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miR-146a and miR-200b alter cognition
by targeting NMDA receptor subunits

Sowmya Gunasekaran1,2 and Ramakrishnapillai Vyomakesannair Omkumar1,3,*

SUMMARY

MicroRNAs fine-tune gene regulation and can be targeted for therapeutic pur-
poses. We investigated the physiological roles of miR-146a and miR-200b that
are differentially expressed in neurological disorders such as Alzheimer’s disease
and schizophrenia, particularly in learning and memory mechanisms. Using bioin-
formatics tools and luciferase assay, we show interaction of these miRNAs with
transcripts of N-methyl-D-aspartate receptor (NMDAR) subunits Grin2A and
Grin2B. Overexpression of thesemiRNAs in primary hippocampal neurons caused
downregulation of GluN2B and GluN2A proteins. Stereotactic injections of these
miRNAs into rat hippocampus caused cognitive deficits in multiple behavioral
tests with decreased protein levels of GluN1, GluN2A, GluN2B, AMPAR subunit
GluR1, and Neuregulin 1. In pharmacologically treated rat models [MK-801
treated and methylazoxymethanol acetate (MAM) treated], we found upregu-
lated levels of these miRNAs, implying their involvement in downregulating
NMDAR subunits in these models. These results suggest the importance of
miR-146a-5p and miR-200b-3p in hippocampus-dependent learning and memory.

INTRODUCTION

MicroRNAs (miRNAs) are small non-coding RNAs that regulate nearly 60% of the mammalian genes by

post-transcriptional regulation.1 They influence the stability and/or translation of the target mRNAs by

binding to the 30UTR sequence of the target mRNAs.2,3 Thus, miRNAs fine-tune the expression of various

genes and orchestrate different functions of the nervous system.4 They play crucial roles in synaptic plas-

ticity andmemory in both vertebrates and invertebrates.5 Differential expression of manymiRNAs has been

associated with neuropsychiatric and neurodegenerative disorders.6,7 Among the many miRNAs present in

the brain, the mechanism of action is known for only a few.8

Glutamatergic signaling through N-methyl-D-aspartate receptor (NMDAR) is essential for several brain

functions. NMDARs are excitatory ligand-gated ion channels, which are multiprotein complexes with

two obligate GluN1 subunits and two GluN2 (A-D)/one GluN2 and one GluN3 (A and B) subunits. They

play a prominent role in synaptic plasticity and synaptic pruning.9 Their regulation and function are

impaired in neuropsychiatric diseases such as schizophrenia and Alzheimer’s disease.10

There have been reports on miRNAs associated with the NMDAR pathway that act either on NMDAR or on

targets upstream or downstream.11,12 miR-223 was shown to directly act on Grin2B using ischemic reper-

fusion brain injury models in vitro and in vivo. Genetic ablation of miR-223 leads to enhanced expression

of GluN2B indicating it to be a potential molecule that protects against neuronal cell death in stroke

and other excitotoxic conditions.13 miR-137, a candidate gene in schizophrenia, regulates GluN2A and

thus alters synaptic plasticity and imposes an inhibitory effect on post stroke depression.14 miR-19a and

miR-539 can also target and regulate NMDAR.15 In our previous study, we found miR-129-2, miR-148a,

and miR-296 to be targeting NMDAR in vitro and in animal models in which NMDAR is dysregulated.16

In this study, we have investigated whether miR-146a and miR-200b, which are differentially expressed in

diseases such as Alzheimer’s disease and schizophrenia,17–27 can regulate NMDAR subunits. We estab-

lished the interaction of these miRNAs with NMDAR subunits through online bioinformatic analysis fol-

lowed by experimental approach using luciferase assay. We obtained further validation on these miRNAs

by showing their ability to downregulate NMDAR subunits upon overexpressing them in primary hippo-

campal neurons. We also injected these miRNAs to hippocampi in vivo to understand the physiological
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Figure 1. Interactions of miR-146a-5p and miR-200b-3p with Grin2A/Grin2B 30UTR

Sequence alignment of the binding sites of miR-146a-5p (A and B) and miR-200b-3p (C and D) on Grin2A (A and C) and Grin2B (B and D) indicating

conservation among different species is shown. Graphics illustrates the predicted binding of miRNA sequence (green) with the target 30 UTR sequence (red)

obtained using RNA hybrid tool with corresponding minimum free energy (mfe) shown (A–D). E and F show the dual luciferase assay results showing
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role of these miRNAs through behavioral and subsequent biochemical experiments. In addition, we also

investigated the levels of these miRNAs in pharmacological rat models in which NMDAR is known to be

downregulated.

RESULTS

miR-146a and miR-200b bind to 30UTRs of NMDAR subunits

To find the miRNAs that bind to the 30UTRs of the NMDAR subunitsGrin2A andGrin2B, we used 3–5 online

prediction tools and found numerous hits. We chose miR-146a and miR-200b for further studies because

they were found to be differentially expressed in neurodegenerative disorders such as Alzheimer’s disease

and also in neuropsychiatric disorders such as schizophrenia and major depressive disorders.17–28 Binding

sites with conservation across species for miR-146a-5p and miR-200b-3p are found on Grin2B and Grin2A,

respectively. Among the binding sites, at least one has strong conservation among other vertebrates

including the humans (Figures 1B and 1C). The converse pairing of miR-146a-5p with Grin2A and miR-

200b-3p with Grin2B is also possible at different binding sites but the sites are conserved only in mouse,

rat, and squirrel, or mouse and rat, respectively (Figures 1A and 1D). The site type was 7mer-m8 or

7mer-A1 or 8mer, implying strong binding of the miRNA seed sequence to the 30UTR of the target. In

case of the complimentary strands of the miRNAs, miR-146a-3p has binding sites on Grin2A and Grin2B

and miR-200b-5p has sites on Grin2A, but the sites are not conserved among other species including hu-

mans (data not shown). We used RNA hybrid tool that uses minimum free energy (mfe) paradigm to under-

stand the binding stability of the miRNA-mRNA interaction (Figures 1A–1D). The quantitative indicators in

terms of scores and other parameters obtained from some of the online tools are presented in Table S1.

To experimentally validate the predicted miRNA-mRNA interactions, we performed dual luciferase assay.

We constructed plasmids with 30UTR sequences of Grin2A and Grin2B (Rattus norvegicus) in psiCHECK2

vector. The pre-miRNA sequences for miR-146a and miR-200b were cloned in pRIPM dsRed vector. The

primers used for clonning are shown in Table 1. Each pre-miRNA was cotransfected with either Grin2A

or Grin2B 30UTR in HEK-293 cells and after 48 h the cells were subjected to the assay. The control group

had co-transfection of empty pRIPM dsRed vector with Grin2A or Grin2B 30UTR vector. It was observed

that both miR-146a and miR-200b showed significant reduction in the renilla luciferase activity against

Grin2A 30UTR implying strong interaction [miR-200b (t = 2.95, df = 6); miR-146a (t = 2.52, df = 6)] (Figure 1E).

Similarly, both themiRNAs showed significant interaction withGrin2B 30UTR also [miR-200b (t = 4.34,df = 6);

miR-146a (t = 3.20, df = 6)] (Figure 1F). These results show that the predicted miRNAs can interact with func-

tional binding sites in the 30UTRs of Grin2A and Grin2B.

Downregulation of the NMDAR subunits by overexpression of miR-146a or miR-200b in

primary hippocampal neurons

We further wanted to investigate whether the miRNA-mRNA binding described above could cause alter-

ation in GluN2A/GluN2B protein levels in a neuronal system. For this, we used primary hippocampal neu-

rons prepared from E�18 rat embryos. The cultures were subjected to overexpression of the miRNAs by

treatment with the corresponding AAV constructs, AAV-miR-146a, AAV-miR-200b, or vector control (VC)

containing the AAV-EGFP construct on DIV 7 and the cells were harvested on DIV 18–20. The transduction

efficiency was more than 70% (Figure 2A) as seen from the expression of the EGFP marker encoded in the

viral constructs (Figure S2). We checked for protein expression by Western blotting and found significant

reduction of GluN2A and GluN2B in neurons transduced by either miR-146a or miR-200b (Figures 2B and

2C). Analysis using one-way ANOVA showed significant changes among the three groups using the Dun-

netts test [F (2,6) = 16.66, p = 0.0036 for GluN2A; F (2,6) = 14.61, p = 0.005 for GluN2B) (Figures 2B and 2C).

We also found decrease in GluN1 subunit of the NMDAR implying that themiRNAs caused downregulation

of all the major subunits of NMDAR (Figure 2D). The one-way ANOVA showed significant difference be-

tween the groups for GluN1 [F (2,6) = 5.13, p = 0.050]. We checked for the other targets of these miRNAs

such as neuregulin1 (NRG1) and found significant downregulation by miR-200b [F (2,6) = 10.88, p = 0.01]

(Figure 2E). Overall, these results convey that miR-146a and miR-200b can downregulate NMDAR subunits

GluN2A and GluN2B in vitro along with downregulating other proteins such as GluN1 and NRG1.

Figure 1. Continued

interaction of the miRNAs with the 30UTR sequences in vitro. The firefly luciferase activity arising from the psiCHECK2 vector was used for normalization

and the renilla luciferase activity was used as the reporter of interaction. Statistical analysis was done by unpaired Student’s t test, **p% 0.01, *p% 0.05,

n = 4. Data are expressed as mean GSD.
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To support the western blot data, we also studied expression of GluN2B in primary neurons by immuno-

cytochemical staining after overexpressing the miRNAs. The pRIPM-Ds Red vector construct carrying

pre-miR-146a or pre-miR-200b was transfected to cultures at DIV 7. The cells were fixed on DIV 10 and

were subjected to immunocytochemical staining. We found decrease in GluN2B expression in miR-146a-

and miR-200b-transfected cells (Figure S1) [miR-146a (t = 3.70, df = 38), miR-200b (t = 2.23, df = 38)]. The

dsRed present in the constructs marked the transfected neurons. The empty pRIPM-Ds Red vector was

used as control for this experiment, which did not show any detectable GluN2B downregulation.16

Regulation of NMDAR by miR-146a and miR-200b in vivo

To evaluate the potential role of miR-146a and miR-200b in vivo, we performed stereotactic surgeries to

introduce these miRNAs into rat hippocampus. Adult male rats were bilaterally injected with AAV contain-

ing the pre-miRNA (miR-146a or miR-200b) at the CA1 region of the hippocampi. Empty vector (VC) and

sham injection (using 1X PBS) were used as controls. The animals were allowed to recover for 4–5 weeks

followed by behavioral and biochemical experiments. The treatment regime used is shown in Figure 3A.

Presence of the virus in the CA1 region was shown by expression of the EGFP marker protein, which is

present along with the miRNA sequence in the vector backbone (Figure S2). Figure 3B shows the repre-

sentative image of AAV-mir-200b-injected hippocampus, 4–5 weeks after injection.

miR-146a- and miR-200b-injected animals show cognitive disability

The animals were first subjected to open field test to assess the anxiety levels and locomotor ability. It was

observed that the animals injected with AAV-miR-146a or AAV-miR-200b performed similar to sham and

VC, implying no major impairment in locomotor activity (Figure 3C). The miRNA-injected animals did

not seem to have increased anxiety as observed by the percentage of time spent in the peripheral and

central zone, which showed no significant differences among the groups (Figure S3). The animals then

underwent tests for learning and memory—NORT and OLT. It was observed that in the NORT tests

done 1 h and 24 h after training, both the miRNA-injected groups had significant reduction in the discrim-

ination index (DI) and recognition index (RI) when compared to VC (Figures 3D and 3E) indicating that the

miRNA-injected animals did not spend more time in exploring the novel object, implying memory deficits.

The one-way ANOVA showed significant differences between the groups for tests done 1 h [DI (F (3,26) =

20.31; p < 0.0001) and RI (F(3,26) = 19.9; p < 0.0001)] and 24 h [DI (F(3,26) = 6.18; p = 0.0026) and RI

(F(3,26) = 6.18; p = 0.0026)] after training.

In OLT, the miRNA-injected animals did not spend more time in exploring the displaced object. RI and

DI were significantly reduced in the miRNA-injected animals than VC indicating memory impairment (Fig-

ure 3F). The one-way ANOVA analysis showed significant difference among the groups [DI (F (3,26) = 6.07;

p = 0.0028) and RI (F (3,26) = 6.07; p = 0.0028)].

Lastly, Morris water maze experiments were conducted to check the hippocampal dependent spatial

learning and memory.29 The miRNA-treated animals showed significant learning impairment on day 3

and day 5 (Figure 3G). Although performance appears impaired on day 4, the data were not statistically

significant. Animals injected with AAV-miR-146a showed significant learning impairment even on day 2

of the experiment. The repeated measures two-way ANOVA indicated significant differences between

the time and groups (F (12,130) = 1.97; p = 0.031).

These results showed that the animals injected with AAV-miR-146a or AAV-miR-200b had severe cognitive

impairment with learning and memory deficits. Because there was no significant difference between sham

Table 1. Primers used for cloning pre-miRNAs

miR-146a

Forward – 50

AAAGGATCCCATGCCCTCTGTGCGTGT-30

Reverse 50 AAAAAGCTTCGCAGAGAAACCCCATCTC-30

miR-200b Forward – 50 AAAGGATCCCACTTAGACATCTGGGCC-30

Reverse 50 AAAAAGCTTGGTGAGGTGTGGAACTGG-30

Primers used for cloning the pre-miRNAs into the pRIPM vector were designed using the UCSC genome database.
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and VC animals in the behavior experiments, only VC animals were used as controls for subsequent miRNA,

mRNA, and protein analysis.

Biochemical analyses indicate miR-146a and miR-200b downregulate NMDAR in

hippocampus

The 5p and 3p forms of both miR-146a and miR-200b were significantly high in the animals injected with

the AAV constructs of the respective miRNAs (Figure 4A). The one-way ANOVA analysis showed signif-

icant differences among the groups injected with the AAV constructs [F (2,11) = 9.96; p = 0.003 for miR-

146a-3p; F (2,11) = 7.53; p = 0.008 for miR-146a-5p; F (2,11) = 6.55; p = 0.013 for miR-200b-3p; F (2,11) =

7.81; p = 0.007 for miR-200b-5p]. As expected, the level of only the injected miRNA increased whereas

the other miRNA was not significantly altered in the respective experimental group (Figure 4A). The

transcript levels for the proteins that were downregulated by the miRNAs in hippocampal neurons in

culture (Figure 2) were checked in the miRNA-injected animals. The NMDAR subunit transcripts, Grin2A

Figure 2. miR-146a and miR-200b downregulate GluN2B and GluN2A levels in primary hippocampal neurons

The hippocampal neurons were transduced with AAV-miR-146a or AAV-miR-200b or VC on DIV 7, harvested on DIV 18–20 and were processed for western

blotting.

(A) Representative images showing the transduction efficiency of the neurons on DIV 20. Scale bar: 20 mm.

(B–E) Representative western blots for GluN2A, GluN2B, GluN1, and NRG1. Since GluN2A and NRG1 were probed in the same blot at different molecular

size regions, they share the same actin blot. Quantitation is done using ImageJ software. Data are expressed as mean G SD. Statistical analysis was done

using one-way ANOVA with Dunnett’s test. **p % 0.01, *p % 0.05; n = 3.
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Figure 3. Animals injected with miRNAs show impaired learning and memory

(A) Timeline of the experimental procedures.

(B) Representative fluorescence microscopy image of a coronal section of the brain of rat 4 weeks after stereotactic

injection in the CA1 area of hippocampus with AAV-mir-200b particles marked by EGFP expression. The presented image

was obtained by automatically aligning and stitching 50 tiled images into a mosaic (using Olympus confocal microscope).

Scale bar: 200 mm.

(C–G) Behavioral analysis of the animals, four weeks after stereotactic surgeries for AAV-miR-146a, AAV-miR-200b, VC

construct, and Sham (1X PBS) injections. (C): OFT for 10–11min (D and E): Results of NORT showingDI and RI, 1 (D) and 24 h

(E) after training. (F): Results of OLT conducted 1 h after training. Quantitation is shown as mean G SD. Statistical analysis

was done by one-way ANOVA followed by Dunnett’s post hoc multiple comparison test with p values indicated: ****p%

0.0001, **p % 0.01, *p % 0.05, n = 6 per group for sham, n = 8 per group for VC, AAV-miR-146a, and AAV-miR-200b. (G):

MWM test showing the latency to reach the platform for 5 days. Quantitation is shown as mean G SD. Statistical analysis

was done by repeated measures two-way ANOVA with Dunnett’s multiple comparison test with p values indicated: ****p

% 0.0001, **p % 0.01, *p % 0.05; n = 6 per group for sham, n = 8 per group for VC, AAV-miR-146a, and AAV-miR-200b.
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and Grin2B, that are targets of miR-146a and miR-200b, were not significantly altered when compared

to the control groups (Figure 4B). There was no significant change in the levels of Grin1 transcript (Fig-

ure 4B). The levels of NRG1 were also largely unchanged, implying that the injected miRNAs are not

altering the transcript levels of the target proteins. We also checked the expression of AMPA receptor

Gria1 due to impaired memory in the miRNA-overexpressed animals and found no significant change in

the transcript level. The primers used for performing miRNA and transcript analysis are shown in

Table 2.

The protein levels of these transcripts were analyzed and it was found that GluN2A and GluN2B levels for

both the miRNA-injected groups were significantly reduced (Figure 4C). The one-way ANOVA showed sig-

nificant differences among the groups (F (2,9) = 6.43; p = 0.018 for GluN2A; F (2,9) = 11.72; p = 0.003 for

GluN2B). NRG1 protein was found to be significantly downregulated in the miR-200b-injected animals.

GluN1 was also found to be significantly reduced in both the miRNA-injected groups with one-way

ANOVA showing significant difference between the groups (F (2,9) = 10.58; p = 0.004). GluR1 was signifi-

cantly decreased in AAV-miR-200b-injected animals.

These results indicate that NMDAR subunits GluN2A and GluN2B are downregulated by miR-146a-5p and

miR-200b-3p, without altering the levels of their transcripts.

Altered expression levels of miR-146a andmiR-200b in pharmacological models with NMDAR

downregulation

The data so far show that miR-146a and miR-200b can downregulate NMDAR subunits in vitro and in vivo,

upon overexpression. We then checked if these miRNAs play a role in downregulating NMDARs in other

physiological conditions of NMDAR hypofunction. For this, we chose two pharmacological rat models in

which NMDAR is downregulated by physiological signals that are indirectly induced by the experimental

treatment.30 We used the MK-801 model and MAM model created as reported before.16 MK-801 is an

NMDAR antagonist, and is used for creating a pharmacological model by a short course of administration

and MAM, a neurotoxin, is used for generating a neurodevelopmental model by administering the com-

pound at the embryonic stage.

miR-146a-5p is significantly upregulated in MK-801 model whereas expression of miR-146a-3p exhibited

a lesser extent of change and was not statistically significant (Figure 5A) (t = 4.15, df = 6 for miR-146a-

5p; t = 2.22, df = 6 for miR-146a-3p). miR-200b-3p was significantly upregulated several folds in MK-801

model but the change in miR-200b-5p was not significant (Figure 5A) (t = 6.6, df = 7 for miR-200b-3p;

t = 1.42, df = 7 for miR-200b-5p).

With MAM model, we observed significant upregulation of miR-146a-5p and miR-200b-3p (Figure 5B)

(t = 3.63, df = 5 for miR-146a-5p; t = 2.89, df = 5 for miR-200b-3p). Interestingly, we found significant down-

regulation in one of the complimentary forms, miR-200b-5p, but no significant change was observed inmiR-

146a-3p expression (Figure 5B) (t = 5.19, df = 5 for miR-200b-5p; t = 1.21, df = 5 for miR-146a-3p). These

results showed that miR-146a-5p and miR-200b-3p were upregulated in both the models in which

NMDAR subunits GluN2A and GluN2B were downregulated,16 consistent with a role of these miRNAs in

causing decrease in the protein expression of GluN2A and GluN2B in these models.

DISCUSSION

Numerous studies have reported differential expression of miRNAs in the brain under various conditions,

but very few have addressed their physiological role in brain development and cognitive functions. Eluci-

dating the specific roles of brain-enriched miRNAs would help in understanding neural mechanisms

underlying brain functions and their importance in neurological disorders. This study examines the roles

of miR-146a and miR-200b in regulating NMDAR subunits. These miRNAs were identified as candidates

Figure 4. Alterations in miRNA, mRNA, and protein levels in the hippocampal region of the animals injected with AAV particles

(A) Expression levels of miR-146a-5p, miR-146a-3p, miR-200b-5p, and miR-200b-3p in animals injected with AAV as estimated by real-time PCR.

(B) Quantitation of transcript levels done by real-time PCR for Grin2A, Grin2B, Grin1, Gria1, and NRG1.

(C) Protein expression levels of GluN2A, GluN2B, GluN1, GluR1, and NRG1. RepresentativeWestern blots along with quantitation are shown. Quantitation is

done using ImageJ software. Statistical analysis was done by one-way ANOVA with Dunnett’s post hoc test. Data is represented as mean G SD. **p% 0.01,

*p % 0.05; n = 4–5.
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that can target Grin2A and Grin2B, by bioinformatics-assisted screening. Another major reason for

choosing these miRNAs was their altered expression levels in neurological disorders.17–27 Using both

in vitro and in vivo models, we showed interaction of the miRNAs with Grin2A and Grin2B and attenuation

of their translation. We also found that in the two animal models where GluN2A and GluN2B proteins were

downregulated in the hippocampus, miR-146a-5p andmiR-200b-3p were upregulated (Figure 5) consistent

with their involvement in downregulating NMDAR subunits. Complementary strands, miR-146a-3p and

miR-200b-5p which do not target Grin2A and Grin2B, did not show a major change in expression, thereby

further supporting the mechanism (Figure 5). We show severe learning andmemory impairment upon over-

expression of both the miRNAs in vivo (Figure 3) along with decreased levels of GluN2A and GluN2B pro-

tein expression (Figure 4C) indicating possible synaptic dysfunction.

Although overexpression of miR-146a and miR-200b in vivo caused cognitive impairment, it did not lead

to anxiety and depression-related phenotype (Figures 3C and S3) indicating that upregulation of these

miRNAs may only contribute to the cognitive component in disease conditions. Our study suggests

that the association of miR-146a and miR-200b to neurological disorders could be, at least partly,

due to their ability to downregulate NMDARs,20,21,27 thus offering a mechanistic explanation for

diseases such as Alzheimer’s disease and schizophrenia that have an NMDAR component in their

pathophysiology.31

miR-146a and miR-200b are known to affect and regulate other pathways. miR-146a is reported to also be

associated with cerebrovascular diseases, neuroinflammation, CNS trauma, neuroautoimmune diseases,

neuroviral infections, peripheral neuropathy, neurological tumor, ischemic stroke, epilepsy, and multiple

sclerosis.32–34 It has roles in neuronal survival and axonal growth35,36 and in development by targeting

NF-kB, NOTCH, and WNT/b-catenin.37–40 Numerous studies showed miR-200 family to be associated

with the pathogenesis of neurodegenerative diseases such as Parkinson’s disease, ALS, and Huntington’s

disease.27 A recent report suggests a role for miR-200b-3p in hypoxia-ischemia brain damage by upregu-

lating Slit2 expression. Inhibiting miR-200b-3p alleviates brain injury in neonatal rat model of hypoxia-

ischemic brain damage.41 miR-200 family is found to play key roles in the control of epithelial-mesenchymal

transition in neurogenesis42 and in processes such as initiation, progression, and metastasis in gliomas.43

We also found other putative targets of these miRNAs that are involved in synaptic plasticity-related path-

ways using computational tools (Table S2).

Table 2. Primers used for real-time PCR of miRNAs and genes

A: Primers used for amplifying the miRNAs

Rno-miR-146a-5p 50GGGTGAGAACTGAATTCCATGG-30

Rno-miR-146a -3p 50GACCTGTGAAGTTCAGTTCTT-30

Rno-miR-200b-5p 50GCATCTTACTGGGCAGCAT-30

Rno-miR-200b -3p 50GTAATACTGCCTGGTAATGATGAC-30

U6 Forward 50- ACAGAGAAGATTAGCATGGCC-3’

Reverse 50-GACCAATTCTCGATTTGTGCG-3’

B: Primers used for amplifying the transcripts of the genes

GRIN2A Forward – 50 GATCAACAATTCAACCAACG-30

Reverse 50 AGACCACTTCACCTATCATTC-30

GRIN2B Forward – 50 GTTTAACAACTCCGTACCTG-30

Reverse 50 TCTGGAACTTGTCACTC-30

NRG1 Forward – 50 CCTACTGCAAAACCAAGAAG-30

Reverse 50 CAACAATATGCTCACTGGAG-30

GRIN1 Forward – 50 AAGGAGAATATCACTGACCC-30

Reverse 50TACTTAGAAGACATCAGAACC-30

GRIA1 Forward – 50 AAAAGGAATATGCCGTACATC-30

Reverse 50ACAATATCGATCTGGGGAAG-30

BETA ACTIN Forward – 50 CCGCGAGTACAACCTTCTTG-30

Reverse 50 GCAGCGATATCGTCATCCAT-30
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Interestingly, we obtained data on inverse correlation of miR-200b-5p and miR-200b-3p levels in the MAM

treatment model (Figure 5B). This could be due to two mechanisms which are recently gaining attention—

target-mediated miRNA protection and/or target RNA-directed miRNA degradation.44–46

MiRNAs are post-transcriptional regulators which bind to their target mRNAs resulting in mRNA desta-

bilization and translational repression.47 But there are contradictory reports on decreased mRNA levels

with elevated miRNA expression. Hill et al. proposed a regulatory network model in which miRNAs might

not profoundly change the target mRNA levels. It states that the downregulation of the target mRNA

might be masked because of increased mRNA transcription or by downregulation of its repressor genes

that are targeted by the same miRNAs.48 Our data show that the mRNA levels were not affected in the

animals in which miRNAs were overexpressed in the hippocampal region (Figure 4B). The protein levels

were significantly reduced for these transcripts leading to downregulation of NMDARs (Figures 4B

and 4C).

Figure 5. Upregulation of miR146a-5p and miR-200b-3p in MK-801-injected and MAM-injected animals

The MK-801 and MAM injected animal models were created as described before16 and is mentioned in brief in the

methods section. Real-time PCR analysis was done for quantitating the levels of miR-146a-5p, miR-146a-3p, miR-200b-5p,

and miR-200b-3p in the MK-801 model (A) and in the MAM model (B), in the hippocampal region. Data are expressed as

mean G SD. Statistical analysis was done using Student’s t test, ***p % 0.001, **p % 0.01, *p % 0.05, n = 3–5.
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We also checked for GluN1 protein levels as it is one of the major subunits of NMDAR. There was reduction in

GluN1proteinwhichmight be a secondary effect of reducedGluN2A/GluN2Bprotein levels (Figures 2D and 4C)

as GluN1 is not a direct target of these miRNAs based on bioinformatic analysis. Because of the persistent

decrease in the levels of GluN2A/GluN2B proteins, the functional NMDAR heteromer, GluN1/GluN2, would

be low leading to impairment in learning and memory tasks. The majority of native NMDA receptors are tetra-

meric assemblies of two GluN1 subunits and two GluN2 subunits,49 in particular GluN1/GluN2A/GluN2B trihe-

teromers. This combination accounts for 50% of the total NMDAR in hippocampus and cortex of an adult rodent

brain.50 GluN1/GluN2/GluN3 heteromers are also present but their relative abundance is unknown. From our

data, we can extrapolate that miR-146a and miR-200b can independently downregulate GluN1/GluN2A/

GluN2B triheteromers which form a major proportion of NMDARs leading to significant functional alterations

in vivo. It will be relevant to investigate the role of these miRNAs in synaptic plasticity mechanisms that are likely

to be hampered in our miRNA overexpression models.

NRG1 was downregulated by miR-200b-3p as predicted by bioinformatic analysis (Figure S4). This was

observed in primary hippocampal neurons and in AAV-miR-200b-injected animals (Figures 2E and 4C).

There are two sites of interaction in NRG1 30UTR and both are highly conserved among vertebrates

(Figure S4) with site type 7mer-m8. miR-146a-5p was also predicted to show interaction with NRG1 at sites

conserved only in rat and mouse, but there was no significant effect on the protein level in our experiments

in vitro and in vivo in which miR-146a was overexpressed. We also observed decrease in the GluR1 levels in

miRNA-injected animals (data statistically significant for only AAV-miR-200b-injected animals) (Figure 4C).

GluR1 is an important AMPA receptor subunit playing crucial roles in synaptic plasticity.51 Decrease in

GluR1 could be a secondary effect of either NMDAR downregulation or overexpression of these miRNAs,

as there are no direct binding sites for miR-200b in Gria1.

Understanding the role ofmiRNAs will provide insights on how tomanipulate the levels of certain proteins which

are altered in neurological diseases. Manipulating NMDAR activity as such leads to severe side effects in pa-

tients.52 Hence alterative therapeutic strategies such as usingmiRNAs could play a significant role inmodulating

theseproteins withoutmuch side effects.Our study provides insights on howupregulatedmiR-146a-5p andmiR-

200b-3p can contribute to severe cognitive impairment in neurological disorders (Figure 6).

Conclusions

Our objective was to identify miRNAs that target the NMDA receptors and study their role in learning and

memory. For this, we selected miR-146a and miR-200b, which were differentially expressed in neuropsychi-

atric and neurodegenerative disorders. By bioinformatics analysis, it was found that the two miRNAs have

target sites on the transcripts of the NMDAR subunits GluN2A and GluN2B. Interaction of these miRNAs

with Grin2A and Grin2B was shown by luciferase assay. Western blot analysis of primary hippocampal neu-

rons overexpressed with these miRNAs showed downregulation of GluN2A and GluN2B. Overexpression

of these miRNAs in vivo in the hippocampus of rats through stereotactic injection of AAV particles caused

downregulation of GluN2A, GluN2B, and GluN1 proteins without significant alterations in their transcript

levels. Additionally, protein levels of NRG1 and GluR1 were also significantly downregulated in AAV-miR-

200b-injected animals. Both the miRNAs caused learning and memory defects upon overexpression in an-

imals as expected from the molecular level changes. The levels of miR-146a-5p and miR-200b-3p were also

upregulated in two rat models in which the NMDAR subunits were downregulated. These results highlight

the key roles of small non-coding RNAs in modulating NMDAR and learning and memory processes thus

bringing out the possibility of using them in therapeutic interventions.

Limitations of the study

In this study, only male Wistar rats were used for manipulating the levels of miRNAs in hippocampus to

study their cognitive behavior. It would be interesting to understand the role of miR-146a and miR-200b

in female Wistar rats as there are reports suggesting sexual dimorphism of miRNA expression.53 In addi-

tion, incorporating more tests for emotional and cognitive behavior such as elevated plus maze test,

fear conditioning, or forced swim test will uncover the involvement of these miRNAs in a wider range of

behavioral phenotypes.
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Figure 6. Schematic representation of the downregulation of proteins by overexpressed miR-146a-5p and miR-

200b-3p

Overexpression of miR-146a-5p or miR-200b-3p in rats leads to downregulation of GluN1, GluN2A, and GluN2B subunits

of NMDAR along with downregulation of GluR1 and NRG1 only in miR-200b-3p-injected animals thus affecting cognition.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

GluR1 Santa Cruz Biotechnology Cat# sc-55509; RRID:AB_629532

GluN2B Abcam Cat# ab65783; RRID:AB_1658870

GluN2B Santa Cruz Biotechnology Cat# sc-9057; RRID:AB_670232

GluN2A Millipore Cat# MAB5216; RRID:AB_95169

GluN2A Cell Signaling Technologies Cat# 4205-1; RRID:AB_764455

GluN1 Abcam Cat# ab17345; RRID:AB_776808

b-actin Sigma Cat# A5316; RRID:AB_476743

NRG1 Santacruz Cat# sc-28916; RRID:AB_2154793

Goat Anti-Rabbit IgG H&L (Alexa Fluor� 488) Abcam Cat# ab150077; RRID:AB_2630356

Anti-Rabbit IgG (whole molecule)–Peroxidase antibody

produced in goat

Sigma Cat# A0545; RRID:AB_257896

Anti-Mouse IgG (Fab specific)–Peroxidase antibody

produced in goat

Sigma Cat# A3682; RRID:AB_258100

Bacterial and virus strains

AAV-mir-GFP-Blank Control Virus (Serotype 8) Applied Biological Materials Cat# Am00108

GFP rno-mir-200b AAV miRNA Virus

(Serotype 8)

Applied Biological Materials Cat# Amr1010308

GFP rno-mir-146a AAV miRNA Virus

(Serotype 8)

Applied Biological Materials Cat# Amr1005808

Chemicals, peptides, and recombinant proteins

Bovine serum albumin SRL Cat# 97350

B27 Thermo Fisher Scientific Cat# 17504044

Neurobasal medium Thermo Fisher Scientific Cat# 21103049

Hank’s Balanced Salt Solution Thermo Fisher Scientific Cat# 14170112

Antibiotic-Antimycotic solution Thermo Fisher Scientific Cat# 15240062

Fetal bovine serum Thermo Fisher Scientific Cat# 10270106

Lipofectamine� Transfection Reagent Thermo Fisher Scientific Cat# 18324012

Lipofectamine� 2000 Transfection Reagent Thermo Fisher Scientific Cat# 11668019

TB Green� Advantage� qPCR Premix Takara Cat# 639676

Trizma base Merck Cat# T1503-1KG

Poly-D-lysine hydrobromide Merck Cat# P0899-50MG

BioTrace� NT Nitrocellulose Transfer Membrane Pall Life Sciences Cat# 66485

Clarity� Western ECL Substrate BioRad Cat# 1705060

Methylazoxymethanol acetate (MAM) FUJIFILM Wako Pure

Chemical Corporation

Cat# 136-16303

MK-801 (dizocilpine) Sigma Cat# M107-25MG

RIPA Lysis Buffer Sigma Cat# 20-188

Critical commercial assays

Mir-X� miRNA First Strand Synthesis Kit Takara Cat# 638315

miRVana Isolation kit Thermo Fisher Scientific Cat# AM1560

High-Capacity cDNA Reverse Transcription Kit Applied Biosystems� Cat# 4368814

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

Dr.R.V.Omkumar (omkumar@rgcb.res.in; omkumar18@hotmail.com).

Materials availability

Plasmid constructs generated in this study are available from the lead contact, Dr.R.V.Omkumar

(omkumar@rgcb.res.in; omkumar18@hotmail.com).

Data and code availability

� All the data reported in this paper will be shared by the lead contact upon request.

� This paper does not report original code.

� Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

We used Wistar strain of rats for our study. For primary cultures of hippocampal neurons, rat embryos of

embryonic day 18–19 (E18-19) were used. AAVs carrying the pre-miRNAs were streotactically injected

into male Wistar rats of adult stage (60–70-day-old, 200–300g). For the MK-801 model, male rats of adoles-

cent stage (40–45-day-old, 100–150g) were used. For generating the MAM model, female dams were sub-

jected to the treatment and both sexes of the pups delivered were used. All the animals were housed with

12 h light-dark cycle. Access to chow and water were ad libitum to the animals. The procedures followed the

rules and regulations of the Committee for the Purpose of Control and Supervision of Experiments on An-

imals (CPCSEA), Government of India. The protocols were approved by the Institutional Animal Ethics

Committee (IAEC) of Rajiv Gandhi Center for Biotechnology.

METHOD DETAILS

Bioinformatic analysis

The sequences of the miRNAs were obtained using miRBase database (http://www.mirbase.org/) and the

sequences of the 30UTR of Grin2A/Grin2B were obtained from UCSC Genome browser (https://genome.

ucsc.edu/).

The tools used for mining themiRNAs that target the genesGrin2A andGrin2Bwere – TargetScan54 (http://

www.targetscan.org/vert_72/), miRanda55 (http://www.microrna.org/), Micro-Cosm56 (https://tools4mirs.

org/software/mirna_databases/microcosm-targets/), miRDB57 (http://mirdb.org/), Segal/PITA58 (https://

genie.weizmann.ac.il/pubs/mir07/mir07_prediction.html) and RNAhybrid tool59 (https://bibiserv.cebitec.

uni-bielefeld.de/rnahybrid/).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

PureLink� Quick Plasmid Miniprep Kit Thermo Fisher Scientific Cat# K210010

Experimental models: Cell lines

HEK293T ATCC Cat# CRL-3216

Experimental models: Organisms/strains

Wistar rats RGCB animal facility N/A

Software and algorithms

ImageJ NIH https://imagej.nih.gov/ij/

GraphPad Prism GraphPad Software Inc https://www.graphpad.com/scientificsoftware/prism/

Noldus EthoVision XT Noldus Information Technology,

Wageningen, The Netherlands

https://www.noldus.com/ethovision-xt
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The foundations on which the computational tools rely aremiRNA sequence datasets, the 30UTR sequences

of the target sites, the seed region at the 50 end of the miRNA sequence which has perfect Watson-Crick

complementarity with the 30UTR of the target sequence, the minimum free energy measurement which re-

flects the strength of the miRNA-mRNA binding, the 30 region of the miRNA sequence that also has the

Watson-Crick pairing with the target mRNA, the conservation of the miRNA-mRNA interaction within

the species, the miRNA sequence interaction with other regions of the mRNA such as 50UTR and coding

sequences and the factors that affect the miRNA-mRNA interaction other than theWatson-Crick base pair-

ing.60 The prediction of miRNA-mRNA interactions by these online tools involve different algorithms, which

incorporates some of the fundamentals mentioned above. The tools have picked up the sequences from

databases such as Rfam for non-coding sequences and for obtaining the mRNA sequences (containing

the 30UTR), databases such as Ensembl, RefSeq database or UCSC genome database were used. All these

tools have strengths and weakness and hence using more tools will help in decreasing false positives.

Therefore we used multiple tools for the mining of miRNAs against NMDAR subunits.

DNA constructs

UCSC database (https://genome.ucsc.edu/) was used for obtaining precursor miRNA (pre-miRNA) se-

quences for miR-146a and miR-200b. Suitable primers were designed (Table 1) and were used for cloning

these pre-miRNAs from rat genomic DNA. The amplified pre-miRNAs were cloned into the expression vec-

tor, pRIPM that has dsRed as marker. The 30UTRs ofGrin2A andGrin2B in the vector backbone psiCHECK2

described before16 were also used for performing the dual luciferase assay. All the clones were confirmed

by restriction digestion and sequencing.

Luciferase assay

Dual luciferase assay was performed using human embryonic kidney-293 (HEK-293) cells as described

before.16 In brief, psiCHECK2 and pRIPM vector constructs carrying the 30UTRs and the pre-miRNAs

respectively were used for the assay. These vectors were cotransfected and after 48hrs, reporter assay

was performed. The empty pRIPM vector along withGrin2A/Grin2B 30UTR psiCHECK2 was used as control

for this experiment.

Primary neuronal culture and transfection

Pregnant female dams of E18-19 were sacrificed and the hippocampi from the embryos were dissected,

trypsinized and the dissociated cells were cultured in coated dishes. The primary neurons were maintained

up to 20 days in vitro (DIV 20).16,61,62

Neurons were transduced using AAVs containing the pre-miRNAs, miR-146a (AAV-miR-146a), miR-200b

(AAV-miR-200b) or vector control (VC) on DIV 7. The viral titer for all the AAVs were 108 GC/mL. The vector

maps for these constructs are shown in Figure S2. The cells were harvested on DIV 18–20 and were further

processed for conducting western blotting experiments.

Treatment regimes for the animal models

Stereotactic injections of AAV to male Wistar rats

The rats were deeply anesthetized by isoflurane (2–4%) inhalation. The head was mounted on a stereotaxic

frame (Company name: BenchMarkTM, Coretech Holding Scientific, USA currently merged to Leica Micro-

systems, Germany). The coordinates used for bilateral intrahippocampal injections at the CA1 site were:

AP = �3.8 mm, ML = +1.4 mm and DV = �2.7 mm.63 All AAV constructs carried EGFP as marker. The viral

titer used was 1 3 108 GC/mL and around 5 mL was injected per side using a 25 mL Hamilton syringe. The

solution was injected very slowly and the needle was kept undisturbed for another 2 min to avoid backflow

of the fluid. Sham control was used with PBS injection. The animals were kept for 4–5 weeks for recovery

followed by behavioral tests. These animals were then sacrificed by cervical dislocation and the hippocam-

pal region was dissected to measure the protein and mRNA levels of different targets as well as miRNA

levels using western blotting and qPCR.

MK-801 model and MAM model

MK-801 (0.5 mg/kg) was dissolved in saline and was injected intraperitoneally for 5 consecutive days (one

injection a day) at consistent time period of 2–5 pm tomale adolescent rats. MAM (20mg/kg) was dissolved

in saline and was injected intraperitoneally to pregnant dams on gestational day 17 (GD 17). Weaning of the
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pups was performed on postnatal day 30 (P30). Detailed procedure was described before.16 The experi-

mental rats were subjected to behavioral testing to confirm impairments, sacrificed by cervical dislocation

and the hippocampi were dissected for performing biochemical analysis.

Behavioral analysis

Open field test (OFT), novel object recognition (NORT), object location tests (OLT) and Morris water maze

(MWM) test were used for behavioral analysis as described before.16 The animals were made to acclimatize

to the behavior chamber 1 h prior to the start of each experiment. In brief, OFT was carried out in an open

square box. The total distance traveled and the time spent in central/peripheral zone by the animal in the

box for 10–11 min was recorded. NORT was also conducted in the open square box with 2–3 non-toxic ob-

jects. The initial habituations for the animals were carried out for 10min in the empty arena. About 24 h after

habituation, the animal was given training in the familiar arena where they were exposed to two identical

non-toxic objects for 5 min. During the test period, which is 1 h and 24 h after the training period, the an-

imals were exposed to one novel object and one familiar object for 5 min in the same arena. The time taken

for exploring the novel and familiar objects were noted and accordingly discrimination index (DI) and

recognition index (RI) were calculated.

In OLT, the animal was subjected to training wherein it was made to explore two familiar objects for 5 min in

the open square box. After 1 h, the animal was put in the same arena with one of the objects displaced to a

new location. This is the test period, which was 5 min in duration and the time taken to explore the dis-

placed object and the non-displaced object by the animal were noted. DI and RI were calculated.

The water maze test was performed in a white tank having a small circular platform inside. The whole tank

was filled with water, which was translucent enough to make the platform invisible. The animals were

trained for 5 days to locate the hidden platform using spatial cues. Each day, the animals underwent five

trials of 1 min each with intertrial intervals of 20–30 s. The time taken to reach the platform was noted

and the average escape latency was calculated for each animal on each day.

Noldus EthoVision XT software (Noldus Information Technology, Wageningen, The Netherlands) was used

for analyses of the video files. After the MWM test, animals were sacrificed and the brains were immediately

removed, dissected, snap frozen and stored in �80�C.

Western blotting

The hippocampal neurons were scrapped and were washed with 1X PBS. The cell pellet was lysed using

RIPA lysis buffer with 50 mM b-glycerophosphate, 50 mM sodium fluoride, 200 mM sodium orthovanadate

and 5 mM EDTA. The hippocampal tissues from animals were homogenized using liquid nitrogen followed

by solubilizing them in lysis buffer [150 mMNaCl, 1 mM dithiothreitol (DTT), 1% NP-40, 50 mM Tris-HCl, pH

7.4, 5 mM EDTA, 10 mM staurosporine, 50 mM b-glycerophosphate, 5 mM sodium orthovanadate, 1% SDS,

0.2 mM phenylmethylsulphonylfluoride (PMSF), and 1X complete protease inhibitor cocktail]. Bicinchoninic

acid (BCA) method was used to quantitate the protein concentration in the sample and 60–100 mg of pro-

tein was subjected to SDS-PAGE for each sample. The whole procedure was carried out as described

before.16 After the transfer procedure, the membrane has been cut horizontally. Different molecular size

regions were processed separately. The blots were incubated overnight with the corresponding primary

antibodies. The primary antibodies used were: rabbit anti-GluN1 (1:1000, Abcam), rabbit anti-GluN2B

(1:1000, Abcam), mouse anti-GluN2A (1:1000, Millipore), mouse anti-GluR1 (1:750, Santacruz), mouse

anti-beta actin (1:3000, Sigma) and rabbit anti-NRG1 (1:1000, Santacruz). Subsequently, the blots were

incubated for 2 h at room temperature with secondary antibodies, which are horseradish peroxidase

(HRP)-conjugated (1:3000 or 1:10,00, Sigma). The blots were developed using Clarity ECL reagent in Chem-

idoc gel apparatus (Biorad, USA). The band intensity was quantitated using ImageJ software and the band

intensity of b-actin was used for normalization.

Real-time PCR analysis of hippocampal tissues

Extraction and measurement of transcripts (mRNAs and miRNAs) in the brain tissues were carried out by

Quantitative real-time PCR (qPCR) as described before16 according to manufacturer’s instructions.

KiCqStart SYBR green primers (Sigma) were used for quantitating the mRNA levels. Table 2 shows the

primers used for quantitating miRNAs and mRNAs. From the 2^DCT values, relative expression levels
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were calculated in each sample. Data presented is the average value fromminimum three independent ex-

periments and b-actin was used for normalization.

QUANTIFICATION AND STATISTICAL ANALYSIS

The data is presented as mean G standard deviation (SD) for independent experiments/replicates. Lucif-

erase assay data (n = 4) was analyzed using parametric unpaired Student’s t test between each miRNA

group and the corresponding control group. Behavioral data analysis (n = 6–8 per group) for stereotactic

injection experiments was done using one-way ANOVA followed by Dunnett’s post hoc test between the

control and the treatment groups. Data from the MWM tests were analyzed using repeated measures two-

way ANOVA followed by Dunnett’s post hoc test. The data from the biochemical analysis (n = 4–5 for qPCR

andwestern blotting) was subjected to one-way ANOVA followed by Dunnett’s post hoc test. The statistical

analysis for the behavior experiments was completely blinded. Data from the qPCR (n = 3–5 per group) for

MK-801 and MAM model were statistically analyzed using unpaired parametric Student’s t test. The data

was analyzed using the GraphPad prism 8 software (8.4.2). Statistical significance was set at p < 0.05.
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