –P30: t(8) � 0.2614,
p � 0.8004; Fig. 4B). The results were the same when data were
quantified per cell (unpaired two-tailed t test, P10: t(40) � 0.4146,
p � 0.6807; P20: t(47) � 2.251, p � 0.0291; P29 –P30: t(32) �
0.8172, p � 0.4199; Fig. 4C). In contrast, the spine densities on
the basal secondary dendrites did not change at any of the ages
(Fig. 4D). This finding applied both when densities were quanti-
fied per mouse (unpaired two-tailed t test, P10: t(7) � 0.6858, p �
0.5149; P20: t(8) � 0.5260, p � 0.6132; P29 –P30: t(9) � 0.5023,
p � 0.6275; Fig. 4E), as well as per cell (unpaired two-tailed t test,
P10: t(41) � 0.7537, p � 0.4553; P20: t(47) � 1.104, p � 0.2750;
P29 –P30: t(42) � 0.4044, p � 0.6879; Fig. 4F). These results thus
suggest that loss of C1qa can cause increased spine numbers, but
only in certain spine populations and at certain times. However,
before the critical period ends, all spine populations in C1qa�/�

mice examined here are indistinguishable from those of their WT
littermates.

Dendritic morphology is unaffected by loss of C1q
An increase in the number or length of dendrites could cause
elevated overall numbers of synapses, even without a dramatic
change in spine densities on each neuron. Indeed, increased den-
drite branching and length has been reported on L5 pyramidal
neurons in sensorimotor cortex of C1qa�/� mice (Ma et al.,
2013). We therefore traced the apical and basal dendritic arbors
of Golgi-Cox stained neurons in L2/3 of V1b, and performed
Sholl analysis on the tracings (Fig. 5A). When we calculated the
number of dendrite intersections with concentric shells placed
10, 30, 50, 70, 90, and 110 �m away from the soma, we found no
difference between the genotypes at any of the ages, either in the
apical or the basal arbor [apical: unpaired two-tailed t test, Hol-
m–Sidak’s method with � � 0.05 was used to correct for multiple
comparisons; P10: adjusted p � 0.8744 (10 �m), 0.9343 (30 �m),
0.9683 (50 �m), 0.9508 (70 �m), 0.9508 (90 �m), 0.9683 (110
�m); P20: adjusted p � 0.8869 (10 �m), 0.8869 (30 �m), 0.8869
(50 �m), 0.4866 (70 �m), 0.8869 (90 �m), 0.8869 (110 �m);
P29 –P30: adjusted p � 0.8618 (10 �m), 0.7560 (30 �m), 0.8618
(50 �m), 0.7560 (70 �m), 0.6894 (90 �m), 0.7560 (110 �m);
basal: unpaired two-tailed t test, Holm–Sidak’s method with � �
0.05 was used to correct for multiple comparisons, P10: adjusted
p � 0.6602 (10 �m), 0.6602 (30 �m), 0.8774 (50 �m), 0.6602 (70
�m), 0.6172 (90 �m), NA (110 �m; all values are 0); P20: ad-
justed p � 0.9969 (10 �m), 0.9969 (30 �m), 0.9969 (50 �m),
0.9969 (70 �m), 0.9969 (90 �m), 0.9969 (110 �m); P29 –P30:
adjusted p � 0.9720 (10 �m), 0.9720 (30 �m), 0.6167 (50 �m),
0.5629 (70 �m), 0.3536 (90 �m), 0.3119 (110 �m); Fig. 5B–D).
Thus, the morphologies of V1b L2/3 pyramidal neuron apical
and basal dendritic arbors are not perturbed in C1qa�/� mice.

Firing rates in V1b of C1qa �/� mice are normal
Although we found mostly normal spine numbers and dendritic
morphology in developing C1qa�/� mice, visual processing in
these animals may still be different from that of WT mice, as it is
possible that other synapse populations in V1b are affected by
loss of C1qa. To assess the general properties of visual responsive-
ness in animals lacking C1qa, we performed in vivo extracellular
electrophysiological recordings in P28 –P31 WT and C1qa�/�

littermates. Neuronal activity was recorded across cortical layers
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Figure 2. A spine population implicated in ODP develops normally in C1qa �/� mice. A,
Bright-field image of a Golgi-Cox stained brain from a critical period mouse. The black box
indicates the approximate location of V1b. Scale bar, 1000 �m. B, Enlarged image of the region
marked in A. A L2/3 pyramidal neuron used for spine analysis is circled. Scale bar, 200 �m. C,
Higher-magnification image of the cell circled in B. The soma is at the bottom of the image,
whereas the 25 �m segment used for spine counting is marked with red arrowheads. Scale bar,
10 �m. D, Representative single plane images of L2/3 pyramidal neuron apical dendrites, from
P10 (left), P20 (middle), and P29 –P30 (right) WT (top in each age group) and C1qa �/�

(bottom in each age group) animals. Images show part of the 25 �m segment used for spine
counting. Red arrowheads mark spines, whereas a red arrow marks a dendrite branch point.
Scale bar, 2 �m. E, Quantification of spine numbers in P10 (left), P20 (middle), and P29 –P30
(right) animals, analyzed per mouse. There is no difference between spine numbers in WT and
C1qa �/� animals at any of the ages (P10: unpaired two-tailed t test, t(7) � 0.7854, p �
0.4580, n � 4 –5 animals/genotype; P20: unpaired two-tailed t test, t(8) � 1.665, p � 0.1345,
n � 4 – 6 animals/genotype; P29 –P30: unpaired two-tailed t test, t(10) � 1.54, p � 0.1546,
n � 6 animals/genotype). F, Quantification of spine numbers in P10 (left), P20 (middle), and
P29 –P30 (right) animals, analyzed per cell. There is no difference between spine numbers in
WT and C1qa �/� animals at any of the ages (P10: unpaired two-tailed t test, t(41) � 0.2109,
p � 0.8340, n � 17 WT, 26 C1qa �/� cells; P20: unpaired two-tailed t test, t(52) � 1.504, p �
0.1386, n � 30 WT, 24 C1qa �/� cells; P29 –P30: unpaired two-tailed t test, t(46) � 1.511, p �
0.1377, n � 22 WT, 26 C1qa �/� cells). All error bars represent SEM. ns, not significant.
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in V1b of anesthetized mice, using multisite silicone probes.
Units with receptive fields outside of the binocular zone (further
than 25° from the center of the visual field) were excluded from
further analysis (see Materials and Methods).

Using these recordings, we examined how loss of C1qa im-
pacts firing rates of single units in V1b. Visual activity was elicited
using sinusoidal gratings drifting in 12 different directions inter-
leaved by a gray screen, presented to each eye independently.
Each stimulus was presented a minimum of seven times (Fig. 6A).
The spontaneous activity was measured as the average firing rate
in response to the gray screen, whereas the evoked activity was the
average firing rate in response to the direction that elicited the
most activity. The average spontaneous activity was the same
when compared between eyes and genotypes (one-way ANOVA,
F(3,181) � 0.08636, p � 0.9674; Fig. 6B). Similarly, although the
evoked firing rate was higher for the contralateral eye, reflecting
normal contralateral bias (Gordon and Stryker, 1996), there was
no difference in the evoked firing rate between genotypes (one-
way ANOVA with Sidak’s multiple-comparisons test, F(3,181) �
4.788, p � 0.0031, WT ipsilateral vs WT contralateral, p � 0.0428,
C1qa�/� ipsilateral vs C1qa�/� contralateral, p � 0.0424, WT
ipsilateral vs C1qa�/� ipsilateral, p � 0.9413, WT contralateral vs
C1qa�/� contralateral, p � 0.9165; Fig. 6C). Thus, C1qa does not
influence baseline firing rates in V1b.

C1q protein levels in V1b are not experience-dependent
Our results suggest that several features of V1b development pro-
ceed normally in the absence of C1qa. However, it is possible that
the initial development of V1b is independent of C1q, but that
C1q instead is required for the synaptic remodeling that occurs
in response to visual deprivation. We therefore investigated

whether C1q contributes to ODP. We first
examined how MD impacts C1q levels in
L2/3 and L4 of V1b. An increase could
suggest that C1q is upregulated to pro-
mote synapse elimination during ODP.
We evaluated C1q levels in normally
reared P32 mice (NR), as well as in mice
that had undergone 2 or 4 d of MD start-
ing at P28. ODP is complete after 4 d of
MD (Gordon and Stryker, 1996); 2 d was
chosen as an intermediate time point dur-
ing which remodeling is still in progress.
As in Figure 1, we measured C1q levels by
quantifying immunofluorescence intensi-
ties (Fig. 7A). We found that MD did not
impact C1q levels in either layer (one-way
ANOVA, L2/3: F(2,15) � 0.1803, p �
0.8368; L4: F(2,15) � 0.2338, p � 0.7943;
Fig. 7B,C). Immunofluorescence intensi-
ties are a fairly crude measurement of pro-
tein levels, so we cannot conclude that
MD has no effect on the amounts of C1q
in V1b. However, MD does not appear to
drive dramatic changes in the levels of
C1q.

MD does not reduce spine numbers on
L2/3 pyramidal neurons
C1q could contribute to synapse elimina-
tion following MD even if C1q levels are
unchanged. Subtle changes in C1q local-
ization to synapses or local activation of

the classical complement cascade may be sufficient to promote
increased synapse engulfment. Alternatively, reduced levels of
signals that inhibit synaptic engulfment, such as CD47, could
allow increased C1q-dependent synapse phagocytosis to occur
(Lehrman et al., 2018). We therefore investigated whether the
absence of C1qa prevents MD-induced spine loss on L2/3 pyra-
midal neuron apical dendrites (Mataga et al., 2004). We executed
the experiment as previously described (Mataga et al., 2004).
However, one notable difference was that we used Golgi-Cox
staining to label the neurons, while the previous study used di-
olistic labeling. We performed MD on WT and C1qa�/� animals
at P25–P26 (in the middle of the critical period) and collected
brains 4 d later. The controls consisted of NR WT and C1qa�/�

mice aged P29 –P30. For all four groups, we counted spines in the
25 �m segment following the first branch point, on the apical
dendrites of L2/3 pyramidal neurons. The NR data points were
already included in Figure 2, but were collected together with the
MD cohort and analyzed blind to both genotype and experimen-
tal condition; as described, there was no difference between the
genotypes in the number of spines for the NR group. When we
compared the WT NR and MD conditions, we surprisingly also
found no change in spine numbers (two-way ANOVA with
Tukey’s multiple-comparisons test, F(1,21) � 3.034, p � 0.0962
for MD; F(1,21) � 0.344, p � 0.5638 for genotype; F(1,21) � 2.906,
p � 0.1030 for interaction; WT NR vs WT MD, p � 0.9999; Fig.
8A,B). This finding, in stark contrast to the previously reported
40% reduction (Mataga et al., 2004), held true also when spine
numbers were analyzed per cell (two-way ANOVA with Tukey’s
multiple-comparisons test, F(1,110) � 3.543, p � 0.0625 for MD;
F(1,110) � 0.2824, p � 0.5962 for genotype; F(1,110) � 2.695, p �
0.1035 for interaction; WT NR vs WT MD, p � 0.9986; Fig. 8C).
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Figure 3. The distance between the soma and first branch point of L2/3 pyramidal neuron apical dendrites is normal in
C1qa �/� mice. A, Quantification of the correlation between spine numbers and distance between soma and first branch point in
P10 (left), P20 (middle), and P29 –P30 (right) animals, analyzed per cell. The spine numbers and distance are significantly
correlated at the two older ages, using Spearman’s rank correlation coefficient rs (P10 WT: rs � 0.2616, p � 0.3081, n � 17 cells;
P10 C1qa �/�: rs � 0.5366, p � 0.0047, n � 26 cells; P20 WT: rs � 0.6199, p � 0.0003, n � 30 cells; P20 C1qa �/�: rs �
0.5634, p � 0.0041, n � 24 cells; P29 –P30 WT: rs � 0.7321, p � 0.0001, n � 22 cells; P29 –P30 C1qa �/�: rs � 0.7085, p �
0.0001, n � 26 cells). B, Quantification of the distance between the soma and the first branch point in P10 (left), P20 (middle), and
P29 –P30 (right) animals. This distance is not different between WT and C1qa �/� animals at any of the ages (P10: unpaired
two-tailed t test, t(7) � 0.2727, p � 0.7929, n � 4 –5 animals/genotype; P20: unpaired two-tailed t test, t(8) � 0.5198, p �
0.6173, n�4 – 6 animals/genotype; P29 –P30: unpaired two-tailed t test, t(10) �0.3156, p�0.7588, n�6 animals/genotype).
All error bars represent SEM. ns, not significant.
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In addition, the C1qa�/� mice did not show a spine reduction
following MD, and instead displayed a trend toward an increase
in spine numbers in the MD condition compared with NR, when
spine number were analyzed per mouse (C1qa�/� NR vs
C1qa�/� MD, p � 0.0920). When we quantified spine numbers
per cell, this trend became statistically significant (C1qa�/� NR
vs C1qa�/� MD, p � 0.0411); however, because MD, genotype,
and their interaction all lacked statistically significant effects on
spine numbers, it is not clear whether the difference between
C1qa�/� NR and C1qa�/� MD is relevant. As in Figure 3, we
quantified the distance between the soma and first branch point
for all cells used for spine counting, and they were the same across
all four conditions (two-way ANOVA, F(1,21) � 0.02282, p �
0.8814 for MD; F(1,21) � 0.2156, p � 0.6472 for genotype; F(1,21)

� 0.0069, p � 0.9346 for interaction; Fig. 8D). Our observations
therefore suggest that MD has no strong effect on spine numbers
on this particular part of L2/3 apical dendrites in WT or C1qa�/�

animals.

C1qa is not required for binocular zone expansion following
MD and ME
Our failure to detect a spine loss following MD in either genotype
makes this experiment difficult to interpret. We therefore pro-
ceeded to determine whether ODP can occur in the absence of
C1q, using two distinct techniques. We first measured how loss of
C1qa impacts ODP using in situ hybridization against the imme-
diate early gene Arc (Tagawa et al., 2005). Acute light stimulation
results in Arc labeling of V1b. During the critical period, 4 d of
ME or MD of the contralateral eye, before light stimulation,
causes a widening of the binocular Arc zone (William et al., 2012;
Bochner et al., 2014). This observation suggests that Arc in situs
can be used as a proxy to measure ODP. Indeed, both enhanced
and reduced ODP detected using this method has been con-
firmed using alternative techniques (Syken et al., 2006; Kanold et
al., 2009; William et al., 2012, 2017; Djurisic et al., 2013; Bochner
et al., 2014). We therefore used the Arc in situ method to examine
ODP in mice lacking C1qa.

We performed MD on WT and C1qa�/� mice during the
critical period, with MD starting at P25–P28. After 4 d of MD, the
animals were light stimulated and their brains collected. We then
performed RNAscope fluorescence in situ hybridization against
Arc, and quantified the length of the binocular zone in L2/3 and
L4 by measuring the FWHM (William et al., 2017; Fig. 9A). The
MD group was compared with age-matched NR control miceWT C1qa-/-
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Figure 4. Spine densities in C1qa �/� mice are elevated at P20 on apical secondary den-
drites, but are otherwise normal. A, Left, Bright-field image of a L2/3 Golgi-Cox stained pyra-
midal neuron from a critical period mouse. The soma is at the bottom of the image. An example
of a secondary apical dendrite segment used for spine counting is marked with red arrowheads.
Scale bar, 10 �m. Right, Representative single plane images of apical dendrite secondary
branches from L2/3 pyramidal neurons, from P10 (left), P20 (middle), and P29 –P30 (right) WT
(top in each age group) and C1qa �/� (bottom in each age group) animals. Red arrowheads
mark spines. Scale bar, 2 �m. B, Quantification of spine densities on apical dendrite secondary
branches in P10 (left), P20 (middle), and P29 –P30 (right) animals, analyzed per mouse. There
is no difference between spine densities in WT and C1qa �/� animals at P10 or P29 –P30, but
P20 C1qa �/� mice show elevated spine densities compared with WT (P10: unpaired two-
tailed t test, t(7) �0.04222, p�0.9675, n�4 –5 animals/genotype; P20: unpaired two-tailed
t test, t(8) � 2.371, p � 0.0452, n � 4 – 6 animals/genotype; P29 –P30: unpaired two-tailed
t test, t(8) � 0.2614, p � 0.8004, n � 4 – 6 animals/genotype). C, Quantification of spine
densities on apical dendrite secondary branches in P10 (left), P20 (middle), and P29 –P30
(right) animals, analyzed per cell. There is no difference between spine densities in WT and
C1qa �/� animals at P10 or P29 –P30, but P20 C1qa �/� mice show elevated spine densities
compared with WT (P10: unpaired two-tailed t test, t(40) � 0.4146, p � 0.6807, n � 17 WT, 25
C1qa �/� cells; P20: unpaired two-tailed t test, t(47) � 2.251, p � 0.0291, n � 28 WT, 21
C1qa �/� cells; P29 –P30: unpaired two-tailed t test, t(32) � 0.8172, p � 0.4199, n � 14 WT,

4

20 C1qa �/� cells). D, Left, Bright-field image of a L2/3 Golgi-Cox stained pyramidal neuron
from a critical period mouse. The soma is in the center of the image. An example of a secondary
basal dendrite segment used for spine counting is marked with red arrowheads. Scale bar, 10
�m. Right, Representative single plane images of basal dendrite secondary branches from L2/3
pyramidal neurons, from P10 (left), P20 (middle), and P29 –P30 (right) WT (top in each age
group) and C1qa �/� (bottom in each age group) animals. Red arrowheads mark spines. Scale
bar, 2 �m. E, Quantification of spine densities on basal, secondary branches in P10 (left), P20
(middle), and P29 –P30 (right) animals, analyzed per mouse. There is no difference between
spine densities in WT and C1qa �/� animals at any of the ages (P10: unpaired two-tailed t test,
t(7) � 0.6858, p � 0.5149, n � 4 –5 animals/genotype; P20: unpaired two-tailed t test, t(8) �
0.5260, p � 0.6132, n � 4 – 6 animals/genotype; P29 –P30: unpaired two-tailed t test, t(9) �
0.5023, p � 0.6275, n � 5– 6 animals/genotype). F, Quantification of spine densities on basal,
secondary branches in P10 (left), P20 (middle), and P29 –P30 (right) animals, analyzed per cell.
There is no difference between spine densities in WT and C1qa �/� animals at any of the ages
(P10: unpaired two-tailed t test, t(41) � 0.7537, p � 0.4553, n � 17 WT, 26 C1qa �/� cells;
P20: unpaired two-tailed t test, t(47) � 1.104, p � 0.2750, n � 26 WT, 23 C1qa �/� cells;
P29 –P30: unpaired two-tailed t test, t(42) � 0.4044, p � 0.6879, n � 23 WT, 21 C1qa �/�

cells). All error bars represent SEM. *p � 0.05, ns, not significant.
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that had undergone the same light stimu-
lation paradigm as the MD animals. In
both layers, MD induced a robust expan-
sion of the binocular zone in WT as well as
in C1qa�/� animals (two-way ANOVA
with Tukey’s multiple-comparisons test,
L2/3: F(1,21) � 35.19, p � 0.0001 for MD;
F(1,21) � 2.717, p � 0.1142 for genotype;
F(1,21) � 0.02172, p � 0.8843 for interac-
tion; WT NR vs WT MD, p � 0.0014,
C1qa �/� NR vs C1qa �/� MD, p �
0.0032; L4: F(1,21) � 69.53, p � 0.0001
for MD; F(1,21) � 0.9028, p � 0.3528 for
genotype; F(1,21) � 1.029, p � 0.3219 for
interaction; WT NR vs WT MD, p �
0.0002, C1qa �/� NR vs C1qa �/� MD,
p � 0.0001; Fig. 9 B, C). Furthermore,
the C1qa �/� binocular zone lengths
were not different from those of WT an-
imals in either the NR or the MD condi-
tion (L2/3: WT NR vs C1qa �/� NR, p �
0.6052, WT MD vs C1qa �/� MD, p �
0.7042; L4: WT NR vs C1qa �/� NR, p �
0.9999, WT MD vs C1qa �/� MD, p �
0.5039). These results suggest that the
binocular zone is not grossly abnormal
in C1qa �/� mice under baseline condi-
tions, and that in the absence of C1qa
the binocular zone expands normally
following MD.

When examining the Arc in situ im-
ages, we noticed that the fluorescence in-
tensity of the Arc signal in the binocular
zone appeared brighter in the MD than
in the NR animals. This observation is
consistent with an increase in open-eye
responsiveness at the center of V1b fol-
lowing MD (Tagawa et al., 2005). We
therefore quantified the Arc fluorescence
intensity in the center of V1b, normalizing
the signal to the fluorescence intensity
in V1m to correct for variability in the
background signal. In both L2/3 and L4,
the quantification of the Arc fluores-
cence intensity was consistent with the
quantification of the binocular zone
length. MD led to an increase in Arc
signal in both genotypes compared with
the NR animals (two-way ANOVA
with Tukey’s multiple-comparisons test,
L2/3: F(1,21) � 82.53, p � 0.0001 for MD,
F(1,21) � 0.02663, p � 0.8719 for geno-
type; F(1,21) � 0.2541, p � 0.6195 for in-
teraction; WT NR vs WT MD, p � 0.0001,
C1qa�/� NR vs C1qa�/� MD, p �
0.0001; L4: F(1,21) � 55.72, p � 0.0001 for
MD; F(1,21) � 0.3273, p � 0.5733 for ge-
notype; F(1,21) � 0.3465, p � 0.5624 for
interaction; WT NR vs WT MD, p �
0.0001, C1qa�/� NR vs C1qa�/� MD,
p � 0.0006; Fig. 9E,F). Additionally, in
both NR and MD animals there was no
significant difference between genotypes
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Figure 5. Sholl analysis reveals normal L2/3 pyramidal neuron dendritic arbors in C1qa �/� mice. A, Representative
tracings of V1b L2/3 pyramidal neuron dendritic arbors from P29 –P30 WT (left) or C1qa �/� (right) mice. Circles in the
center of the arbors represent the soma. Scale bar, 50 �m. B–D, Sholl analysis does not find a difference between WT and
C1qa �/� V1b L2/3 pyramidal neurons in the number of dendrite intersections at 10, 30, 50, 70, 90, or 110 �m from the
soma in either the apical (left) or the basal (right) arbor. This applies at P10 (B), P20 (C), and P29 –P30 (D). B, Unpaired
two-tailed t test, n � 4 –5 mice/genotype. Holm–Sidak’s method with � � 0.05 was used to correct for multiple
comparisons. Apical: adjusted p � 0.8744 (10 �m), 0.9343 (30 �m), 0.9683 (50 �m), 0.9508 (70 �m), 0.9508 (90 �m),
0.9683 (110 �m); basal: adjusted p � 0.6602 (10 �m), 0.6602 (30 �m), 0.8774 (50 �m), 0.6602 (70 �m), 0.6172 (90
�m), NA (110 �m; all values are 0). C, Unpaired two-tailed t test, n � 4 – 6 mice/genotype. Holm–Sidak’s method with
� � 0.05 was used to correct for multiple comparisons. Apical: adjusted p � 0.8869 (10 �m), 0.8869 (30 �m), 0.8869 (50
�m), 0.4866 (70 �m), 0.8869 (90 �m), 0.8869 (110 �m); basal: adjusted p � 0.9969 (10 �m), 0.9969 (30 �m), 0.9969
(50 �m), 0.9969 (70 �m), 0.9969 (90 �m), 0.9969 (110 �m). D, Unpaired two-tailed t test, n � 5– 6 mice/genotype.
Holm–Sidak’s method with � � 0.05 was used to correct for multiple comparisons. Apical: adjusted p � 0.8618 (10 �m),
0.7560 (30 �m), 0.8618 (50 �m), 0.7560 (70 �m), 0.6894 (90 �m), 0.7560 (110 �m); basal: adjusted p � 0.9720 (10
�m), 0.9720 (30 �m), 0.6167 (50 �m), 0.5629 (70 �m), 0.3536 (90 �m), 0.3119 (110 �m). All error bars represent SEM.
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(L2/3: WT NR vs C1qa�/� NR, p �
0.9952, WT MD vs C1qa�/� MD, p �
0.9625; L4: WT NR vs C1qa�/� NR,
p � 0.9999, WT MD vs C1qa�/� MD, p �
0.8366). Thus, ODP in C1qa�/� animals is
normal using two methods for quantifying
the visually induced Arc signal.

To confirm these observations with an
even more dramatic visual manipulation,
we measured binocular zone expansion
following ME in WT and C1qa�/� ani-
mals (Bochner et al., 2014). In this exper-
iment, we enucleated, rather than sutured
shut, the contralateral eye at P28. After 4 d
of ME, the mice were light stimulated and
their brains collected. Age-matched NR
animals were also light stimulated before
tissue collection. We detected Arc tran-
script using standard colorimetric, rather
than RNAscope, in situ hybridization.
When we examined the length of the bin-
ocular zone in L4 by measuring the
FWHM, we again observed a robust ex-
pansion in both genotypes, and no differ-
ence between WT and C1qa�/� animals
in either condition (two-way ANOVA
with Tukey’s multiple-comparisons test,
F(1,16) � 29.77, p � 0.0001 for ME; F(1,16)

� 0.5278, p � 0.4780 for genotype; F(1,16)

� 0.8672, p � 0.3656 for interaction; WT
NR vs C1qa�/� NR, p � 0.6521, WT NR
vs WT ME, p � 0.0018, C1qa�/� NR vs
C1qa�/� ME, p � 0.0258, WT ME vs
C1qa�/� ME, p � 0.9989; Fig. 9D). We
also measured the signal intensity of the
Arc signal in the four conditions, but did
not see any differences across the groups
(two-way ANOVA with Tukey’s multiple-
comparisons test, F(1,16) � 0.9614, p � 0.3414 for ME; F(1,16) �
0.6366, p � 0.4366 for genotype; F(1,16) � 0.4253, p � 0.5236 for
interaction; WT NR vs C1qa�/� NR, p � 0.9996, WT NR vs WT
ME, p � 0.6626, C1qa�/� NR vs C1qa�/� ME, p � 0.9954, WT
ME vs C1qa�/� ME, p � 0.7374; Fig. 9G). This contrast to the
RNAscope results is consistent with RNAscope providing a
highly sensitive and quantitative measurement of transcript
levels (Wang et al., 2012, 2013). Together, these experiments
thus suggest that critical period ODP is normal C1qa �/� mice.

In vivo electrophysiology reveals normal ODP in C1qa �/�

mice
The Arc in situ method is an indirect measurement of ocular
dominance. Therefore, we used in vivo extracellular recordings to
measure ODP directly from neuronal activity in WT and
C1qa�/� mice. We recorded from P28 –P31 WT and C1qa�/�

animals that had either been reared normally or undergone 4 d of
MD, and evaluated the eye dominance from the multiunit activ-
ity on all visually responsive contact sites. To calculate the relative
contribution of each eye to the firing rate measured at each con-
tact site along the silicone probe, we averaged the response across
all directions of the sinusoidal grating stimulus for the contralat-
eral and ipsilateral eye, independently (see Materials and Meth-
ods). In the NR mice, we found no difference in eye-dominance
between WT and C1qa�/� littermates (Figs. 10A–C). Both geno-

types had a normal contralateral bias shown by ODI histograms
with high proportions of units in the lower (contra-dominated)
OD categories (� 2 test, � 2

(5) � 7.502, p � 0.1859, � � 0.0125 to
account for multiple comparisons; Fig. 10A), similar ODI distri-
butions (Kolmogorov–Smirnov test, D � 0.1272, p � 0.0646,
� � 0.0125 to account for multiple comparisons; Fig. 10B), and
average CBIs �0.65 (two-way ANOVA with Tukey’s multiple-
comparisons test, F(1,23) � 32.57, p � 0.0001 for MD; F(1,23) �
0.06254, p � 0.8047 for genotype; F(1,23) � 0.3021, p � 0.5879 for
interaction; WT NR vs C1qa�/� NR, p � 0.9491; Fig. 10C).
C1qa�/� animals thus have normal ocular dominance under
baseline conditions.

Next we examined ODP in WT and C1qa�/� mice following
4 d of MD during the critical period starting at P25–P26. We
found that the WT MD mice had robust OD shifts compared with
the WT NR controls (OD categories: � 2 test, � 2

(6) � 114.5, p �
0.0001, � � 0.0125 to account for multiple comparisons; ODI
distributions: Kolmogorov–Smirnov test, D � 0.4620, p �
0.0001, � � 0.0125 to account for multiple comparisons; CBI:
WT NR vs WT MD, p � 0.0009). Among the C1qa�/� animals,
the results were less clear: the C1qa�/� MD animals showed a
significant OD shift compared with the C1qa�/� NR group by
OD categories and ODI distribution, but not by CBI (OD cate-
gories: � 2 test, � 2

(6) � 39.74, p � 0.0001; ODI distributions: Kol-
mogorov–Smirnov test, D � 0.2450, p � 0.0001; CBI: C1qa�/�
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Figure 6. Firing rates are normal in C1qa �/� mice. A, Raster plots for representative single units from WT and C1qa �/� mice
in response to drifting sinusoidal gratings in 12 different directions interleaved by a gray screen (ø) shown to each eye indepen-
dently. Each circle represents one action potential. Scale bar, 1 s. B, C, Spontaneous (B) and evoked (C) activity of all isolated,
visually responsive single units from WT and C1qa �/� mice. Spontaneous firing rates are not different across stimulated eye or
genotype (one-way ANOVA, F(3,181) � 0.08636, p � 0.9674, n � 42–50 single units/condition, from 6 animals/genotype).
Evoked firing rates are higher when the contralateral eye rather than the ipsilateral eye is stimulated, but are not different between
the genotypes (one-way ANOVA, F(3,181) � 4.788, p � 0.0031, n � 42–50 single units/condition, from 6 animals/genotype, WT
ipsilateral vs WT contralateral, p � 0.0428, C1qa �/� ipsilateral vs C1qa �/� contralateral, p � 0.0424, WT ipsilateral vs
C1qa �/� ipsilateral, p�0.9413, WT contralateral vs C1qa �/� contralateral, p�0.9165, Sidak’s multiple-comparisons test). All
error bars represent SEM. *p � 0.05, ns, not significant.
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NR vs C1qa�/� MD, p � 0.0860; data not shown). Additionally,
the C1qa�/� MD mice were also significantly different from the
WT MD animals by OD categories and ODI distribution, but
again not by CBI (OD categories: � 2 test, � 2

(6) � 26.14, p �
0.0002; ODI distributions: Kolmogorov–Smirnov test, D �
0.1929, p � 0.0001; CBI: WT MD vs C1qa�/� MD, p � 0.7962;
data not shown). These results could indicate that although the
C1qa�/� animals undergo an OD shift in response to MD, they
do not shift to the same degree as WT mice.

However, we noticed that one C1qa�/� MD animal (Fig. 10C,
gray) had an unusually high CBI value of 0.8158, which was al-
most 2 SD above the mean of the C1qa�/� MD group, as well as
of the WT and C1qa�/� NR groups. Because we were concerned
that this one extreme animal could be skewing our results, we
examined the dataset without this mouse. Among the remaining
seven C1qa�/� MD animals, OD was significantly different from
that of the C1qa�/� NR mice (OD categories: � 2 test, � 2

(6) �
52.64, p � 0.0001, � � 0.0125 to account for multiple compari-
sons; ODI distributions: Kolmogorov–Smirnov test, D � 0.2994,
p � 0.0001, � � 0.0125 to account for multiple comparisons;
CBI: C1qa�/� NR vs C1qa�/� MD, p � 0.0078). Furthermore,
these C1qa�/� MD animals were not different from the WT MD
animals (OD categories: � 2 test, � 2

(6) � 10.16, p � 0.1179, � �

0.0125 to account for multiple comparisons; ODI distributions:
Kolmogorov–Smirnov test, D � 0.1336, p � 0.0178, � � 0.0125
to account for multiple comparisons; CBI: WT MD vs C1qa�/�

MD, p � 0.9959). Under the assumption that the high CBI value
is atypical for C1qa�/� MD mice, our results thus suggest that
C1qa�/� animals undergo normal ODP.

Discussion
In this study, we investigated the contribution of C1q, the
initiator of the classical complement cascade, to V1b develop-
ment and plasticity. We found that C1q protein was present in
V1b during the critical period, but that bulk levels were not
affected by MD. When we quantified spine numbers on apical
and basal dendrites of L2/3 pyramidal neurons, we observed
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Figure 8. MD does not reduce spine numbers on L2/3 pyramidal neuron apical dendrites. A,
Representative single plane images of L2/3 pyramidal neuron apical dendrites from WT and
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C1qa �/� NR, p � 0.4049, WT NR vs WT MD, p � 0.9999, C1qa �/� NR vs C1qa �/� MD, p �
0.0920, WT MD vs C1qa �/� MD, p � 0.8510, Tukey’s multiple-comparisons test). C, Quanti-
fication of spine numbers in WT and C1qa �/� NR and MD animals, per cell. Data points in the
NR condition are the same as the P29 –P30 group in Figure 2F. MD does not impact spine
numbers in the WT group, but slightly increases spine numbers in the C1qa �/� mice (two-way
ANOVA, F(1,110) � 3.543, p � 0.0625 for MD; F(1,110) � 0.2824, p � 0.5962 for genotype;
F(1,110) � 2.695, p � 0.1035 for interaction, n � 22– 40 cells/group; WT NR vs C1qa �/� NR,
p � 0.4774, WT NR vs WT MD, p � 0.9986, C1qa �/� NR vs C1qa �/� MD, p � 0.0411, WT MD
vs C1qa �/� MD, p � 0.8323, Tukey’s multiple-comparisons test). D, Quantification of the
distance between the soma and the first branch point in WT and C1qa �/� NR and MD animals.
Data points in the NR condition are the same as the P29 –P30 group in Figure 3B. There is no
difference in distance between WT and C1qa �/� animals in either condition (two-way ANOVA,
F(1,21) � 0.02282, p � 0.8814 for MD; F(1,21) � 0.2156, p � 0.6472 for genotype; F(1,21) �
0.0069, p � 0.9346 for interaction, n � 6 –7 animals/group; WT NR vs C1qa �/� NR, p �
0.9808, WT NR vs WT MD, p � 0.9999, C1qa �/� NR vs C1qa �/� MD, p � 0.9982, WT MD vs
C1qa �/� MD, p � 0.9925, Tukey’s multiple-comparisons test). All error bars represent SEM.
*p � 0.05, ns, not significant.
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mostly normal spine numbers in C1qa �/� mice during devel-
opment. The dendritic arbors of these neurons were also un-
affected by loss of C1qa. We furthermore found that neuronal
firing rates in V1b were unchanged in C1qa �/� animals com-
pared with WT mice. Moreover, we did not observe a reduc-
tion in spine numbers in WT or C1qa �/� mice following
critical period MD, and when we measured ODP, we detected
robust plasticity in C1qa �/� mice using both in situ hybrid-
ization against the immediate early gene Arc, and in vivo elec-
trophysiology. Together, our results suggest that V1b is
generally normal in the absence of C1qa.

In most experiments performed in this study, the C1qa�/�

animals were similar to their WT counterparts. These observa-

tions are in agreement with previous work performed in the hip-
pocampus, where C1qa�/� mice were generally found to have no
or mild synaptic phenotypes, depending on the experiment and
the age of the animal (Stephan et al., 2013). In addition, this
previous study found that whole-brain C1q levels increase with
age, similar to what we report here. The phenotype that we do
observe in the C1qa�/� animals is that they have increased spine
densities on apical secondary dendrites at P20. Previous dLGN
phenotypes in C1qa�/� mice have been attributed to impaired
microglial phagocytosis of retinogeniculate synapses (Stevens et
al., 2007; Schafer et al., 2012), and it is conceivable that the ele-
vated spine densities on P20 apical secondary dendrites in the
mice lacking C1qa could be due to a lack of synapse engulfment.
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Figure 9. Binocular zone expansion is normal in critical period C1qa �/� mice. A, Representative images of RNAscope Arc in situ hybridization in V1b of critical period WT or C1qa �/�

mice that were either NR or had undergone 4 d of MD. Approximate locations of cortical layers are noted at the far left of the images. Red stars mark the extent of the binocular zone in
L2/3 and L4, as measured using the FWHM. Scale bar, 300 �m. B–D, During the critical period, binocular zone expansion as measured by the FWHM of the Arc-positive signal increases
in L2/3 following MD (B), in L4 following MD (C), and in L4 following ME (D) compared with NR mice. However, loss of C1qa has no effect on the width of the binocular zone under any
of these conditions. B, Two-way ANOVA, F(1,21) � 35.19, p � 0.0001 for MD; F(1,21) � 2.717, p � 0.1142 for genotype; F(1,21) � 0.02172, p � 0.8843 for interaction, n � 6 –7
animals/group; WT NR vs C1qa �/� NR, p � 0.6052, WT NR vs WT MD, p � 0.0014, C1qa �/� NR vs C1qa �/� MD, p � 0.0032, WT MD vs C1qa �/� MD, p � 0.7042, Tukey’s
multiple-comparisons test. C, Two-way ANOVA, F(1,21) � 69.53, p � 0.0001 for MD; F(1,21) � 0.9028, p � 0.3528 for genotype; F(1,21) � 1.029, p � 0.3219 for interaction, n � 6 –7
animals/group; WT NR vs C1qa �/� NR, p � 0.9999, WT NR vs WT MD, p � 0.0002, C1qa �/� NR vs C1qa �/� MD, p � 0.0001, WT MD vs C1qa �/� MD, p � 0.5039, Tukey’s
multiple-comparisons test. D, Two-way ANOVA, F(1,16) � 29.77, p � 0.0001 for ME; F(1,16) � 0.5278, p � 0.4780 for genotype; F(1,16) � 0.8672, p � 0.3656 for interaction, n � 5
animals/group; WT NR vs C1qa �/� NR, p � 0.6521, WT NR vs WT ME, p � 0.0018, C1qa �/� NR vs C1qa �/� ME, p � 0.0258, WT ME vs C1qa �/� ME, p � 0.9989, Tukey’s
multiple-comparisons test. E–G, During the critical period, binocular zone Arc signal intensity, normalized to the signal intensity in V1m, increases in L2/3 following MD (E), in L4
following MD (F), but not in L4 following ME (G), compared with NR mice. Loss of C1qa has no effect on the Arc signal strength under any of these conditions. The lack of an effect of ME
on signal intensity is likely due to the use of colorimetric, rather than RNAscope, in situ hybridization for this experiment. E, Two-way ANOVA, F(1,21) � 82.53, p � 0.0001 for MD, F(1,21)

� 0.02663, p � 0.8719 for genotype, and F(1,21) � 0.2541, p � 0.6195 for interaction, n � 6 –7 animals/group. WT NR vs C1qa �/� NR, p � 0.9952, WT NR vs WT MD, p � 0.0001,
C1qa �/� NR vs C1qa �/� MD, p � 0.0001, WT MD vs C1qa �/� MD, p � 0.9625, Tukey’s multiple-comparisons test. F, Two-way ANOVA, F(1,21) � 55.72, p � 0.0001 for MD; F(1,21) �
0.3273, p � 0.5733 for genotype; F(1,21) � 0.3465, p � 0.5624 for interaction, n � 6 –7 animals/group; WT NR vs C1qa �/� NR, p � 0.9999, WT NR vs WT MD, p � 0.0001, C1qa �/�

NR vs C1qa �/� MD, p � 0.0006, WT MD vs C1qa �/� MD, p � 0.8366, Tukey’s multiple-comparisons test. G, Two-way ANOVA, F(1,16) � 0.9614, p � 0.3414 for ME; F(1,16) � 0.6366,
p � 0.4366 for genotype; F(1,16) � 0.4253, p � 0.5236 for interaction, n � 5 animals/group; WT NR vs C1qa �/� NR, p � 0.9996, WT NR vs WT ME, p � 0.6626, C1qa �/� NR vs
C1qa �/� ME, p � 0.9954, WT ME vs C1qa �/� ME, p � 0.7374, Tukey’s multiple-comparisons test. All error bars represent SEM. *p � 0.05, **p � 0.01, ***p � 0.001,
****p � 0.0001, ns, not significant.
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It is, however, only a transient phenotype, as spine densities re-
turn to normal at P29 –P30.

In contrast to V1b and the hippocampus, sensorimotor cortex
and the dLGN show reduced synapse elimination in the absence
of C1qa. Sensorimotor cortex of juvenile C1qa�/� animals have
increased spine and bouton numbers, as well as increased fre-
quencies of mEPSCs and seizures, and refinement in the P30
dLGN is impaired in C1qa�/� mice (Stevens et al., 2007; Chu et
al., 2010; Ma et al., 2013). These differences in phenotypes are
surprising for two reasons: first that the phenotypes seem to be
quite variable depending on the brain region examined, and sec-
ond that the dLGN shows improper refinement at the same time
as V1b is largely normal, even though V1b receives input from the
dLGN (Stevens et al., 2007). There are possible explanations for
why V1b does not appear to inherit the refinement defects of the
dLGN. Defects in eye-specific segregation can represent changes
in axon arborization that do not necessarily result in changed
synaptic connectivity. Furthermore, although electrophysiologi-
cal studies performed in the part of the dLGN that is targeted by
the contralateral eye found that loss of C1qa prevents the elimi-
nation of weak inputs in the dLGN, at least some RGC inputs
seem to strengthen normally in P30 C1qa�/� mice (Stevens et al.,
2007). dLGN relay neurons are only driven by strong RGC inputs

(Liu and Chen, 2008). It is therefore possible that the presence of
many weak inputs, as is found in the dLGN of C1qa�/� mice at
P30, does not impact the transmission of visual information to
V1b. Why different brain regions show different phenotypes is
less clear. It does not appear to be dependent on the overall levels
of C1q protein. C1q levels are generally low in cortex and high in
the hippocampus (Stephan et al., 2013), indicating that both re-
gions with high and low levels of C1q, such as the hippocampus
and V1b, respectively, can have mild phenotypes. It is possible
that expression or localization of downstream complement pro-
teins required for microglial engulfment is context-dependent. In
addition, negative regulators of C1q activity, such as complement
inhibitors or signaling pathways that block phagocytosis, includ-
ing CD47, may be heterogeneously distributed across brain
regions (Ricklin et al., 2010; Lehrman et al., 2018). Such hetero-
geneity could explain why phenotypes in C1qa�/� mice are so
diverse.

Several previous studies have described synapse loss following
critical period MD (Mataga et al., 2004; Coleman et al., 2010;
Zhou et al., 2017). Here we attempted to replicate the finding that
MD induces a reduction in spine numbers on the apical dendrites
of L2/3 pyramidal neurons (Mataga et al., 2004). Surprisingly, we
found no loss of spines in WT animals following MD. Why we fail
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Figure 10. ODP is largely normal in critical period C1qa �/� mice. A, OD histograms for NR and 4D MD WT and C1qa �/� animals. MD shifts the histograms in both WT and C1qa �/� mice, but
the histograms are not affected by loss of C1qa (WT NR vs C1qa �/� NR: � 2 test, � 2

(5) � 7.502, p � 0.1859, n � 197–230 multiunits/genotype, from 6 animals/genotype. Note: Categories 6 and
7 were combined for calculating the � 2 test because there was only one unit in Category 7. WT NR vs WT MD: � 2 test, � 2

(6) � 114.5, p � 0.0001, n � 197–297 multiunits/genotype, from 6 to 8
animals/genotype. C1qa �/� NR vs C1qa �/� MD: � 2 test, � 2

(6) � 52.64, p � 0.0001, n � 230 –239 multiunits/genotype, from 6 to 7 animals/genotype. WT MD vs C1qa �/� MD: � 2 test, � 2
(6)

� 10.16, p � 0.1179, n � 239 –297 multiunits/genotype, from 7 to 8 animals/genotype. To account for multiple comparisons, the Bonferroni correction is used in this panel to set � � 0.0125).
The extreme C1qa �/� MD mouse is excluded from this panel. B, MD shifts the distribution of ODIs in both WT and C1qa �/� mice, but the distributions are not affected by loss of C1qa (WT NR vs
C1qa �/� NR: Kolmogorov–Smirnov test, D � 0.1272, p � 0.0646, n � 197–230 multiunits/genotype, from 6 animals/genotype. WT NR vs WT MD: Kolmogorov–Smirnov test, D � 0.4620, p �
0.0001, n � 197–297 multiunits/genotype, from 6 to 8 animals/genotype. C1qa �/� NR vs C1qa �/� MD: Kolmogorov–Smirnov test, D � 0.2994, p � 0.0001, n � 230 –239 multiunits/
genotype, from 6 to 7 animals/genotype. WT MD vs C1qa �/� MD: Kolmogorov–Smirnov test, D � 0.1336, p � 0.0178, n � 239 –297 multiunits/genotype, from 7 to 8 animals/genotype. To
account for multiple comparisons, the Bonferroni correction is used in this panel to set �� 0.0125). The extreme C1qa �/� MD mouse is excluded from this panel. C, Quantification of CBI in WT and
C1qa �/� mice. The CBI is not different between the two genotypes (two-way ANOVA, F(1,23) �32.57, p�0.0001 for MD; F(1,23) �0.06254, p�0.8047 for genotype; F(1,23) �0.3021, p�0.5879
for interaction, n � 6 – 8 animals/group; WT NR vs C1qa �/� NR, p � 0.9491, WT NR vs WT MD, p � 0.0009, C1qa �/� NR vs C1qa �/� MD, p � 0.0078, WT MD vs C1qa �/� MD, p � 0.9959,
Tukey’s multiple-comparisons test). The gray circle marks the excluded C1qa �/� MD data point. All error bars represent SEM. **p � 0.01, ***p � 0.001, ns, not significant.
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to replicate published work is not clear. One explanation may be
the use of different techniques to label spines: whereas the previ-
ous study used diolistic labeling to mark the neurons, we used
Golgi-Cox staining. It is possible that the two methods label
spines differently, so that spines detected using Golgi-Cox stain-
ing are not visualized with diolistic labeling, or vice versa. Alter-
natively, the techniques may be labeling different subpopulations
of neurons. Finally, there may be strain-specific differences in
responses to ODP between the two transgenic lines. Although we
lack a conclusive answer to the contradictory results, it seems
reasonable to assume from our results that MD does not induce a
robust spine loss on the apical dendrites of all mouse L2/3 pyra-
midal neurons.

Our results suggest that neither C1q, nor spine loss on proxi-
mal apical dendrites of L2/3 pyramidal neurons, is required for
ODP, but this does not mean that synapse loss in general has no
impact on ODP. Several previous studies have described loss of
different synaptic populations following brief (3– 4 d) and
chronic MD in mice and rats (Coleman et al., 2010; Montey and
Quinlan, 2011; Zhou et al., 2017). Furthermore, microglial en-
gulfment has been implicated in ODP. Levels of the microglial
lysosomal marker CD68 increase in V1b following MD (Schecter
et al., 2017), and microglial engulfment of postsynaptic markers
is elevated in V1b during ODP (Sipe et al., 2016). Additionally,
the microglial gene P2ry12 contributes to ODP (Sipe et al., 2016),
although the microglial chemokine receptor CX3CR1 does not
(Lowery et al., 2017; Schecter et al., 2017). Thus, in the circum-
stances where MD-induced spine loss has been previously de-
scribed, microglia could contribute to ODP by eliminating
synapses through other mechanisms than C1q. Future work will
be necessary to determine whether microglial synapse engulf-
ment does indeed help promote synapse loss during ODP, and
whether the many observed examples of MD-induced synapse
loss are dependent on microglia.

Although the phenotypes that we observe in the C1qa�/� an-
imals in this study are mild, the classical complement cascade has
previously been compellingly implicated in several brain disor-
ders involving excess synapse elimination. One connection is to
schizophrenia: the downstream classical complement cascade
member C4A is genetically linked to that disease (Sekar et al.,
2016). Whether C1q contributes to the role of C4A in schizophre-
nia is, however, not yet clear. By far the strongest connection
between C1q and disease instead lies in neurodegeneration. C1q
is significantly upregulated and mediates pathological synapse
loss in models of Alzheimer’s and neurodegenerative disease
(Hong et al., 2016; Lui et al., 2016; Vasek et al., 2016; Dejanovic et
al., 2018). Depending on the context, C1q can thus have signifi-
cant effects on brain function. Elucidating the circumstances that
determine the impact of C1q on synapses will be highly helpful
for understanding its role in disease.
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Stephany CÉ, Chan LLH, Parivash SN, Dorton HM, Piechowicz M, Qiu S,

McGee AW (2014) Plasticity of binocularity and visual acuity are differ-
entially limited by nogo receptor. J Neurosci 34:11631–11640.
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