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Abstract 

Electromagnetic pulse (EMP), a unique type of electromagnetic radiation, may induce diverse neuropsychiatric 
disorders, such as irritability, hyperkinesis, retardation of learning and memory. However, the underlying mechanism 
of EMP exposure on neuronal injury has not been elucidated. Here, we aimed to delineate the regulatory expres‑
sion networks based on high-throughput sequencing data to explore the possible molecular mechanisms related 
to EMP-induced delirium-like neuropsychiatric disorder in rats. It’s shown that EMP exposure induced anxiety, cogni‑
tive decline and short-term memory impairment. The expression profiles of the long noncoding RNAs (lncRNAs) and 
mRNAs, along with their biological function and regulatory network, were explored in rats after EMP exposure. We 
identified 41 differentially expressed lncRNAs (DELs) and 266 differentially expressed mRNAs (DEMs) between EMP 
and sham groups. Sixty-one co-expression relationships between 18 DELs and 56 DEMs were mostly associated with 
synapse- and metabolic-related pathways. We predicted 51 DEL-miRNA pairs and 290 miRNA-mRNA pairs using the 
miRanda database to constructed a DEL-miRNA-DEM network. LncRNA AABR07042999.1 and mRNA Tph2, Slc6a4, 
Dbh and Th were upregulated, and the contents of serotonin, dopamine and norepinephrine were increased in both 
PFC and HIP after EMP exposure. The current study provided a better understanding of the ceRNA network, which 
might reveal the pathological mechanism and provide more treatment options for the EMP-induced neurobehavioral 
disorder.
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Introduction
Electromagnetic pulse (EMP) is a special kind of high 
power electromagnetic and is mainly used in military 
fields, which leads to irreversible damage to the electri-
cal device such as wireless communication equipment, 
power supply system and military equipments [1]. Some 
studies report that EMP exposure causes deleterious 
effects in living organisms and induces human diseases 
[3]. Central nervous system is very sensitive to elec-
tromagnetic pulse radiation, it is suggested that a field 
strength of 400 kv/m EMP irradiation induces learning 
and memory impairment [4], and long-term exposure 
to 50 kv/m EMP causes a variety of irreversible cognitive 
decline leading to dementia [5]. However, the effect of 
EMP on delirium-like neuropsychiatric disorders and the 
underlying mechanism of neuronal injury has remained 
elusive.

Long non-coding RNA (lncRNA) is one of the most 
important members of non-coding RNA family with a 
length over 200 bp [6, 7]. LncRNAs are abundant in brain 
tissue and have been discovered to play a role in neuronal 
function and disease and is thus considered as biomark-
ers for diagnosis and prognosis of brain diseases [8–10]. 
However, the role and expression pattern of lncRNA in 
EMP induced  nerve behavior disorder has not yet been 
clearly defined. Based on this, we used lncRNA sequenc-
ing to explore the potential mechanism of neuron injury 
caused by EMP.

In the present study, we found that EMP induced 
delirium-like neuropsychiatric disorders, such as anxi-
ety, disturbed attention, disorientation and retarda-
tion of memory in rats. We identified the lncRNA and 
mRNA profiles of tissue samples from EMP radiated 
rats using lncRNA sequencing, GO annotation and 
KEGG pathways analyses. It’s indicated that the dif-
ferentially expressed lncRNAs (DELs) and mRNAs 
(DEMs) were significantly enriched in serotonergic 
synapse, tryptophan metabolism, neurotransmitter bio-
synthetic process and neuromuscular process control-
ling balance. Further q-RT-PCR and ELISA detection 
confirmed that the increased levels of brain monoam-
ine neurotransmitters such as serotonin (5-HT), dopa-
mine (DA) and norepinephrine (NE) might underly the 

regulatory mechanism for EMP induced delirium-like 
neuropsychiatric disorders. Our study for the first time 
identifies the possible regulatory lncRNA and mRNA 
related to EMP induced delirium-like neuropsychiatric 
disorders in rats.

Results
EMP irradiation induces delirium‑like neuropsychiatric 
disorder in rats
We firstly assess whether EMP irradiation on rat will 
induce neuropsychiatric disorders. Delirium is a type 
of acute brain dysfunction characterized by conscious-
ness disturbance, cognitive decline, short-term memory 
impairment, disturbed attention and disorientation [11]. 
We thus tested the emotional and cognitional func-
tions by performing the open field test, novel objective 
recognition test, Y maze test and light/dark box test as 
reported before [12–14]. We observed that the percent-
age of cumulative duration and movement distance in 
the center area were significantly decreased after EMP 
exposure in the open field test (Fig.  1A–C), the latency 
of exploration was increased and exploration time was 
decreased in the EMP group compared to the sham 
group during the novel object exploration test (Fig. 1F–
H). While the grooming time and average velocity in the 
open field test (Fig.  1D, E), total distance and average 
velocity in the novel objective exploration test (Fig.  1I, 
J) shows no statistically significance, indicating that the 
delirium-like behavior induced by EMP is not related to 
basic physical condition and locomotion of these ani-
mals. The light/dark box test showed that both the dura-
tion and entries into the light box were significantly 
decreased in the EMP group (Fig. 1L, M). The duration 
percentage in the novel arm of the Y-maze was decreased 
in the EMP group, while the entries into the novel arm 
showed no significant difference between sham and EMP 
group in the Y-maze test (Fig.  1O, P). The novel objec-
tive recognition test showed that both the recognition 
idex and exploration time of the novel object were sig-
nificantly decreased in the EMP group (Fig. 1R, S). These 
behavioral test results revealed that EMP irradiation 
induced delirium-like neuropsychiatric disorders in rats.

Fig. 1  EMP irradiation induces delirium-like neuropsychiatric disorder in rats. A Representative images of movement tracks in open field test (OFT) 
for sham and EMP irradiated rats. B–E Total distance (B), percentage of distance in the center (C), Grooming time (D) and average velocity in OFT 
(E). *p < 0.05, **p < 0.01 (n = 6 rats in each group, unpaired t-test). F Trace plot of the novel object exploration test (NET) for sham and EMP irradiated 
rats. G–J Lantency (G), time to explore the novel object (H), total distance (I) and average velocity in NET (J). *p < 0.05, ***p < 0.001 (n = 6 rats in each 
group, unpaired t-test). K The Trace images of the light/dark box test (LDT) for sham and EMP irradiated rats. L, M Duration (L) and entries (M) in 
the light box. *p < 0.05 (n = 6 rats in each group, unpaired t-test). N Representative motion traces from the Y maze test (YMT) for sham and EMP 
irradiated rats. O, P Duration (O) and entries (P) in novel arm. *p < 0.05 (n = 6 rats in each group, unpaired t-test). Q Trace plot of the novel object 
recognition test (NOR) for sham and EMP irradiated rats. R, S Recognition index (R) and time to explore the novel object (S). *p < 0.05, ***p < 0.001 
(n = 6 rats in each group, unpaired t-test)

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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Identification of DELs and DEMs
We collected forebrain tissue from rats in EMP and 
sham group for RNA sequencing. After pre-processing 
the microarray data, DELs and DEMs between the EMP 
and sham groups were identified. As shown in Fig.  2A, 
B, 266 mRNAs were differentially expressed between the 
two groups, including 156 upregulated and 110 down-
regulated mRNAs. A total of 41 differentially expressed 
DELs were identified, with 23 upregulated and 18 down-
regulated DELs (Fig. 2C, D). The distribution of the iden-
tified DELs in all chromosomes is shown in Fig.  2E. To 
categorize the DELs, intergenic lncRNAs represented 
the largest category (95%) of all DELs, in which 51% were 
intergenic convergent and 44% were intergenic divergent. 
The remaining 5% of lncRNAs were genic, containing 
2.5% that was genetic intronic antisense (GIAS) and 2.5% 
that was genetically overlapped with the same strand 
(GOS) (Fig. 2F). These results indicate DELs between the 
EMP and sham groups are mainly produced in the mid-
dle region of the two coding genes.

GO and KEGG analysis of DEMs
To obtain a primary understanding of the biological 
functions and pathways of the DEMs, gene ontology 
(GO) annotation and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway analyses were conducted. For 
biological process (BP), the DEMs were mostly associ-
ated with nerve development, glutamatergic neuron dif-
ferentiation, phenol-containing compound biosynthetic 
processes and phenol-containing compound metabolic 
processes. The functions of these DEMs in the cellular 
component (CC) mainly concentrated on the external 
side of the plasma membrane, chloride channel complex 
and glycinergic synapse. The main molecular functions 
(MF) that were significantly enriched in DEMs were ion 
channel activity, G protein-coupled peptide receptor 
activity, organic hydroxy compound biosynthetic pro-
cess, phenol-containing compound biosynthetic process 
and phenol-containing compound metabolic process 
(Fig.  3A). KEGG pathway analysis demonstrated that 
these DEMs were significantly enriched in the seroton-
ergic synapse, tryptophan metabolism and the synaptic 
vesicle cycle (Fig.  3B). ClueGO, a functional plug-in in 
Cytoscape that annotates gene ontology, indicated that 
the DEMs were mainly associated with the biological 

processes of nerves, including nerve development, neu-
ron fate specification, neurotransmitter biosynthetic 
process and neuromuscular process controlling bal-
ance (Fig. 3C). Together, these results suggest that EMP 
induced delirium-like neuropsychiatric disorders may be 
related to the synthesis, metabolism and reuptake of neu-
rotransmitters in rats’ brain.

The prediction of the biological function of lncR-
NAs was based on annotations of the corresponding 
mRNAs functions. To construct a differentially expressed 
lncRNA-mRNA co-expression network, we calculated 
the correlation between DELs and DEMs using Pearson 
analysis. Our results revealed 61 differentially expressed 
lncRNA-mRNA pairs, including 18 DELs and 56 DEMs 
(Fig. 4A, Additional file 3: Table S3). Co-expressed DEMs 
were mostly enriched in synapse- and metabolic-related 
pathways, such as serotonin metabolic process, seroton-
ergic synapse, tryptophan metabolism, ECM-receptor 
interaction and primary amino compound metabolic 
processes (Fig. 4B, C).

The regulatory mechanisms of DELs
Next, we determined the cis- and trans-regulatory roles 
of DELs in gene expression based on the interaction 
between DELs and DEMs. Gene transcripts within 300 kb 
upstream or downstream of the DELs on the same chro-
mosome were considered cis-regulated genes. A total of 
18 DELs were identified to regulate their corresponding 
nearby coding genes in a cis-manner (Fig.  5A). In addi-
tion, lncRNAs can modulate target gene expression by 
interacting with transcription factors (TFs). We identified 
10 TFs and established a differentially expressed DEL-
TF network, of which AABR07042999.1 corresponded 
to nine TFs (Fig. 5B). Furthermore, the isolated mRNAs 
in the co-expression network were used to establish the 
DEL-TF-mRNA regulatory network (Fig. 5C).

Construction of ceRNA network
According to the ceRNA hypothesis, ceRNAs act as 
miRNA sponges to indirectly regulate gene expression. 
To further explore the regulatory role of DELs in neurons 
following EMP stimulation, 51 differentially expressed 
lncRNA-miRNA pairs and 290 miRNA-mRNA pairs 
were predicted using the miRanda online tool to con-
struct a DEL-miRNA-mRNA network (Fig.  6A). The 

(See figure on next page.)
Fig. 2  Identification of DELs and DEMs. A, B Volcano plot (A) and heatmap (B) of the mRNAs between rats in sham and EMP groups. Red and 
blue dots in (A) and lines in (B) indicate significant upregulated and downregulated genes, respectively. C, D Volcano plot (C) and heatmap (D) of 
the lncRNAs between rats in sham and EMP groups. Red and blue dots in (C) and lines in (D) indicate significant upregulated and downregulated 
genes, respectively. E The distribution of these identified DELs in all chromosomes. Chromosomes of rats are shown from left to right, with red 
squares for up-regulated differential lncRNAs and blue triangles for down-regulated differential lncRNAs. F The categorization of DELs: intergenic 
convergent (IC, 51%), intergenic divergent (ID, 44%), genetic intronic antisense (GIAS, 2.5%) and genetic overlapping same strand (GOS, 2.5%). DEMs, 
differentially expressed mRNAs, DELs, differentially expressed lncRNAs
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Fig. 2  (See legend on previous page.)
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Fig. 3  GO and KEGG analysis of DEMs. A Bubble plot of representative GO enrichment results of differentially expressed genes after EMP exposure. 
B Bubble plot of the enriched KEGG pathways. C Enriched GO network groups using ClueGO. DEMs, differentially expressed mRNAs; GO, Gene 
ontology; ClueGO, a functional plug-in in Cytoscape that annotates ontology of DEMs
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DEL-miRNA-DEM network was constructed by overlap-
ping the mRNA in the ceRNA network and the DEMs 
between the EMP and sham groups (Fig.  6B). LncR-
NAs such as AABR07042999.1, AABR07061455.1 and 
AABR07033270.1 can form ceRNA interaction pairs 
with several different miRNAs and mRNAs. These find-
ings provide new insights into the mechanism of EMP-
induced neurobehavioral disorders.

Validation of DELs and DEMs by qRT‑PCR
Delirium is a syndrome characterized by diffuse and tem-
porary brain damage and disfunction [15]. In rodents, 
the main cognitive and learning deficits of delirium-like 
neuropsychiatric disorders are associated with the dys-
function in the prefrontal cortex (PFC) or hippocampus 
(HIP). Having observed profound transcriptome changes 
in the forebrain tissues of the EMP irradiation-exposed 

animals, we thus validated the reliability of the RNA 
sequencing selected by differentially expression analy-
sis (Fig. 2), by qRT-PCR in the PFC and HIP. In the EMP 
group, lncRNA AABR07042999.1 and co-expressed 
mRNA Tph2, Slc6a4, Dbh, and Th were upregulated in 
both the PFC and HIP after EMP exposure when com-
pared to the sham control (Fig. 7A–L).

EMP‑induced neurotransmitter changes in the PFC 
and hippocampus
We also confirmed that aberrant gene expression changes 
were associated with neurotransmitter changes in the 
PFC and HIP. ELISA showed that the concentrations 
of 5-HT, NE, and DA were increased in both the PFC 
(Fig.  7M, O and S), and HIP (Fig.  7N, P and T) after 
EMP exposure, while there was no significant difference 

Fig. 4  Construction of DEL-DEM co-expression network. A DEL-DEM co-expression network. Oval represents mRNA while triangle indicates lncRNA. 
The larger size of oval indicates the stronger correlation. B GO biological process enrichment analysis of the co-expressed mRNAs. C KEGG pathway 
enrichment analysis of the co-expressed mRNAs
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in epinephrine concentration between EMP and sham 
groups (Fig. 7Q and  R).

Discussion
The degree of EMP-induced health hazards is corre-
lated to the intensity of the radiation source and irra-
diation time. The brain is vulnerable to EMP radiation, 
which often results in abnormal behavior and impaired 
cognitive function. There is evidence that long-term 
exposure to EMP (50 kV/m, 100 pulses, 12–18 months) 

leads to cognitive decline in rats by increasing Aβ accu-
mulation in the brain [5]. Repeated EMP exposure 
(400 kV/m, 200 pulses, 3 days) causes a series of biolog-
ical effects such as microglial activation, neuroinflam-
mation, neuronal apoptosis, and cognitive impairment 
[4]. In this study, we found that a single exposure to 
EMP (700  kV/m, 400 pulses) induced delirium-like 
neuropsychiatric disorders. Our objective was to mimic 
the brain function and behavioral alterations in animals 
after a momentary exposure to the EMP environment 
and investigate the possible molecular mechanism for 

Fig. 5  The regulatory mechanisms of DELs. A The cis-Regulatory relationship between lncRNA and protein-coding genes. Y-axis represents lncRNA 
position in chromosome. X-axis represents cis-Regulatory DEL and DEM pairs. B DEL-TF network. The rhomboid represents the transcription factor. 
The triangle represents the lncRNA. C DEL-TF-mRNA regulatory network. The combination of DEL-TF network and DEL-DEM co-expression network. 
The oval represents the mRNA, with up-regulated genes marked with yellow and down-regulated genes marked with green
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the neuropsychiatric effects using RNA sequencing 
combined with bioinformatics analysis.

Delirium may be the result of dysfunction of multiple 
interacting neurotransmitter systems. Changes in the lev-
els of various amino acids being precursors of cerebral 
neurotransmitters may affect their function and, thus, 
contribute to the development of delirium. In the pre-
sent study, lncRNA sequencing was used to investigate 
changes in mRNA and lncRNA expression after EMP 
radiation. Bioinformatics analysis determined 266 DEMs 
and 41 DELs. Further GO functional enrichment analy-
sis and KEGG pathway analysis performed on DEMs 

revealed serotonergic synapses, tryptophan metabolism, 
neurotransmitter biosynthetic processes, neuromuscu-
lar process controlling balance related to the rat nervous 
system. This is consistent with previous reports that neu-
rotransmitter disorders play a crucial role in the develop-
ment of delirium, especially the dopamine, acetylcholine, 
and serotonergic systems [16]. Here, we aimed to under-
stand the regulatory mechanisms and functions of DELs 
in rats. However, most rats’ lncRNAs were not func-
tionally annotated and had rarely been studied. There-
fore, we constructed a co-expression network between 
DELs and DEMs. The regulatory function of lncRNAs 

Fig. 6  Construction of ceRNA network. A CeRNA interaction network of DELs-miRNA-mRNA. B CeRNA interaction network of DEL-miRNA-DEM. The 
triangle represents the lncRNA, the arrows represents the miRNA and the oval represents the mRNA

Fig. 7  QRT-PCR validation and neurotransmitter determination in the prefrontal cortex (PFC) and hippocampus (HIP). A, B LncRNA AABR07042999.1 
were upregulated in the PFC and HIP. C, D Tph1 shows no significant difference in the PFC and HIP. Tph2 (E, F), Slc6a4 (G, H), Dbh (I, J) and Th (K, L) 
were upregulated in both PFC and HIP after EMP exposure. The concentrations of 5-HT (M, N), NE (O–P) and DA (S, T) were increased in both PFC 
and HIP. There is no significant difference in epinephrine concentration between the two groups (Q and R). *p < 0.05, **p < 0.01, ***p < 0.001 (n = 6 
mice in each group, unpaired t-test)

(See figure on next page.)
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Fig. 7  (See legend on previous page.)
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was indirectly predicted by mRNA co-expression with 
lncRNAs. Co-expressed DEMs were mostly enriched in 
synapse- and metabolism-related pathways, such as sero-
tonin metabolic processes, serotonergic synapses, and 
tryptophan metabolism.

LncRNAs can function in cis- or trans-configurations 
of gene coding [17]. Eighteen DELs were identified as 
transcriptional regulators of nearby coding genes in a 
cis-configuration. For trans-configurations, the lncRNA 
AABR07042999.1 was found to modify nine TFs. In the 
lncRNA-TF-mRNA co-expression network, we only 
identified that lncRNA AABR07042999.1 - En2 - Slc6a4 
might participate in EMP induced neurotransmitter 
disorders. Since lncRNA may act as a ceRNA to sponge 
miRNA and indirectly regulate gene expression [18], we 
also constructed a DEL-miRNA-DEM network analysis. 
LncRNA AABR07042999.1 and its co-expressing coding 
genes Tph1, Tph2, and Slc6a4 were involved in the syn-
thesis and reuptake of 5-HT, and Th and Dbh encoding 
key enzymes in the production of DA and NE. Mono-
amine transmitters represented by 5-HT, DA and NE 
are the main neurotransmitters involved in mental and 
emotional activities. 5-HT is one of the neurotransmit-
ters that may play an important role in medical and sur-
gical delirium. Normal serotonin synthesis and release 
in the human brain is, among others, dependent on the 
availability of its precursor tryptophan (Trp) from blood. 
Both increased and decreased serotonergic activity have 
been associated with delirium [19, 20]. This is in consist-
ent with the KEGG analysis that DEMs after EMP radia-
tion were enriched in Trp metabolism. DA may play an 
important role in the pathophysiological mechanism 
of delirium. Clinical application of levodopa promotes 
the occurrence of delirium [21] and haloperidol, a DA 
receptor inhibitor, effectively improves the psychiatric 
symptoms of delirium [22]. Therefore, we speculate that 
the lncRNA AABR07042999.1 might act as a ceRNA to 
sponge miRNA and indirectly regulate Tph2, Slc6a4, 
Dbh, and Th expression in the EMP-induced delirium-
like neuropsychiatric disorders.

In summary, a series of bioinformatic analyses, includ-
ing differential expression, chromosomal localization, 
classification, and functional enrichment of lncRNA and 
mRNA in rats, were conducted to explore the changes 
of lncRNA in forebrain after EMP exposure in rats. The 
lncRNA co-expression and ceRNA networks were con-
structed to explore the potential regulatory mechanisms 
for lncRNAs in EMP associated neurotransmitter disor-
ders and delirium-like neurobehavioral changes. However, 
other than the PFC and hippocampus, other brain regions 
such as the amygdala and striatum are also important in 
delirium-like neuropsychiatric disorders [16] and qPCR 

and ELISA confirmation will be carried out in amygdala 
and striatum. Future functional experiments will also be 
needed to provide a complete picture of the neuropsychi-
atric effects of EMP exposure on the brain.

Methods and materials
Animals
Male Sprague–Dawley (SD) rats weighing 200 ~ 250  g, 
with free access to food and water, were purchased from 
the Experimental Animal Centre of the Air Force Mili-
tary Medical University (Xi’an, China). The animals were 
housed in a temperature-controlled room and exposed to 
a 12-h light/dark cycle, then acclimated to the environ-
ment for 7 days before the experiments. The experimen-
tal protocol was approved by the Ethics Committee for 
Animal Experimentation.

EMP exposure system
As previously described, an all-solid-state nanosecond 
generator was used [23]. Briefly, an electromagnetic pulse 
was executed through a spark gap generator and trans-
mitted into a gigahertz transverse electromagnetic cell. 
This setup delivered peak intensity 700 kV/m, 1 Hz elec-
tromagnetic pulse, and the total pulse repetition was 400. 
A Tektronix 7000B oscilloscope (Tektronix, Beaverton, 
OR) was used to observe the pulse waveform. During the 
experiment, all SD rats were kept in transparent plastic 
boxes measuring 20 cm × 8 cm × 8 cm. EMP group ani-
mals were totally exposed to EMP radiation while sham 
group rats were placed in the EMP exposure space but 
not radiated. The body temperature measurement before 
and after EMP exposed showed no significant changes.

Open field test
As previously described, we use open field test measures 
hyperactivity through locomotion and anxious behavior 
[24]. The apparatus was a black plastic open arena with-
out any bedding (40  cm × 40  cm × 30  cm, L × W × H), 
which was placed under diffuse even lighting (30  lx). A 
center zone (17.5  cm L × 17.5  cm W) was identified and 
marked using Tracking Master V3.0 software (Shanghai 
Vanbi Intelligent Technology Co., Ltd.) and a camera 
directly overhead connected to Tracking Master V3.0 
software tracked the movement of the animals. Rats were 
placed in the center of the box and allowed to explore the 
arena for 10 min, and the dependent measures were: total 
time spent in the center divided by total exploration time 
and distance traveled in the center divided by total dis-
tance traveled. The apparatus was cleaned with 70% etha-
nol after each rat was tested.
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Y maze test
It has been demonstrated that the Y-maze test can be a 
reliable, noninvasive way to assess cognitive changes in 
rats through the measurement of their spontaneous alter-
nation behavior [25]. The maze used in the our study con-
sisted of three arms (35 cm × 10 cm × 25 cm, L × W × H) 
and an equilateral triangular central area. Rats were 
placed at the end of one arm and allowed to explore only 
two arms of the maze during a 10 min period. They were 
not permitted to explore the third arm (novel arm) of the 
maze. Arm entry was quantified when an animal had its 
hind paws completely within a maze arm. The novel arm 
entries and the duration were recorded. The maze was 
carefully cleaned with 70% ethanol between each rat was 
tested to minimize odor cues.

Novel object recognition test
Novel object recognition test was conducted in an open-
field arena. Briefly, the animals were placed in the field 
with two identical objects positioned at an equal dis-
tance. On the consecutive day, the rats were allowed to 
explore the open field in the presence of a familiar object, 
and a novel object to test recognition memory. The time 
spent exploring each object and the recognition index 
percentage were recorded [26].

Novel object exploration test
Novel object exploration test was performed as previ-
ously described [27]. Briefly, Rats were placed in the 
center of the open field arena, and allowed to explore the 
arena 30 min for training, then returned to homecage for 
5 min, during which time a novel object was placed in the 
center of the open field. The rat was then placed back into 
the chamber and allowed to explore the test arena con-
taining the novel object for 10  min while video record-
ing. Latency of novel object exploration and the times 
of novel object exploration were recorded for further 
analysis.

Light/dark box test
The light/dark box is another test to assess rats’ explor-
ative behavior and anxiety [28]. The light–dark box 
(32  cm × 40  cm × 30  cm, L × W × H) consists of two 
equal chambers: a white walled light chamber and a black 
walled dark chamber. There is an opening within the box 
at the base for the exploratory behaviour. To begin each 
test session, a rat was placed in the light area for 5 min 
and allowed to move between both the compartments 
inside the apparatus, a digital camera mounted directly 

recognition index =
time spent studying the novel object

time spent studying the novel object + time spent studying the familiar object
×100%

above the apparatus recorded the total time spent in 
light and dark section with transition between two sec-
tions during the test session (Tracking Master V3.0 soft-
ware (Shanghai Vanbi Intelligent Technology Co., Ltd.)). 
The box was cleaned with 70% ethanol at the end of the 
recording sequence for each rat.

Data resource and processing
In EMP group, only rats that presented with delirium-
like behavior were selected for RNA-sequencing then 
subjected to bioinformatics analysis. For forebrain tissue 
collection, rats were immediately decapitated after the 
behaviour tests with minimizing suffering procedures. 
Total RNA was extracted with Trizol reagent (Invitrogen, 
Carlsbad, CA, USA). Amount of 3 μg total RNA for each 
sample was used as input material for the RNA sequenc-
ing sample preparations. RNA sequencing libraries were 
generated using the NEBNext Ultra Directional RNA 
Library Prep Kit (Illumina) from total RNA.

Quality assessment and preprocessing of raw sequenc-
ing data were essential for the high-level analysis of the 
subsequent study. In our study, FastQC software (http://​
www.​bioin​forma​tics.​bbsrc.​ac.​uk/​proje​cts/​fastqc) was 
utilized to check the quality of raw sequencing data. 
Then, the low-quality sequencing data and adapters were 

excluded by the Trimmomatic software. Afterward, the 
STAR tool was used to map the alignment of reads with 
the Rat reference genome (Rnor_6.0 (GCA_000001895.4). 
Finally, the HTSeq-count was performed to calculating 
the raw read-count and calculated the expression abun-
dance of lncRNAs and mRNAs.

Differentially expression analysis
After processing the sequencing data, DESeq2 package 
in R was applied for the differentially expressed analysis. 
The lncRNAs and mRNAs met the selection criteria of 
P < 0.05 and |log2(Fold Change)|> 1 were considered as 
significantly differentially expressed between the EMP 
and sham groups (Additional file 1: Table S1, Additional 
file 2: Table S2).

DELs categorization
Based on modifications of the previous classification [29], 
we classified rat lncRNAs according to their gene posi-
tions related to the most proximal protein-coding genes. 
The lncRNA genes were first considered as intergenic and 
genic according to whether they intersect a protein-cod-
ing gene. Intergenic lncRNAs were further categorized 

http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc
http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc
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as convergent (IC) and divergent (ID) depended on their 
transcribed from the same or opposite strand. Genic 
lncRNAs were further classified into genic exonic (genic 
exonic same strand (GES) and genic exonic antisense 
(GEAS)), genic intronic (genic intronic same strand (GIS) 
and genic intronic antisense (GIAS)), or overlapping 
(genic overlapping same strand (GOS) and genic overlap-
ping antisense (GOAS)) based on they overlapped with 
the exons or introns of a protein-coding gene.

DEL‑DEM co‑expression analyses
For co-expression analyses of identified DELs and DEMs, 
the Pearson correlation analysis was performed to assess 
the relationship between the expression level of DELs 
and DEMs. The lncRNA-mRNA co-expression network 
was visualized by the Cytoscape software. |Pearson Cor-
relation Coefficient (PCC)|> 0.9 and P-value < 0.05 were 
was set to indicate a co-expression correlation.

Functional enrichment analysis
To explore the latent biological functions and pathways 
of the DEMs between EMP and normal groups and 
mRNAs identified from the co-expression network men-
tioned above, GO annotation and KEGG pathway analy-
ses were conducted with the R package clusterProfler. 
Besides, DEMs were further submitted into the ClueGO, 
a plug-in Cytoscape, to establish a function network of 
GO enrichment analysis. P < 0.05 was regarded as the 
cut-off criterion.

Cis‑ and trans‑regulated analysis of DELs
Previous studies suggested that lncRNAs regulated tran-
scription of their nearby genes by acting in cis- and trans-
manners. For cis prediction, the genes located on the 
same chromosome within a 300  kb region upstream or 
downstream of lncRNAs were identified as cis-regulated 
genes. For trans prediction, we focused on that lncR-
NAs might regulate the expression levels of transcription 

factors (TFs) via the trans manner. Hence, the mRNAs 
co-expressed with lncRNAs were interacted with TFs 
obtained from the AnimalTFDB database to identify the 
trans-regulated genes.

Construction of the ceRNA co‑expression network
We used the miRanda database to predict the bind-
ing between these miRNAs-lncRNAs/miRNAs using 
the threshold of score ≥ 150 and energy ≤ -25  kcal/mol. 
Then, the Cytoscape software was applied to construct a 
lncRNA-miRNA-mRNA network based on the lncRNA-
miRNA pairs and miRNA-mRNA pairs.

RT‑qPCR validation
Because delirium is a neurobehavioral syndrome caused 
by a transient disruption of normal neuronal activity 
mediated by alteration in neurotransmitter and neuronal 
network function [30], we chosen several neurotrans-
mitter related DE mRNAs, and their co-expressed DE 
lncRNAs for validation of the RNA-sequencing results 
in EMP versus sham rats using qRT-PCR. In brief, total 
RNA was extracted from liquid nitrogen-frozen pre-
frontal cortex and hippocampus tissues. Each reverse 
transcription reaction consisted of 0.5  μg RNA, 2  μl 
of 5 × TransScript All-in-one SuperMix for qPCR and 
0.5 μl of gDNA Remover, in a total volume of 10 μl. Reac-
tions were performed in a GeneAmp® PCR System 9700 
(Applied Biosystems, USA) for 15 min.

Real-time PCR was performed using LightCycler® 
480 II Real-time PCR Instrument (Roche, Swiss) and 
then reactions were incubated in a 384-well optical plate 
(Roche, Swiss) at 94℃ for 30 s, followed by 45 cycles of 
94℃ for 5 s, 60℃ for 30 s. Each sample was run in trip-
licate for analysis. The primer sequences were designed 
in the laboratory and synthesized by TsingKe Biotech 
based on the mRNA sequences obtained from the NCBI 
database are shown in Table  1. The expression levels of 

Table 1  Primer sequences of changed lncRNAs and four mRNAs

Gene symbol GeneBank Forward primer Reverse primer

AABR07042999.1 ENSRNOG
00000058341

CTG​CAA​GTG​GTG​ACA​GAT​G TGA​CCA​AGG​GAG​GGA​AGA​

Tph1 ENSRNOG
00000011672

CAT​ATT​GAG​TCC​CGG​AAA​TCG​ AGC​TGT​TCT​CGG​TTG​ATG​

Tph2 ENSRNOG
00000003880

TTT​CTG​ACA​AGG​CGT​GTG​TAA​ TAA​GCA​TCT​TGG​AAG​GTG​GT

Slc6a4 ENSRNOG
00000003476

ACA​CGG​TCC​TAA​CCA​CTA​T GTG​TCA​CCA​TCG​AAT​GTG​GTA​

Dbh ENSRNOG
00000006641

GGA​ACG​TCA​GCT​ATG​ACC​A TCG​ATC​CGA​CAT​TCC​GAA​CA

Th ENSRNOG00000020410 TGT​CAC​GTC​CCC​AAG​GTT​CA TGT​ACC​CCT​CAG​GGA​GAA​GAG​
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mRNAs were normalized to (GAPDH, ACTB) and were 
calculated using the 2−ΔΔCt method [31].

ELISA
Rats were immediately decapitated after the EMP or 
sham irradiation and prefrontal cortex and hippocam-
pus was removed in ice. The tissue were centrifuged at 
4 °C, 3000g for 15 min, The levels of 5-HT, DA, epineph-
rine and NE were measured by ELISA kits (Elabscience, 
Wuhan, China) according to the manufacturer’s instruc-
tion [32].

Statistical analysis
Data are expressed as mean ± SEM. Unpaired t-test 
with Welch’s correction was performed for compari-
son between two groups. The distribution of DELs in 
the chromosome was drawn by the RIdeogram tool. The 
value of P < 0.05 was regarded as a statistical difference.
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