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microRNA-218 (miR-218) has been linked to several cognition re-
lated neurodegenerative and neuropsychiatric disorders. How-
ever, whether miR-218 plays a direct role in cognitive functions
remains unknown. Here, using the miR-218 knockout (KO) mouse
model and the sponge/overexpression approaches, we showed
that miR-218-2 but not miR-218-1 could bidirectionally regulate
the contextual and spatial memory in the mice. Furthermore,
miR-218-2 deficiency induced deficits in the morphology and pre-
synaptic neurotransmitter release in the hippocampus to impair
the long term potentiation. Combining the RNA sequencing anal-
ysis and luciferase reporter assay, we identified complement com-
ponent 3 (C3) as a main target gene of miR-218 in the hippocampus
to regulate the presynaptic functions. Finally, we showed that re-
storing the C3 activity in the miR-218-2 KO mice could rescue the
synaptic and learning deficits. Therefore, miR-218-2 played an im-
portant role in the cognitive functions of mice through C3, which
can be a mechanism for the defective cognition of miR-218 related
neuronal disorders.
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Patients of neurodegenerative and neuropsychiatric disorders,
such as Alzheimer’s disease and schizophrenia, often show

severe cognitive symptoms. However, it remains poorly under-
stood whether these diseases share common mechanisms directly
underlying the defective cognition in the patients. In recent
years, accumulating evidence has shown that the expression and
activity of some microRNAs (miRNAs), such as miR-128b, miR-
34c, and miR-132, are directly involved in the cognitive functions
of invertebrate and vertebrate animals (1–7). miRNAs are short
noncoding RNAs (∼19 to 22 nucleotides long) that function
through binding to the 3′-untranslated region (UTR) of target
messenger RNAs (mRNAs) to regulate gene expression at the
posttranscriptional level (8, 9). Many miRNAs have been sug-
gested to play important roles in the central nervous system (CNS),
participating in a variety of neuronal functions, such as synaptic
transmission, synaptic plasticity, neuronal morphology, and neural
stem-cell differentiation (6–17). Particularly, it has been suggested
that miRNAs may play a role in the cognitive functions of neuro-
logical disorders. For instance, miR-34c can negatively regulate the
learning and memory in a rat model of epilepsy through modulating
the N-methyl-D-aspartate receptors (NMDARs) (18).
Recently, miR-218 has been suggested to show abnormal ex-

pression in a variety of neurodegenerative and neuropsychiatric
disorders, including Alzheimer’s disease, Parkinson’s disease,
schizophrenia, depression, and anxiety (19–24). miR-218 includes
miR-218-1 and miR-218-2, which are located in the introns of the
tumor suppressor genes SLIT2 and SLIT3, respectively (25). The
SLIT-family proteins mainly contribute to axon guidance and
neuronal and leukocyte migration (26, 27). The miR-218 itself
likely plays antitumor roles in diverse types of cancers, such as

cervical cancer, colon cancer, and lung cancer (28–30). In the
brain, miR-218 is highly expressed in astrocytes and thus impacts
gliomagenesis (31, 32). Also, miR-218 has been found to have
important impacts on the development of motoneurons in the
spinal cord and dopaminergic neurons in the midbrain (33–35).
For instance, inhibition of miR-218 in the developing spinal cord
could repress motoneuron generation through the downstream
Isl1-Lhx3 pathway (34), and mice with full loss of bothmiR-218-1
and miR-218-2 died neonatally and showed a significant loss of
motoneurons (36). However, although miR-218 is linked to
many cognition-related neurological disorders, it remains un-
clear whether miR-218 has a common function in these diseases.
In the present study, we found that miR-218 played an im-

portant role in the cognitive functions of mice. Using the miR-
218-2 knockout (KO) mouse model and the miRNA sponge and
gene overexpression approaches, we modulated the expression
of miR-218 in the hippocampus of mice and found that miR-218-
2 but not miR-218-1 could bidirectionally regulate the learning
and memory of the animals. Using slice patch-clamp recording
and Golgi staining techniques, we demonstrated that depletion
of miR-218-2 in the hippocampus induced abnormalities in the
morphology and presynaptic synaptic-vesicle (SV) release of the
neurons, which consequently impaired the long term potentia-
tion (LTP). Furthermore, combining the RNA sequencing
(RNA-Seq) and luciferase reporter analyses, we identified that
complement component 3 (C3), a central component of the
immune system, was a main target gene of miR-218 in the
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hippocampal neurons to regulate the presynaptic functions. Fi-
nally, we demonstrated that restoring the C3 activity in the miR-
218-2 KO mice could rescue the deficits in presynaptic functions
and learning behaviors. We therefore concluded that miR-218-2
played an important role in the learning and memory of the mice
via the C3-dependent pathway that regulates the presynaptic
functions of hippocampal neurons. Our study helps understand
the mechanism of cognitive defects involved in the neuronal
disorders with miR-218 defects.

Results
miR-218-2 Deficiency Induces Impairments in Learning and Memory in
Mice. Previously, it has been suggested that the double KO of
miR-218-1 and miR-218-2 resulted in severe motoneuron deficits
(36), which makes it difficult to investigate the behavioral ab-
normalities in the mice. To explore the functions of miR-218 in
the brain, we used CRISPR-Cas9 technology to generate the
miR-218-1 and miR-218-2 knockout mouse strains separately
(Fig. 1A and SI Appendix, Fig. S1 A and B). The deletion of miR-
218-1 or miR-218-2 in the mice was verified with PCR geno-
typing (Fig. 1 B and C). In the wild-type (WT) mice, miR-218
was widely distributed in a variety of brain regions, with the
highest expression level in the hippocampus and relatively low
expression in the pituitarium, cerebellum, and midbrain (Fig. 1D).
Hence, miR-218 might be involved in hippocampal functions. We
observed that in the miR-218-2 KO mice, the expression of miR-
218 was decreased by >50% in the hippocampus and temporal
lobe, whereas the miR-218-1 KO mice showed a reduction in the
midbrain and fivefold enhancement in the cerebellum (Fig. 1E).
This result indicated that the two miR-218 isoforms probably
showed a redundant expression pattern.
As the miR-218 expression in the hippocampus was largely

reduced in the miR-218-2 KO mice, we investigated the effects of
miR-218 on learning and memory using the miR-218-2 KO mice
as a model. To evaluate the associative learning ability, we
performed the fear conditioning (FC) test, which has been sug-
gested to involve hippocampal functions (37, 38), to analyze the
freezing time of the miR-218-2 KO mice. We observed that
compared to the WT controls, the KO mice showed a significant
attenuation in the freezing ratio in response to the conditioned
and cued stimulus (Fig. 1F). We then measured the spatial
memory of the mice using the Morris water maze (MWM) par-
adigm. We found that compared to the WT group, themiR-218-2
KO mice spent a much longer time seeking for the hidden
platform during the training phase; moreover, the time spent in
the target quadrant in the final test was significantly decreased
(Fig. 1G). We also tested reward long-delay learning using the
T-maze (TM) test. The result indicated that compared to the WT
animals, the miR-218-2 KO mice showed a lower rate of correct
alternation of entry into the unbaited arm starting from day four,
leading to a significantly lower rewarded alternation rate (Fig. 1H).
These deficits in learning and memory were not caused by de-
fective locomotor activity, because the WT and miR-218-2 KO
mice showed similar moving velocity and distance during an
open field test (OFT) (Fig. 1I).
It has been suggested that insufficient miR-218 expression in

the medial prefrontal cortex (mPFC) of mice would promote the
susceptibility to depression-like behaviors (21, 22). Although the
miR-218 expression was unchanged in the mPFC of themiR-218-
2 KO mice (Fig. 1E), we still investigated the neuropsychiatry-
related behaviors in the miR-218-2 KO mice using the OFT, el-
evated plus maze (EPM), and tail suspension (TS) paradigms.
The OFT and EPM analyses revealed that the WT and miR-218-
2 KO mice spent similar time in the center of the OF and in the
open arm of the maze, indicating that the KO animals failed to
show an “anxiety-like” phenotype (Fig. 1 I and J). In the TS test,
the miR-218-2 KO mice also showed a similar immobility time

compared to the WT group, indicating that these animals had
normal responses to acute stress (Fig. 1K).
In addition, we investigated the behaviors of miR-218-1 KO

mice and found that these mice did not show any significant
changes in the learning- or neuropsychiatry-related behaviors
compared to the WT controls (SI Appendix, Fig. S1 C–H).
Together, our data indicated that miR-218 was enriched in the

hippocampus of the mice, and the deletion of miR-218-2 induced
impairments in the learning and memory of the mice while the
locomotion and emotion of the animals were unaffected.

miR-218-2 KO Mice Show Impaired Excitatory Synaptic Transmission
and Synaptic Plasticity in the Hippocampus. To make clear the
molecular mechanisms underlying the defective learning and
memory in the miR-218-2 KO mice, we investigated the synaptic
functions of the hippocampus in these animals. Immunoblot
analysis revealed that the expression of major pre- and post-
synaptic proteins directly involved in synaptic transmission, such
as Syt1, SNAREs, and subunits of glutamate receptors, were
unchanged in the hippocampus of the miR-218-2 KO mice
compared to the WT animals (Fig. 2A). We then performed
whole-cell patch-clamp recordings in the acutely dissected hip-
pocampal slices of the miR-218-2 KO mice. Analysis of sponta-
neous SV release in the CA1 region, which was evaluated by
miniature excitatory postsynaptic currents (mEPSCs), revealed
that compared to the WT slices, the neurons of the miR-218-2
KO mice showed a largely decreased mEPSCs frequency, indi-
cating a significant reduction in the presynaptic SV release rate
(Fig. 2B). However, the mEPSCs amplitude was unchanged, in-
dicating that the density of the postsynaptic AMPA receptors
(AMPARs) was unaffected. Next, we recorded the action po-
tential (AP)-evoked EPSCs in the Schaffer collateral-CA1
(SC-CA1) synapses of the hippocampus. Analysis of single AP-
evoked EPSCs revealed that compared to the WT control, the
miR-218-2 KO mice showed a similar ratio of EPSCAMPAR/
EPSCNMDAR (Fig. 2C). Combined with the unchanged mEPSCs
amplitude, these results indicated that the total synapse number
per neuron was probably similar between the WT and KO
neurons. However, we observed that the paired-pulse facilitation
(PPF) ratio was significantly reduced in the KO neurons when
the time interval was no more than 50 ms (Fig. 2D). Thus, we
further analyzed the EPSCs evoked by a 2 s 20 Hz train stimu-
lation in the SC-CA1 synapses. The results indicated that con-
sistent with the PPF experiment, the miR-218-2 KO neurons
showed a much faster depression in the EPSC amplitude com-
pared to the WT group (Fig. 2E). Based on this data, we esti-
mated the size of the readily releasable SV pool (RRP) of the
SC-CA1 synapses and found that the miR-218-2 KO neurons
showed a significantly smaller RRP size compared to the WT
control (Fig. 2F). To test whether the reduced presynaptic glu-
tamate release contributed to the impairments in the learning
and memory in the miR-218-2 KO mice, we assayed the theta
burst stimulation (TBS)-induced LTP in the SC-CA1 synapses
through recording the field excitatory postsynaptic potentials
(fEPSPs). In the slices of WT mice, the fEPSPs were augmented
in response to the TBS and such enhancement was maintained
for more than 1 h. However, in the miR-218-2 KO mice, the LTP
could not be efficiently induced or maintained (Fig. 2G). Thus, the
LTP was impaired in the hippocampus of miR-218-2 KO mice.
In summary, our results indicated that the miR-218-2 KO mice

showed deficits in the presynaptic glutamate release in the hip-
pocampal neurons, which consequently induced defective LTP
that probably contributed to the impaired learning and memory
in the miR-218-2 KO mice.

Overexpressing miR-218 in the Hippocampus Can Promote Learning
and Memory. To further verify the effects of miR-218 on the
functions of hippocampal neurons, we next up-regulated the
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Fig. 1. miR-218-2 KO mice show impaired learning and memory. (A) Illustration of sgRNA designed for miR-218-1 and miR-218-2 KO mice. The sgRNA-
targeting sequences are underlined. (B, C) Genotyping (B) and Sanger-sequencing (C) analyses of miR-218-1 (Upper) and miR-218-2 (Lower) KO mice. For miR-
218-1, expected fragment size is as follows: WT, 840 bp; KO, 479 bp. For miR-218-2, WT, 898 bp; KO, 612 bp. (D) qRT-PCR analysis of miR-218 expression in
brain regions of WT mice. n = 3. (E) qRT-PCR analysis of miR-218 expression in brain regions of miR-218-1 KO and miR-218-2 KO mice. n = 6. (F) Percentage of
freezing levels in the habituation, training context, novel context, and cued-tone FC test. WT, n = 14; KO, n = 13. (G) Analysis of MWM test. Average time
spent to locate the submerged escape platform during the 7 d training session (Left). Average time spent in the four quadrant areas when the platform was
absent (Right). T, target; L, left; R, right; O, opposite. n = 11. (H) Success rate of mice entering the right arm in the TM test. n = 8. (I) Total distance (Left),
velocity (Middle), and time in the center/border zone (Right) in the OFT. WT, n = 17; KO, n = 14. (J) Total time spent in the closed arms and open arms of the
EPM test. WT, n = 12; KO, n = 13. (K) Total immobile time in the TS test. n = 8. Student’s t test. *P < 0.05; **P < 0.001; error bars, SEM.
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expression of miR-218 in the hippocampus and investigated its
impact on learning and memory. We overexpressed two copies of
the miR-218 precursor (premiR-218 ×2) in the hippocampal
dentate gyrus (DG) of juvenile WTmice through bilateral infusion
of lentivirus. Enhanced green fluorescence protein (EGFP) was
employed as an in-vector marker to indicate the expression of
premiR-218 ×2 or a control vector (Fig. 3A and SI Appendix, Fig.
S2 A–C). The overexpression of miR-218 was verified by qRT-
PCR analysis (Fig. 3B). After the mice became mature, we inves-
tigated the behavioral phenotypes of the premiR-218 ×2-expressing
animals compared to the control group. In the FC test, the
premiR-218 ×2-expressing mice showed an increased freezing
ratio in response to the conditioned stimulus (Fig. 3C). In the
MWM task, the premiR-218 ×2-expressing mice spent less time
overall in finding the escape platform during the training period
and spent more time in the target quadrant in the final test
(Fig. 3D). In the TM test, the premiR-218 ×2-expressing mice
showed a significantly higher rate of correct alternation of entry
into the unbaited arm (Fig. 3E). These results indicated that
overexpression of miR-218 in the hippocampus could enhance
the learning and memory of the animals. In addition, we also

tested the locomotion, depression-, and anxiety-like behaviors of
the premiR-218 ×2-expressing mice. Similar to the miR-218-2 KO
mice, the mice overexpressing miR-218 did not show any signifi-
cant changes compared to the controls (SI Appendix, Fig. S2D–F).
To investigate the impact of miR-218 overexpression on the

functions of the hippocampal synapse, we overexpressed one or
two copies of premiR-218 (premiR-218 ×1, ×2) in cultured hip-
pocampal neurons (SI Appendix, Fig. S2 B and C) and carried out
patch-clamp recordings to evaluate neurotransmitter release and
synaptic plasticity. Analysis of mEPSCs revealed that compared
to the control group, the frequency of mEPSCs was increased in
the premiR-218 ×1- and ×2-expressing neurons while the
mEPSC amplitude was unchanged (Fig. 3F). Furthermore, in the
two miR-218 overexpression groups, analysis of the single AP-
evoked EPSCs did not show any significant changes in the ratio of
EPSCAMPAR/EPSCNMDAR (Fig. 3G). We also investigated the
EPSCs evoked by multiple APs. Analysis of PPF revealed that
compared to the control group, the premiR-218 ×1/×2-expressing
neurons showed significantly enhanced PPF ratios when the time
interval was 50 ms (Fig. 3H). Similarly, analysis of train-stimulation
(2 s 20 Hz)–evoked EPSCs revealed that compared to the control

Fig. 2. miR-218-2 KO mice show impaired excitatory synaptic transmission and LTP in the hippocampus. (A) Immunoblots (Left) and quantification (Right) of
synaptic proteins in WT and miR-218-2 KO hippocampus neurons. n = 3. (B) mEPSCs in acutely dissected hippocampal slices from 4 wk old WT and miR-218-2
KO mice. Sample traces (Left); frequency (Middle); amplitude (Right). WT, n = 16; KO, n = 18. (C) Sample traces (Left) and ratio (Right) of EPSCAMPAR/
EPSCNMDAR recorded in hippocampal slices. WT, n = 11; KO, n = 12. (D) Sample traces (Left) and quantitative analysis (Right) of PPF recordings at different
intervals. WT, n = 15; KO, n = 12. (E) Sample traces (Left) and amplitude depression analysis (Right) of train-stimulation–evoked EPSCs. WT, n = 26; KO, n = 15.
(F) RRP size of WT and KO hippocampal neurons. Cumulative charge transfer curve (Left). Dashed lines represent extrapolation of cumulative charge to the
y-axis. RRP size represented by the intercept of the dashed line at the y-axis (Right), n = 21. (G) Representative traces of fEPSPs (Upper) and time course of the
fEPSPs amplitude (Lower) before and after LTP induction by a TBS protocol. WT, n = 12; KO, n = 19. Student’s t test. *P < 0.05; **P < 0.001; error bars, SEM.
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group, the diminishing of the EPSC amplitude was obviously de-
celerated in the premiR-218 ×1/×2-expressing neurons (Fig. 3I).
Moreover, the RRP size was increased in these overexpressing
neurons (Fig. 3J). These results indicated that miR-218 over-
expression could enhance the SV release probability, which is in
agreement with our findings in themiR-218-2 KO neurons. Finally,
we carried out fEPSP recordings in the SC-CA1 synapses of the
mice with the premiR-218 ×2 lentivirus injected into the CA3 re-
gion of the hippocampus. We found that compared to the control
group, the premiR-218 ×2-expressing mice showed a greater LTP
induction following the TBS compared to the control mice.
Moreover, this fEPSP enhancement could be maintained for more

than 1 h as we observed in the control animals (Fig. 3K). These
results indicated that overexpressing miR-218 could generate an
enhanced LTP compared to the WT mice and thus might underlie
the enhanced learning and memory in the mice.
In summary, combining the results of the miR-218 depletion

and overexpression experiments, our data showed that miR-218
could bidirectionally regulate learning and memory in the mice.

Morphological Abnormalities Induced by miR-218-2 KO. As miR-218
can regulate the development of dopaminergic and motoneurons
(33, 34), we were interested to know whether the development of
hippocampal neurons and synapses could be regulated by miR-218.

Fig. 3. Overexpression of miR-218 in the hippocampus promotes learning and memory. (A and B) Investigation of miR-218 overexpression in the hippocampus. (A)
Sample immunofluorescence images showing the expression of lentivirus-introduced EGFP. (Scale bar, 100 μm.) (B) qRT-PCR analysis of premiR-218 ×2 or control pLOX
Syn-DsRed-Syn-GFP expression in the DG. n = 4. (C) Percentage of freezing levels in the habituation, training context, novel context, and cued-tone FC test. n = 8. (D)
MWM test. Average time spent to locate the submerged escape platform during the 7 d training session (Left). Average time spent in the quadrant areas when the
platformwas absent (Right). T, target; L, left; R, right; O, opposite. Control, n = 9; premiR-218 ×2, n = 10. (E) Success rate of mice entering the right arm in the TM test.
n = 9. (F) Sample traces (Left), frequency (Middle), and amplitude (Right) of mEPSCs recorded in cultured neurons. Control, n = 39, premiR-218 ×1, n = 25, premiR-
218 ×2, n = 13. (G) Sample traces (Left) and ratio (Right) of EPSCAMPAR/EPSCNMDAR. Control, n = 10; ×1, n = 12; ×2, n = 12. (H) Sample traces (Left) and quantitative
analysis (Right) of PPF recordings at different time intervals. Control, n = 9; ×1, n = 11; ×2, n = 13. (I) Train-evoked EPSCs. Sample traces (Left) and depression of EPSC
amplitude (Right). Control, n = 34; ×1, n = 15; ×2, n = 30. (J) Analysis of RRP size. Control, n = 25; ×1, n = 27; ×2, n = 30. (K) Representative traces of fEPSPs (Upper) and
time course of the fEPSPs amplitude (Lower) before and after LTP induction. Control, n = 20; ×2, n = 19. Student’s t test. *P < 0.05; **P < 0.001; error bars, SEM.
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To this end, we investigated the in vivo morphology of hippo-
campal CA1 neurons of the miR-218-2 KO mice using the Golgi
staining technique (Fig. 4A). We observed that compared to the
WT control, the CA1 neurons of the miR-218-2 KO mice showed
a significantly decreased dendrite length and branch depth (Fig. 4 B
and C). As there was still ∼50% expression of miR-218 in the KO
neurons (Fig. 1E), we injected an miR-218 sponge lentivirus into the
hippocampus of the WT mice to achieve a nearly complete deple-
tion of miR-218 (SI Appendix, Fig. S3A). Compared to the WT
control mice expressing a control vector, the sponge-expressing
mice showed remarkable reductions in dendrite length and
branch depth (SI Appendix, Fig. S3 B–D). To monitor the effects of
miR-218 at different developmental stages, we labeled the cultured
neurons with an EGFP-encoding lentivirus at 0 day in vitro (DIV)
and traced the neuronal morphology in a 14 d time period (SI
Appendix, Fig. S3E). Compared to the WT controls, the dendrite
length and branch depth of the culturedmiR-218-2KO neurons and
WT neurons expressing miR-218 sponge became significantly shorter
starting from 7 DIV, and the morphological deficits became greater
along with the development (SI Appendix, Fig. S3 F and G). More-
over, neurons expressing miR-218 sponge showed significantly ag-
gravated morphological abnormalities compared to the miR-218-2
KO neurons. These results indicated that miR-218 had significant
impacts on the development of the hippocampal neurons.
We then investigated the density of dendritic spines in the

Golgi-stained miR-218-2 KO CA1 neurons (Fig. 4D). Compared

to the WT group, the densities of the apical and basal dendritic
spines were both significantly increased in the miR-218-2 KO
CA1 neurons (Fig. 4E). Combining this data with the result of
dendrite-length analysis, the WT and miR-218-2 KO neurons
showed similar total numbers of dendritic spines, which is in agree-
ment with our electrophysiological observations that the amplitude of
evoked EPSCs was unaffected by miR-218.
We also carried out electron microscopy and three-dimensional

(3D) tomography analyses to investigate the morphology of single
presynaptic boutons of the miR-218-2 KO neurons (Fig. 4F). The
results indicated that compared to the WT control, the miR-218-2
KO neurons showed a similar active zone (AZ) area and total SV
number, while the SV size was reduced (Fig. 4 G–I). We then an-
alyzed the distribution of SVs. We found that compared to the WT
control, the number of tightly docked or primed SVs (∼0 to 2 nm
to the AZ membrane) was significantly reduced in the miR-218-2
KO synapses (Fig. 4J). Moreover, the overdistribution of SVs was
obviously shifted away from the AZ (Fig. 4 K and L). Hence, the SV
transportation could be decelerated in the miR-218-2 KO neurons,
which is in agreement with our electrophysiological finding that the
SV-release probability was reduced in these neurons.
Together, our results indicated that the miR-218-2 KO mice

showed obvious deficits in neuronal and synaptic morphology,
which support our electrophysiological results.

Fig. 4. Morphological changes of neurons and synapses induced by miR-218-2 KO. (A) Representative Golgi-stained CA1 pyramidal neurons showing de-
creased total dendrite length and branch depth in miR-218-2 KO mice. (Scale bar, 30 μm.) (B, C) Average dendrite length (B) and dendritic complexity (C) per
neuron. WT, n = 11; miR-218-2 KO, n = 10. (D) Representative images of dendritic branches from Golgi-stained CA1 pyramidal neurons. (Scale bar, 4 μm.) (E)
Spine density of the dendrites of the pyramidal neurons in the hippocampal CA1 region. Apical: WT, n = 14; KO, n = 20. Basal: WT, n = 24; KO, n = 19. (F)
Sample electron tomography images of presynaptic boutons. ET subvolumes of WT and miR-218-2 KO synapses (Upper). 3D models of synaptic profiles in-
cluding orthogonal views of SV distribution (Lower). (Scale bar, 100 nm.) (G–J) Quantification of AZ area (G), SV number (H), SV diameter (I), and the number
of SVs within 0 to 2 nm to the AZ (J). (K, L) Spatial distribution of SVs with 900 nm (K) and 100 nm (L) to the AZ. (G–L) WT, n = 21; KO, n = 16. Student’s t test.
*P < 0.05; **P < 0.001; error bars, SEM.
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Identification of C3 as a Main Target Gene of miR-218 in Hippocampal
Neurons. In the next step, we aimed to make clear the down-
stream mechanism by which miR-218 regulated the learning and
memory in the mice. MiRNAs usually have effects through
downregulating the mRNA translation of their target genes. To
identify the target genes of miR-218 in hippocampal neurons, we
carried out RNA-seq analysis in the hippocampus of miR-218-2
KO mice and found 2,275 up-regulated genes compared to the
WT control (Fig. 5A). By searching several target-gene-predicting
databases (see Materials and Methods), we found that of the 2,275
genes, 872 could potentially be the targets of miR-218 (Fig. 5B).
To elucidate the functional roles of these differentially expressed
genes, we performed Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis (SI Appendix, Table S1)
using the DAVID online analysis database and selected seven
pathways that were closely related to the functions of neurons,
miRNAs, and synapses for further analysis (Fig. 5C). We verified
the changes in the expression of genes involved in these pathways
using qRT-PCR analysis and determined that 23 genes were sig-
nificantly up-regulated at the mRNA level. We then carried out
the luciferase reporter assay in the Hek293 cells to test the direct
suppression of miR-218 on the 23 genes and eventually identified
3 highly potential genes, including C3, Mmp13 (matrix metal-
lopeptidase 13), and Gdnf (glial cell line-derived neurotrophic
factor) (Fig. 5 D–F). Previously, these genes have been suggested
to be involved in Alzheimer’s disease and spatial memory (39–41).
We investigated the effects of these genes on the synaptic trans-
mission and synaptic plasticity of cultured hippocampal neurons
using the lentivirus-based short hairpin RNA (shRNA) knock
down (KD) approach (Fig. 5G). The results indicated that com-
pared to the WT group, the mEPSCs frequency was increase in
the C3 and Mmp13 KD neurons but remained unchanged in the
Gdnf KD neurons. Moreover, the mEPSC amplitude was un-
changed in all groups (Fig. 5H). The analysis of single AP-evoked
EPSCs revealed that compared to the control group, none of the
three KD neuron groups showed significant changes in the am-
plitude of EPSC (Fig. 5I). However, during the 2 s 20 Hz train
stimulation, the C3 KD neurons showed a significantly deceler-
ated EPSC depression compared to the control group, whereas
the KD of Gdnf or MMP13 did not show any obvious changes
(Fig. 5J). These results indicated that of the three potential target
genes, the KD of C3 could induce electrophysiological phenotypes
similar to the miR-218 overexpressing neurons. Moreover, previ-
ously it has been reported that enhanced C3 activity could induce
defective dendritic morphology in cortical neurons (39), which is
consistent with our observations in the miR-218–deficient hippo-
campal neurons. We therefore concluded that C3 was likely a
main target gene of miR-218 to regulate the presynaptic SV re-
lease in hippocampal neurons.

Modulating the C3 Activity Can Reverse the Phenotypes of miR-218-2
KO Neurons. We further investigated the role of C3 in miR-
218–dependent synaptic functions and learning-related behav-
iors. Immunoblot analysis confirmed that the protein expression
of C3 was significantly increased in the miR-218-2 KO neurons
(Fig. 6A). We infused the purified C3 protein into the hippocampal
CA1 of the WT mice or SB290157, a C3a receptor (C3aR)-specific
inhibitor, into the miR-218-2 KO mice and investigated the in-vivo
morphology of hippocampal CA1 neurons 30 min after the drug
treatment using the Golgi staining technique. We observed that
compared to the untreated WT and KO neurons, the treatments of
C3 and SB290157 failed to induce any significant changes in either
the dendrite morphology or the dendritic-spine density (SI Appen-
dix, Fig. S4).
We then carried out brain-slice patch-clamp recordings in WT

mice treated with C3 and miR-218-2 KO mice treated with
SB290157. Analysis of mEPSCs revealed that compared to the
untreated WT controls, the WT neurons treated with C3 showed

a significantly reduced mEPSC frequency, whereas in themiR-218-2
KO neurons, the treatment of SB290157 induced an obvious
enhancement (Fig. 6B). Moreover, in all groups of neurons, the
mEPSC amplitude was similar. Further analysis of single AP-
evoked EPSCs revealed that compared to their own control, the
treatments of C3 and SB290157 did not induce any significant
changes in the ratio of EPSCAMPAR/EPSCNMDAR (Fig. 6C). We
also investigated the EPSCs evoked by the 2 s 20 Hz train stim-
ulation (Fig. 6D). Compared to the untreated WT neurons, the
WT neurons treated with C3 showed an accelerated depression of
EPSC amplitude, whereas compared to the untreated miR-218-2
KO neurons, the treatment of SB290157 induced a slower EPSC
depression. To investigate whether C3 could affect the TBS-
induced LTP, we recorded fEPSPs in acutely dissected hippo-
campal slices perfused with C3 or its inhibitor. We observed that
compared to the untreated WT group, the WT slices treated with
C3 showed a significantly attenuated LTP, whereas compared to
the untreated miR-218-2 KO group, the KO slices perfused with
SB290157 showed an obvious enhancement (Fig. 6E).
Next, we carried out behavioral tasks to investigate the impact

of C3 on the learning-related behaviors. We bilaterally infused
C3 into the hippocampal DG of the WT mice or SB290157 into
the miR-218-2 KO mice during the training period of the FC and
MWM tests. In the FC test, compared to the untreated WT
group, the C3-treated WT mice showed a decreased freezing ratio
in response to the conditioned and cued stimulus, whereas com-
pared to the untreated miR-218-2 KO control, the SB290157-
treated KO mice showed an increased freezing ratio (Fig. 6F).
Furthermore, in the MWM task, compared to the untreated WT
control, the C3-treated WT mice showed a longer time to find the
escape platform, a shorter time of staying on the platform, and the
target quadrant. Compared to the untreated miR-218-2 KO con-
trol mice, the SB290157-treated KO mice showed a shorter time
to find the escape platform and a longer staying time on the
platform and in the target quadrant (Fig. 6G).
Together, our results indicated that C3 mediated the miR-

218–dependent presynaptic functions and learning behaviors in
the mice and thus was a main target gene of miR-218 in mouse
hippocampal neurons. We note that although the short-term
treatment of C3 and SB290157 did not change the morphology
of the neurons, it is possible that C3 could have long-term effects
on the morphology of the neurons, which makes further con-
tributes to the learning and memory of the mice.

Discussion
miR-218 has been found to show abnormal expression in a va-
riety of cognition-related neurodegenerative and neuropsychi-
atric disorders. However, it remains unclear whether miR-218
plays a direct role in the cognitive defects involved in these diseases.
In the present study, using the mouse hippocampus as a model, we
demonstrated that modulating the expression of miR-218 in the
hippocampus could bidirectionally regulate the learning and
memory of the mice. We investigated the morphology and syn-
aptic transmission of the hippocampal neurons of miR-218-2 KO
mice and found that miR-218-2 deficiency resulted in abnor-
malities in dendritic morphology, presynaptic SV release, and
synaptic plasticity, which probably underlie the impairments in
the learning and memory of miR-218-2 KO mice.
miR-218 was initially regarded as a tumor-related miRNA that

could be used as a prognostic biomarker of multiple cancers
(42–44). Later, several studies suggested that miR-218 probably
played important roles in the CNS. For instance, a low expres-
sion of miR-218 in the mPFC of mice could confer susceptibility
to depression-like behaviors (21, 22). In the present study, the
miR-218-1 KO and miR-218-2 KO mice did not show any sig-
nificant abnormalities in depression-like behaviors, probably
because the miR-218 expression level was not decreased in the
mPFC of the miR-218-1 or miR-218-2 KO mice (Fig. 1E).
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Fig. 5. Identification of C3 as a target gene of miR-218 in hippocampal neurons. (A–C) RNA-seq analysis of gene expression profiles in miR-218-2 KO hip-
pocampal neurons. (A) Heat map of differentially expressed genes (false discovery rate no. 0.05, n = 2,275). (B) 872 genes are overlapped in the differentially
expressed genes and the predicted miR-218 target genes. (C) KEGG analysis of the 872 genes. Red colored pathways were selected for further analysis. (D)
qRT-PCR analysis of the expression of candidate genes in miR-218 overexpression and KO hippocampal neurons. n = 5. (E) Illustration of the reporter lu-
ciferase assay for the candidate target genes. (F) Relative luciferase activity by the candidate target genes. n = 5. (G) qRT-PCR analysis of the efficiency of C3,
Mmp13, and Gdnf shRNAs. n = 3. (H) Sample traces (Left), frequency (Middle), and amplitude (Right) of mEPSCs recorded in cultured hippocampal neurons
infected with lentivirus encoding the shRNAs for C3, Mmp13, or Gdnf. Control, n = 24; C3 shRNA, n = 24; Mmp13 shRNA, n = 20; Gdnf shRNA, n = 19. (I)
Sample traces (Left) and amplitude of AP-evoked EPSCs. n = 20. (J) Sample traces (Left) and amplitude depression analysis (Right) of train-stimulation–evoked
EPSCs. Control, n = 21; C3 shRNA, n = 19; Mmp13 shRNA, n = 17; Gdnf shRNA, n = 14. Student’s t test. *P < 0.05; **P < 0.001; error bars, SEM.
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In addition, it has been reported that the miR-218 expression
was down-regulated in the hippocampus in the rat model of
temporal-lobe epilepsy and the patients suffering from hippo-
campal sclerosis (45, 46). In support of these reports, our study
indicated that miR-218 deficits might exacerbate the cognitive
deficits involved in the diseases.
As miRNA has ∼20 nucleotides, it can target a large number

of genes that have similar binding sequences and consequently
show divergent functions in the body. For instance, in the mid-
brain, miR-218 targets the Ebf3 gene to regulate the develop-
ment of dopaminergic neurons (33), whereas in the periphery,
miR-218 can target IKK-β to contribute to diabetic nephropathy
(47). Previously, it has been reported that in hippocampal neu-
rons, miR-218 can target the AMPAR subunit GluA2, which
participates in the homeostatic plasticity (48). However, in the
present study, we observed that the amplitude of mEPSCs was
only slightly changed in the miR-218-2 KO and overexpressing
neurons. In contrast, the frequency of mEPSCs was remarkably
affected by the miR-218 expression. Combined with our obser-
vations of the unchanged PSD95 protein level and total synapse
number, we concluded that miR-218 mainly functioned to regulate
the probability of presynaptic SV release but not the density of

postsynaptic AMPARs. The differential findings between the two
studies might result from the approaches employed to regulate the
miR-218 expression; the former chose to overexpress the miR-
218-5P fragment, while we employed the full length miR-218
precursor (premiR-218) and miR-218 KO mice.
It is possible that at different developmental stages or under

pathological conditions, miR-218 might function through dif-
ferent target genes. In the present study, we compared the out-
come of searching target-predicting databases with the KEGG
results of RNA-seq analysis and eventually determined that C3
was a major target gene of miR-218 for regulating the synaptic
functions and learning related behaviors of mice. In recent years,
more and more evidence has shown that the complement system
showed a close relationship with the CNS (49–51). C3 is the
central component of the immune system, of which all three
complement cascade pathways required the activation of C3. C3
could be cleaved into C3a, C3b, iC3b, and C3d. Each product has
its own receptors and thus functions differentially. The C3 KO
mice have been demonstrated to show improved spatial and
contextual memory (52) and exhibited a higher ratio of PPF and
a slower decay of fEPSP magnitude compared to the WT mice
(53). C3 has also been reported to inhibit neurite outgrowth (54).

Fig. 6. C3 is a target gene of miR-218 to regulate presynaptic functions and learning behaviors in mice. (A) Immunoblots (Left) and quantification (Right) of
C3 in WT and miR-218-2 KO neurons. n = 3. (B) Sample traces (Left), frequency (Middle), and amplitude (Right) of mEPSCs recorded in hippocampal slices of
WT mice treated with C3 peptide, ormiR-218-2 KO slices treated with SB290157. WT, n = 23; WT + C3, n = 22;miR-218-2 KO, n = 19; KO + SB290157, n = 20. (C)
Sample traces (Left) and ratio (Right) of EPSCAMPAR/EPSCNMDAR recorded in acute slices. WT, n = 11; WT + C3, n = 12;miR-218-2 KO, n = 11; KO + SB290157, n =
13. (D) Train-stimulation–evoked EPSCs. WT, n = 12; WT + C3, n = 15; miR-218-2 KO, n = 13; KO + SB290157, n = 14. (E) Sample traces of fEPSPs (Upper) and
time course of the fEPSPs amplitude (Lower) before and after LTP induction. WT, n = 14; WT + C3, n = 24; miR-218-2 KO, n = 19; KO + SB290157, n = 31. (F)
Percentage of freezing ratio in the FC test. WT, n = 12; C3, n = 12;miR-218-2 KO, n = 12; KO + SB290157, n = 11. (G) Analysis of MWM test. Average time spent
to locate the submerged escape platform during the 7 d training session (Left); ANOVA. Average time spent in the four quadrant areas when the platform
was absent (Right). WT, n = 9; C3, n = 7; miR-218-2 KO, n = 9; KO + SB290157, n = 9. Student’s t test. *P < 0.05; **P < 0.001; error bars, SEM.
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In the present study, our observations in the miR-218-2 KO mice
are in agreement with these findings. In addition, C3 has been
suggested to be a cerebrospinal fluid biomarker for amyotrophic
lateral sclerosis (ALS) (55), in which C3 is up-regulated in mo-
toneurons and neuromuscular junctions, whereas miR-218 is
essential for motoneuron differentiation and lack of miR-218 is
likely related with ALS. These studies also support that C3 is the
intermediate of miR-218 signaling. However, the other two can-
didate target genes revealed by our experiments, Mmp13 and
Gdnf, have been reported to be involved in cognitive deficits in
Alzheimer’s disease (40, 41). Hence, it is possible that in Alzheimer’s
disease, miR-218 can contribute to the learning and memory
deficits through targeting Mmp13 and/or Gdnf via some un-
identified downstream pathways. Furthermore, as miR-218 and
C3 are also highly expressed in glial cells such as astrocytes and
microglia (31, 32, 56), we note that in addition to functioning in
neurons, miR-218-C3 could also act in glial cells and potentially
other types of cells to contribute to the regulation of learning
and memory.
Taken together, our study indicated that miR-218 deficiency in

the hippocampus resulted in impairments in excitatory synaptic
transmission and synaptic plasticity, which consequently induced
defects in the learning and memory of the mice. We further
elucidated that C3 was likely a major target gene of miR-218 in
the hippocampus. Our results revealed a mechanism by which
the miR-218–related neurodegenerative and neuropsychiatric
disorders generate cognitive symptoms.

Materials and Methods
Animals. miR-218-1 and miR-218-2 knockout mice were generated using
CRISPR-Cas9 targeting, as previously described (36, 57). The single-guide
RNAs (sgRNAs) specific for deletion of the precursor sequence of miR-218-
1 and miR-218-2 are listed in SI Appendix, Table S2. sgRNAs were transcribed
in vitro using the MEGAshortscript T7 kit (Life Technologies). Mouse oocytes
were microinjected with Cas9 mRNA (invitrogen):gRNA:gRNA mixtures
(100 ng/μL:50 ng/μL:50 ng/μL) and were reimplanted into C57BL/6 pseudo-
pregnant females. Successful deletions were detected by PCR genotyping of
mouse tails and confirmed by Sanger sequencing. miR-218-1 +/− and miR-
218-2 +/− founders were maintained and used for breeding. PCR primers for
miR-218-1 and miR-218-2 KO mouse genotyping are listed in SI Appendix,
Table S3.

Stereotactic injections into the DG or the CA3 of adult mice were per-
formed as described (58). C57BL/6 mice that were 4 wk old were bilaterally
injected with 1 μL lentivirus. Before loading the virus into a glass micropipette
(Sutter Instrument), the inside was coated with mineral oil. The stereotactic
coordinates for dorsal DG injection were anterior/posterior: −1.8, medial/lat-
eral: 1.8, and dorsal/ventral: −1.8. The stereotactic coordinates for CA3 injec-
tion were anterior/posterior: −1.8, medial/lateral: 2.4, and dorsal/ventral: −2.0.
The total injection volume was 1 μL, injected at a rate of 0.1 μL/min.

Double cannula was transplanted into mice as described (59). All mice
were implanted with dual cannula (RWD) guides for microinjections. The tips
of the cannulae were at the DG region of 2-mo-old mice: 2.0 mm rostral to
bregma, 2.0 mm ventral from the dura matter, and ±1.5 mm relative to the
midline. Mice were allowed to recover for 2 wk after surgery before ex-
perimentation. The total microinjection volume was 0.5 μL, injected at a rate
of 0.1 μL/min. The concentration for C3 was 25 μg/mL, and the concentration
for SB290157 was 30 μM. In the FC and MWM experiments, the mice received
the drug treatment each day, and functional experiments were performed
30 min after the microinjection.

Plasmids. For overexpression of miR-218, premiR-218 was amplified by PCR
and subcloned into a bicistronic lentiviral vector system, pLox Syn-DsRed-Syn-
GFP. The DsRed coding sequence was replaced with premiR-218. The adjacent
premiR-218 DNA was linked by a random sequence: GGAACCGGG-TACCGG-
AACTGG. To generate the miR-218 sponge, oligonucleotides including miR-
218 binding sites were annealed as double-stranded DNA and cloned to
lentiviral vectors pLVX that contained EGFP. The sponge sequence is as follows:
ACATGGTTACTGGAAGCACAAGACTACATGGTTAACGT. AAGCACAATCAGACA-
TGGTTATTCGAAGCACAAGACTACATGGTTACCGTAAGCACAAACGTACATGGT-
TATGCAAAGCACAAGTCAACATGGTTAAGAGAAGCACAA. The predicted reg-
ulation of C3, Mmp13, and Gdnf by miR-218 was investigated using the
pmirGLO Dual-Luciferase miRNA Target Expression Vector (Promega). Firefly
luciferase was the primary reporter gene, and humanized Renilla luciferase-
neomycin resistance cassette (hRluc -neo) was used as a control reporter for
the normalization of gene expression and stable-cell-line selection. The 3′ UTR
of the target genes was amplified by PCR and inserted at the sites 3′ of the
firefly luciferase gene. For the knockdown of C3, Mmp13, and Gdnf, shRNA
vectors including the shC3#3, shMmp13#4, and shGdnf#11 were ordered from
the MISSION shRNA Library. pLKO.1-shScrambled was used as a control.

Mouse Primary Neuronal Culture.Mouse hippocampal neurons were dissected
from newborn WT and homozygous miR-218-2 KO mice and incubated in
0.25% trypsin-ethylenediaminetetraacetic acid (Life Technologies) for 15 min
at 37 °C. After washing with Hank’s Buffered Salt Solution plus 5 mM Hepes
(Life Technologies), 20 mM D-glucose, and 2% fetal bovine serum (FBS)
(Gibco), the neurons were mechanically dissociated in culture medium and
plated on poly-D-lysine–coated glass coverslips at a density of 50,000 to
100,000 cells/cm2. Cells were grown in Neurobasal-A medium (Life Technolo-
gies) supplemented with 2% B-27 (Life Technologies) and 2 mM glutamax (Life
Technologies). Cultures were maintained at 37 °C in a 5% CO2-humidified
incubator.

All othermaterials andmethods used in this study are described in detail in
SI Appendix, Extended Materials and Methods.

Data Availability.All study data are included in the article and/or SI Appendix.
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