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Abstract
Antisense inhibition of microRNAs is an emerging preclinical approach to phar-
macoresistant epilepsy. A leading candidate is an "antimiR" targeting microRNA-
134 (ant-134), but testing to date has used rodent models. Here, we develop an 
antimiR testing platform in human brain tissue sections. Brain specimens were 
obtained from patients undergoing resective surgery to treat pharmacoresistant 
epilepsy. Neocortical specimens were submerged in modified artificial cerebro-
spinal fluid (ACSF) and dissected for clinical neuropathological examination, 
and unused material was transferred for sectioning. Individual sections were in-
cubated in oxygenated ACSF, containing either ant-134 or a nontargeting con-
trol antimiR, for 24 h at room temperature. RNA integrity was assessed using 
BioAnalyzer processing, and individual miRNA levels were measured using 
quantitative reverse transcriptase polymerase chain reaction. Specimens trans-
ported in ACSF could be used for neuropathological diagnosis and had good 
RNA integrity. Ant-134 mediated a dose-dependent knockdown of miR-134, 
with approximately 75% reduction of miR-134 at 1 μmol L−1 and 90% reduction 
at 3 μmol L−1. These doses did not have off-target effects on expression of a se-
lection of three other miRNAs. This is the first demonstration of ant-134 effects 
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1   |   INTRODUCTION

A promising preclinical approach to pharmacoresistant 
epilepsy is to target microRNA (miRNA).1,2 miRNAs are 
endogenous ~22-nt noncoding RNAs that repress the 
translation of targeted mRNAs via complementary bind-
ing to target regions in the 3′ untranslated region (UTR).3 
Individual miRNAs can regulate large numbers of mRNAs; 
therefore, their targeting could potentially reshape the 
dysregulated gene expression landscape in human tempo-
ral lobe epilepsy. Most notably, antisense oligonucleotide 
(ASO) inhibition of miR-134 (using ant-134) produces po-
tent antiseizure and disease-modifying effects in rodent 
models of seizures and epilepsy.4–7 However, the binding 
sites for miR-134 on 3’UTRs and hence the mechanism(s) 
of action of ant-134 may not be conserved between ro-
dents and humans.8 Furthermore, it is unclear how effi-
ciently ant-134 will penetrate into human brain cells. ASO 
uptake mechanisms can vary between cell types9 and may 
not be the same in rodent and human brain.

A platform to test these mechanisms is offered by re-
sective brain surgeries to alleviate pharmacoresistant epi-
lepsy.10 The resected brain tissue can be collected and used 
for research purposes, offering an additional translational 
model to complement findings in rodent brain.11–13 Here, 
we set out an adapted methodology to obtain human brain 
tissue for molecular assessment, without impacting clin-
ical processes. Specimens processed with this method 
were viable and had sufficient RNA integrity for molec-
ular studies. We used sections of these specimens to in-
hibit miR-134 in human brain using ant-134 as a proof of 
concept. This provides new tools for translational epilepsy 
research.

2   |   MATERIALS AND METHODS

2.1  |  Ethical approval

All studies were approved by the local ethical committee 
at Beaumont Hospital Dublin (Reference 13/75, 20/58). 
Patients had the capacity to give fully informed consent 
and were provided with a patient information leaflet. 

Participants were free to withdraw their consent at any 
time without providing a reason. Tissues used were re-
moved as part of the normal clinical procedure, and no 
extra tissue was resected for research use.

2.2  |  Resective neurosurgery and tissue 
specimens obtained

Thirteen human neocortical brain specimens were ob-
tained (nine male and four female patients, 22–62 years 
old; Table  1). Neocortical tissues were resected en bloc 
and were obtained by the researcher directly in the surgi-
cal theater (overview in Figure 1A). We immediately sub-
merged these specimens into ice cold oxygenated sucrose 
artificial cerebrospinal fluid (ACSF; in mmol L−1: 205 su-
crose, 10 glucose, 2.5 KCl, 5 MgCl2, .1 CaCl2, NaHCO3, 
NaH2PO4·H2O) and transported them to the neuropathol-
ogy laboratory. This transport process took approximately 
5 min, during which time the ACSF was not oxygenated 
further.

2.3  |  Neuropathological assessment

Neocortical specimens were removed from the ACSF and 
assessed for diagnosis. After macroscopic examination and 
serial sectioning, a piece of the specimen (~1 × 1 × .5 cm) 
was immediately resubmerged in ACSF, without addi-
tional oxygenation, and transported on ice to the neuro-
physiology laboratory. A distinction was made between 
peripheral sections in immediate contact with ACSF, 
and deeper sections, largely remote from ACSF. The re-
maining specimen was fixed overnight in 10% formalin, 
after which it was processed and embedded in paraffin. 
Four-micrometer sections were stained with hematoxylin 
and eosin (H&E) ± glial fibrillary acidic protein (GFAP), 
microtubule-associated protein 2, neuron-specific nu-
clear protein immunohistochemistry for systematic neu-
ropathological assessment (Figure  1B). We compared 
the robustness of peripheral sections that were in direct 
contact with ACSF against the deeper sections, otherwise 
processed in the same way.

in live human brain tissues. The findings lend further support to the preclinical 
development of a therapy that targets miR-134 and offer a flexible platform for the 
preclinical testing of antimiRs, and other antisense oligonucleotide therapeutics, 
in human brain.
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2.4  |  AntimiR treatment of human 
brain specimens

In the neurophysiology laboratory, the specimen was 
transferred to a dish filled with fresh ice cold and oxy-
genated sucrose ACSF, and any remaining pia mater was 
removed. We divided the specimen into cubes (~1 mm3) 
using a scalpel. We created a low-volume incubation 
chamber using a standard 12-well plate. Specimens 
were placed into mesh inserts, and submerged into 4 ml 
normal ACSF (mmol L−1: 125 NaCl, 10 glucose, 3 KCl, 2 
CaCl2, 1 MgCl2, 26 NaHCO3, 1.25 NaH2PO4·H2O) within 
the wells. The low volume facilitated the application 
of active antimiR concentrations. Specimens were in-
cubated for 24 h at room temperature in the presence 
of either ant-134 (Qiagen; catalogue number 339132: 
TGGTCAACCAGTCACA), or a scrambled nontargeting 
control (Negative Control A; Qiagen; catalogue number 
339136: TAACACGTCTATACGCCCA), at  .1, 1, and 
3  μmol L−1. After 24 h, specimens were removed from 
ACSF and flash frozen at −80°C.

2.5  |  Rodent brain specimens

C57BL/6 mice (age range = 21–48 days) underwent uni-
lateral stereotaxic injection of phosphate-buffered saline 
(PBS) into the amygdala. Twenty-four hours later, mice 
were euthanized with 0.2  ml intraperitoneal sodium 
pentobarbital (200 mg/ml). Mice were perfused with 20 ml 
PBS via cardiac puncture, and brain tissue was frozen at 
−80°C .

2.6  |  RNA processing

RNA was extracted using TRIzol, as described previ-
ously.14 RNA integrity was assessed using the Agilent 2100 
Bioanalyzer instrument and RNA 6000 Nano kit (5067–
1511). The microfluidic RNA Nano chip was prepared fol-
lowed by loading of 1 μl of sample. Total RNA quality was 
assessed by using the ratio of ribosomal peaks (18S/28S) 
to derive the RNA integrity number (RIN) value, an ob-
jective readout of RNA quality between 0 (completely 
degraded) and 10 (highly intact). miRNA expression was 
assessed using previously described methods,14 with spe-
cific primers for hsa-miR-134, hsa-miR-10, hsa-miR-129, 
and hsa-miR-132 (Applied Biosystems, miRNA assays IDs 
001186, 000387, 000590, 000457).

2.7  |  Statistics

All datasets contained at least one nonnormally distrib-
uted dataset. Comparisons used Kruskal–Wallis test with 
Dunn multiple comparisons (GraphPad Prism v9.3.1). 
Averages are shown as median ± interquartile range.

3   |   RESULTS

3.1  |  Neuropathological assessment

We verified that our method did not impact key neuro-
pathological assessments and diagnoses. Qualitative 
analysis of sections transported in sucrose ACSF showed 

T A B L E  1   Details of study participants and tissue specimens used

Participant 
research ID Sex

Age at time of 
surgery, years

Age at onset of 
epilepsy, years

Nature of initial 
specimen Antiseizure medications

1 M 37 28 LTL ESLI, LEV, ZNS

2 F 61 7 LTL ESLI, LTG

3 M 59 44 LTL CLOB, LAC, LEV, PERM, VAP

4 M 62 32 Tumor ESLI, LEV

5 M 22 12 LTL ESLI, LTG, VAP

6 M 43 33 LTL LTG, LEV

7 F 39 7 FL CLOB, LTG, LEV

8 F 22 7 LTL CLOB, ESLI, LTG

9 M 54 42 LTL CBZ, LTG, LEV

10 F 47 <6 months LTL BRIV, ESLI, LAC

11 M 39 27 LTL BRIV, CBZ, VAP, ZNS

12 M 59 UNK LTL ESLI, LTG, PERM

13 M 29 UNK LTL ESLI, LTG, VAP

Abbreviations: BRIV, brivaracetam; CBZ, carbamazepine; CLOB, clobazam; ESLI, eslicarbazepine; F, female; FL, frontal lobe; LAC, lacosamide; LEV, 
levetiracetam; LTG, lamotrigine; LTL, lateral temporal lobe; M, male; PERM, perampanel; UNK, unknown; VAP, valproate; ZNS, zonisamide.
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conserved cellular morphology, as observed with both 
H&E and immunohistochemical staining protocols, ena-
bling the identification of pathologies including perioper-
ative dark cell change, subpial gliosis with upregulation of 
GFAP, oligodendroglial hyperplasia, focal cortical dyspla-
sia type 2B with abnormal cortical neuronal lamination, 

dysmorphic neurons and balloon cells, and remote corti-
cal hemorrhage and gliosis with white matter cavitation 
(Figure  1B). Figure  1B(ix) shows a comparable section 
with remote hemorrhage and gliosis obtained from a spec-
imen transported without direct ACSF contact, showing 
no qualitative impact of our method.

F I G U R E  1   Integration of brain tissue collection for neurophysiology into the clinical workflow. (A) Resected human brain tissue 
specimens were obtained directly from the neurosurgical theater and immediately submerged into oxygenated ice cold artificial 
cerebrospinal fluid (ACSF). Specimens were transported in ACSF to the neuropathology laboratory as part of the clinical pathway. A 
proportion of the specimen was then returned to ACSF and taken to the research laboratory for study. (B) Examples of neuropathological 
observations made in specimens transported in ACSF illustrate the compatibility of our approach with the clinical pathway: (i) normal 
cortex and neuronal morphology with perioperative "dark cell change" (arrow); (ii) subpial gliosis (arrow); (iii) oligodendroglial hyperplasia; 
(iv–vi) focal cortical dysplasia type 2B characterized by disorganized lamination and dysmorphic neurons (arrow in vi; asterisk at Layer I 
in iv and v) and balloon cells (asterisk in vi); (vii, viii) remote hemorrhage and gliosis; (ix) a directly comparable section exhibiting remote 
hemorrhage and gliosis in a specimen handled in a standard way without direct ACSF exposure, indicating no qualitative impact of ACSF 
transport. GFAP, glial fibrillary acidic protein; H&E, hematoxylin and eosin; NeuN, neuron-specific nuclear protein.
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3.2  |  miRNA-134 inhibition in human 
brain tissue

We used our method as a platform to test ant-134 in human 
brain tissue. We applied ant-134 for 24 h (Figure  2A,B) 
at a range of concentrations (based on previous work in 
induced pluripotent stem cells15). To verify the viability 
of our method, we assessed RNA integrity in a subset 
of these samples, and compared them with equivalent 

neocortical samples that were transported without ACSF. 
Bioanalyzer results revealed significantly higher RIN 
values in samples processed with, compared to with-
out, ACSF (Figure 2C). This provides an objective qual-
ity control measure validating the use of this approach 
as a platform to study RNA-targeting oligonucleotide 
therapeutics. Notably, the RNA yield from human brain 
specimens was lower than comparable rodent samples 
(Figure 2C).

F I G U R E  2   Ant-134 mediates a dose-dependent knockdown of microRNA-134 in human neocortex. (A) Sequences of hsa-miR-134-
5p (22-mer) and ant-134 (16-mer) indicates perfect complementarity between the two. (B) Experimental setup to treat acutely sectioned 
human brain specimens with antimiR. Sections were placed into small inserts with a permeable mesh at the bottom. Inserts were placed 
into individual wells of a standard 12-well plate and submerged into 4 ml normal artificial cerebrospinal fluid (ACSF) containing ant-134 or 
scrambled (Scr) nontargeting control at varying concentrations. The ACSF is each well was oxygenated using a syringe needle connected to 
a carbogen gas supply. This preparation was left for 24 h at room temperature. (C) BioAnalyzer traces from human brain tissue transported 
without ACSF (RNA integrity number [RIN] = 2.5) and with ACSF (RIN = 5.7). A trace from a mouse brain perfused for molecular biology 
is included as a gold standard comparison (RIN = 8.7) [FU - fluorescence units]. The graph shows that human samples processed using 
our method had significantly higher RIN values than those processed using standard methods (Kruskal–Wallis test with Dunn multiple 
comparisons test). (D) Quantitative reverse transcriptase polymerase chain reaction shows robust dose-dependent knockdown of miR-134 
after 24 h (Kruskal–Wallis test with Dunn test for multiple comparisons). (E) For the viable doses of ant-134, we did not observe off-target 
inhibition of miR-10, miR-129, or miR-132 (all Kruskal–Wallis test with Dunn multiple comparisons tests).
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Using quantitative reverse transcriptase polymerase 
chain reaction, we observed a dose-dependent inhibition 
of miR-134 by ant-134, with significant knockdown me-
diated by 1 μmol L−1 (~75% reduction in expression) and 
3 μmol L−1 (~90% reduction), compared with a nontarget-
ing control antimiR (Figure 2D). Ant-134 inhibition was 
specific for miR-134, and we did not observe changes to 
expression of a selection of other brain-enriched miRNAs: 
miR-10, miR-129, and miR-132 (Figure 2E). Together, this 
indicates a platform for the testing of antimiR uptake and 
efficacy in human brain tissue, offering an important tool 
in preclinical research to aid in the translation of oligonu-
cleotide therapeutics to the clinic.

4   |   DISCUSSION

The approach outlined here provides a methodology to 
interrogate the molecular effects of miRNA manipula-
tion in the human brain. This provides a much-needed 
tool to aid translation of miRNA-targeting therapies to 
the clinic.1,11 Studies on human-derived tissues are key to 
test molecular mechanisms that may not be captured by 
rodent models because of species-specific variation in the 
3′UTRs of mRNAs. Notably, the binding site of miR-134 
on the 3′UTR of human LIMK1 differs from that of ro-
dents.8 Because derepressing Limk1 contributes to neuro-
protective and antiseizure effects of ant-134 in rodents,4,7 
testing in human models is critical. There is the possibil-
ity that miRNA manipulation in humans could give rise 
to unanticipated adverse effects not observed in rodents. 
Testing antimiRs in human brain tissues may therefore 
become an important step in the preclinical development 
or regulatory pathway. These specimens can also be used 
to acutely induce epileptiform activity for ex vivo small 
molecule drug testing.11,12 Finally, there are ethical ad-
vantages to our approach, which represents a replacement 
for animal research within the concept of replacement, re-
duction, and refinement.16

Although we focused here on antimiRs, the current 
approach could be applied to other ASO strategies. Due to 
their relative ease of delivery and ability to readily target 
RNAs in widespread brain structures, ASOs are emerging 
as a key approach to neurological diseases, particularly 
those that affect the whole brain. For example, ASO gap-
mers have been used in a mouse model of a genetic chan-
nelopathy that leads to epilepsy.17 Current challenges for 
ASO translation from animal models to human applica-
tions include on- and off-target toxicity effects,18 which 
may be unique to the human brain and not possible to ob-
serve in mice. ASO mechanisms of action can include ste-
ric blocking of mRNA translation, degradation of target 
mRNA, or regulation of RNA splice events.19 Different 

ASOs may also have different lengths and chemistries, 
which can affect their uptake, bioavailability, and cellu-
lar effects.1 Our methodology provides a platform that 
could be used to test all of these ASO mechanisms and 
properties in real human brain tissue. Furthermore, this 
approach can be applied to other neurological diseases 
beyond epilepsy, through the use of nonepileptic tempo-
ral neocortex, removed to access the deeper epileptogenic 
zone.

Our approach fitted seamlessly into the clinical path-
way and should be adoptable in comparable clinical set-
tings. Researchers were trained to safely enter the surgical 
theater to collect tissue, meaning that the approach did 
not place any additional demands on the surgical team. 
This had the added advantage that resected specimens 
were immediately transferred to fresh sucrose ACSF and 
could be moved by the researcher to the neuropathology 
and neurophysiology laboratories quickly, maximizing tis-
sue viability. We also worked closely as a multidisciplinary 
team to verify that sucrose ACSF transportation had no 
impact on neuropathological assessments. Together, the 
training of our researchers to work in the clinical environ-
ment, alongside close collaboration with our neurosur-
geons and neuropathologists, was critical to our approach.

Our approach also has limitations. Notably, the re-
sected tissues are also required for neuropathologic di-
agnosis. Although we present a methodology to fully 
integrate our approach into clinical pathways, it remains 
suboptimal from a research viewpoint that tissues cannot 
be taken directly to the neurophysiology laboratory. This 
may impact on tissue viability for research, although our 
assessments suggest that human tissues, when handled 
carefully, have comparable quality to freshly prepared ro-
dent samples. Another challenge is the relatively limited 
availability and the heterogeneity of the specimens. The 
approach relies upon a research laboratory in close physi-
cal proximity to a specialist neurosurgery center. The fre-
quency of surgeries dictates tissue availability and may 
not always be consistent due to the nature of the clinical 
pathway. Coupled with this, specimens are highly het-
erogeneous and are obtained from patients with differ-
ent sex, age, and medication histories. This likely adds 
more variability to datasets and necessitates larger sam-
ple sizes, although this is mitigated in part because it is 
usually possible to obtain many acute sections from one 
individual resected specimen. Taken together, the rela-
tively low throughput and need for more samples means 
human tissue-based studies take much longer than those 
in rodents, and this must be considered by researchers 
before beginning such studies.

In conclusion, we present a method for the use of re-
sected human brain tissues for research on RNA-based 
therapies, within pre-existing clinical pathways. These 
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tissues are amenable to studies including molecular and 
electrophysiological assessment, and provide a critical 
tool in translational epilepsy research. Furthermore, we 
demonstrated for the first time the use of ant-134, a lead-
ing preclinical candidate for pharmacoresistant epilepsy, 
in human brain. This paves the way for further study into 
the mechanisms of ant-134, and other miRNA-based ap-
proaches, in human brain.
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