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Effects of intrathecal bupivacaine on the NR2B/CaMKIIlo/CREB
signaling pathway in the rat lumbar spinal cord
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Abstract. Neuraxial anesthesia produces an anesthetic-
sparing, sedative effect. The mechanism underlying
this effect potentially involves decreased spinal afferent
input. However, the neurochemical mechanisms at the
spinal level remain unknown. The N-methyl-D-aspartate
receptor 2B subunit/calcium-calmodulin-dependent protein
kinase II a/cAMP response element-binding protein
(NR2B/CaMKIIa/CREB) signaling pathway serves an impor-
tant role in regulating the transmittance of peripheral noxious
stimulation to supraspinal regions in the process of nocicep-
tion. The present study investigated the effects of intrathecal
bupivacaine on the NR2B/CaMKIIa/CREB signaling pathway.
Following catheterization, 36 male Sprague-Dawley rats were
randomly assigned to a normal saline (NS) or bupivacaine
treatment group, in which each rat intrathecally received 20 pl
normal saline or 0.5% bupivacaine, respectively. The expression
levels of NR2B, CaMKIla/p-CaMKIlIa, and CREB/phosphor-
ylated (p)-CREB in the lumbar spinal cord were investigated
by western blotting, reverse transcription-quantitative poly-
merase chain reaction and immunohistochemistry (IHC).
Following bupivacaine treatment, western blot analysis
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demonstrated that the protein expression levels of NR2B,
p-CaMKIlIa, and p-CREB in the spinal cord were reduced by
approximately 54,56 and 33%, respectively, compared with NS
control rats. Similar alterations in expression were observed by
THC analysis. Additionally, mnRNA expression levels of NR2B,
CaMKIla, and CREB were also downregulated following the
intrathecal administration of bupivacaine. Therefore, the seda-
tive effect of subarachnoid blockade with bupivacaine possibly
occurs through de-afferentation, which may reduce cortical
arousal by downregulating the spinal NR2B/CaMKIIla/CREB
pathway in vivo, however further investigation is required in
order to verify this.

Introduction

Combined neuraxial and general anesthesia markedly
reduces the sedative/anesthetic requirements of general anes-
thetics (1-3). Similar sensorial levels with neuraxial anesthesia
reduce the need for propofol in similar amounts (4), and
the high spinal blocking is associated with increased seda-
tion (5). Previous studies have indicated that the sensorial
levels of epidural and spinal anesthesia serve a key role in
de-afferentation-dependent sedation. These findings have been
verified by further studies, demonstrating that neuraxial anes-
thesia affects the degree of subcortical arousal via peripheral
de-afferentation (6,7). This may occur principally through the
ablation of ascending nociceptive information transmission,
which reduces arousal from surgical stimuli. A second subtle
mechanism of neuraxial anesthesia may involve the blockade
of motor and sensory activities, leading to reduced arousal
even in the absence of any noxious stimuli (8-10).

Local anesthetics (LAs) including bupivacaine may not
only block sodium channels, however may also affect synaptic
transmission, modulate neurotransmitter release and interact
with numerous other membrane proteins (11-13). These actions
of LAs suggest that they may exert effects on glutamatergic
synaptic transmission (11). Although sensory de-afferentation
in the spinal cord may explain the sedative effect of neuraxial
anesthesia, the neurochemical basis of de-afferentation-depen-
dent sedation remains unknown. There is a lack of data on
the neurochemical alterations that occur in the spinal cord
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following subarachnoid blockade with bupivacaine, particu-
larly regarding synaptic transmission, which may be important
for de-afferentation-dependent sedation during spinal anes-
thesia (14). In the transmission of somatosensory activity
from the periphery to the brain, the N-methyl-D-aspartate
(NMDA) subtype of glutamate receptors is considered to be
essential (15,16).

In the present study, subarachnoid bupivacaine blockade
was hypothesized to produce a sensory de-afferentation
by downregulating the N-methyl-D-aspartate receptor 2B
subunit/calcium-calmodulin-dependentproteinkinasella/cAMP
response element-binding protein (NR2B/CaMKIIa/CREB)
excitatory signaling pathway in the spinal cord. To test this
hypothesis, the effect of intrathecal bupivacaine at clinically
relevant concentrations was investigated on the expression levels
of NR2B, CaMKIla/p-CaMKIla, and CREB/p-CREB in rat
lumbar spinal cord samples. The NR2B subunit of the NMDA
receptor was investigated as it is considered to be specifically
required for nociceptive afferents (16).

Materials and methods

Animals. The present study was approved by the Ethics
Committee of Ningxia Medical University (Yinchuan, China).
A total of 47 adult male Sprague-Dawley (SD) rats (weight,
280-320 g; age, 7-8 weeks) were obtained from the Animal
Center of Ningxia Medical University. All of the procedures
were performed in accordance with the National Institute of
Health guidelines on animal care. Rats were housed in sepa-
rate plastic cages with unlimited access to water and food,
and kept in temperature-controlled rooms (20-24°C, relative
humidity 50-60%) under a 12/12 h light/dark cycle (with the
dark cycle beginning at 7:00 p.m.). All experiments were
conducted during light hours.

Catheter modification and intrathecal catheter placement.
Rats were allowed to acclimate to the laboratory environ-
ment for 3 days. A rat model of intrathecal catheterization
was established as previously described (17). To construct the
intrathecal catheter, sections of polyethylene tubing of sizes
PE-20 (8 cm) and PE-10 (2 cm) were connected to each other to
produce a catheter with a decreasing diameter profile. Animals
were anesthetized with an intraperitoneal (i.p.) injection of
pentobarbital sodium at a dose of 60 mg kg'. A longitudinal
1.5-cm incision was made in the lumbar L,-Ls vertebra of each
rat placed in a prone position. One end of the small profiled
catheter was inserted into the subarachnoid space through
the incision, while the other was tunneled subcutaneously
toward the occiput, exposing the distal tip out of the neck
skin. Cefazolin sodium (100 mg) was injected intramuscu-
larly to prevent infection. Following 24 h of catheterization,
all rats with any sign of neurological deficit, infection, cath-
eter displacement, or clogging, and those without bilateral
lower extremity paralysis following intrathecal injection of
15 pl 2% lidocaine (Yinhu Shiyao Pharmaceutical Co, Ltd.,
Yuncheng, Shanxi, China) within 5 min, were excluded from
the study.

Treatment groups. Following catheterization, 36 male SD
rats were included and assigned to a normal saline (NS)
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group (n=18) or a bupivacaine (Bup) group (n=18). Each rat
was intrathecally administered once with 20 pul saline solu-
tion or 0.5% bupivacaine (Shanghai Zhaohui Pharmaceutical
Co, Ltd., Shanghai, China) and injected for 10 sec. From each
group, samples from six rats were used for western blotting,
samples from another six rats were used for reverse tran-
scription-quantitative polymerase chain reaction (RT-qPCR),
and samples from the remaining six rats were used for
immunohistochemical (IHC) analysis.

Western blot analysis. Following 10 min of intrathecal
administration of bupivacaine or saline, the rats were sacri-
ficed by spinal dislocation. The lumbar enlargement of the
spinalrd, which was estimated to be in the L;-L; region (18),
was collected and homogenized in lysis buffer (Nanjing
KeyGEN Biotech, Co., Ltd., Nanjing, China). The homog-
enate was centrifuged at 4°C and 14,000 x g for 15 min. The
supernatant (50 pug per sample, as quantified by a bicincho-
ninic acid protein assay kit (Nanjing KeyGEN Biotech, Co.,
Ltd.) was separated on 8% SDS-PAGE and transferred onto
nitrocellulose membranes (GE Healthcare Bio-Sciences,
Pittsburgh, PA, USA). Following incubation in 5% non-fat
milk for 2 h at room temperature, membranes were incubated
with primary antibodies against GAPDH (10494-1-AP;
1:2,000; ProteinTech Group, Inc., Chicago, IL, USA), NR2B
(21920-1-AP; 1:1,000; ProteinTech Group, Inc.), CaMKIla
(13730-1-AP; 1:1,000; ProteinTech Group, Inc.), CREB (9197,
1:900; Cell Signaling Technology, Inc., Danvers, MA, USA),
phosphorylated (p)-CaMKIla (11278; 1:700; Signal-Aldrich;
Merck KGaA, Darmstadt, Germany), and p-CREB (9198;
1:600; Cell Signaling Technology, Inc., USA) at 4°C overnight.
Following washing, the membranes were incubated at room
temperature for 2 h with secondary antibody (goat anti-rabbit
IgG, SA00001-2; 1:2,000; ProteinTech Group, Inc.). Following
washing with TBS with Tween-20, blots were visualized with
an enhanced chemiluminescence kit (32109; Pierce; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) and subsequently
analyzed densitometrically with a western blotting detec-
tion system (Quantity One software version 4.6.2; Bio-Rad
Laboratories, Inc., Hercules, CA, USA). Results were
normalized to the protein level of GAPDH in each sample.

Quantification of the spinal cord mRNA expression levels.
RT-qPCR analysis was conducted following a previously
described method (19). Total RNA from the spinal cord
(L,-L;) tissue was isolated with a Total RNA Miniprep Kit
(Axygen A; Corning Incorporated, Corning, NY, USA) and
reverse transcribed into cDNA (TransGen Biotech, China).
Primer sequences used for PCR are presented in Table I. PCR
was performed inaLight Cycler system (qTOWER 2.0; Analytic
Jena AG, Jena, Germany), using SYBR Green I dye (TransGen
Biotech, Beijing, China) to detect the mRNA expression
levels of NR2B, CaMKIlIa, CREB, and GAPDH. The cDNA
products (3.5 pl), 10 uM forward primer (1 pl), 10 uM reverse
primer (1 ul), and 2XTransStart Top Green qPCR SuperMix
(12.5 pl) were mixed and added with double distilled water to
obtain a total reaction volume of 25 pl. The reaction conditions
were 50°C for 2 min, 95°C for 10 min, and 40 cycles of 30 sec
at 94°C and 30 sec at 60°C. Data were analyzed by the 2-44¢4
method, using GAPDH as a reference gene (20).
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Table I. Primer sequences and annealing temperatures.
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Annealing
Primer Forward sequence (5'-3") Reverse sequence (5'-3") temperature ("C)
GAPDH ACAGCAACAGGGTGGTGGAC TTTGAGGGTGCAGCGAACTT 59
NR2B CCTTCCTGCCAGAGTGAGAG CCTCTTCTCGTGGGTGTTGT 60
CaMKII CTGAACCCTCACATCCACCT ACACGGGTCTCCTCTGACTG 59
CREB CATGGACTCTGGAGCAGACA CTGGGCTAATGTGGCAATCT 57

NR2B, N-methyl-D-aspartate receptor subunit B; CaMKII, calcium/calmodulin-dependent protein kinase II; CREB, cAMP-response

element-binding protein.
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Figure 1. Intrathecal bupivacaine reduces the expression of NR2B in rat spinal cord tissue. (A) Protein expression of NR2B as measured by western blot
analysis; (B) mRNA expression of NR2B as measured by reverse transcription-quantitative polymerase chain reaction; (C) Protein expression of NR2B as
measured by immunohistochemistry (magnification, x400). Data are expressed as the mean + standard deviation of six rats in each group. “P<0.001 vs. the
NS group. Bup, bupivacaine; NR2B, N-methyl-D-aspartate receptor subunit B; NS, normal saline; OD, optical density.

IHC analysis. Under deep anesthesia with sodium pento-
barbital at a dose of 60 mg kg, six male SD rats from each
experimental group were transcardially perfused with 500 ml
NS, followed by 500 ml 4% paraformaldehyde in PBS. The
spinal cord was removed and post-fixed in 10% formalin solu-
tion for 12 h at 4°C. All samples were embedded in paraffin and
transversely cut into 4-um thick sections with a sliding micro-
tome. Following deparaffinization and hydration, sections
were blocked in 3% H,0, for 10 min at room temperature, and
were incubated with primary antibodies, including anti-NR2B
(ab216621; 1:250; Abcam, Cambridge, UK), anti-p-CaMKIla
(ab5683; 1:300; Abcam), and anti-p-CREB (9198; 1:700; Cell
Signaling Technology, Inc.), for 2 h at 37°C. Slides were washed
with 0.1 M PBS 3 times for 2 min and subsequently incubated
with a goat anti-rabbit secondary antibody (PV-9001; 1:500;
ZSGB-BIO; OriGene Technologies, Inc., Rockville, MD,
USA) for 30 min at 37°C, then stained with diaminobenzidine
(DAB kit; ZSGB-BIO; OriGene Technologies, Inc.) and coun-
terstained with hematoxylin for 30 sec at room temperature.
Images were captured with a light microscope (Olympus
Corporation, Tokyo, Japan). Quantitative image analysis of the
relative optical density (OD) was performed using Image Pro

Plus software version 6.0 (Media Cybernetics, Inc., Rockville,
MD, USA).

Statistical analysis. All analyses were performed with SPSS
software, version 17.0 (SPSS, Inc., Chicago, IL, USA). All
parametric data were presented as the mean + standard devia-
tion. Comparisons between the two groups were performed
with independent samples t-tests. P<0.05 was considered to
indicate a statistically significant difference.

Results

Of the 47 SD rats intrathecally catheterized, 36 were included
in the experiments. Of the rats excluded, five exhibited a
neurological deficit and six exhibited failed catheterization.

Intrathecal bupivacaine decreases NR2B expression in the
spinal cord. Following the intrathecal administration of bupi-
vacaine, protein and mRNA expression levels of NR2B were
decreased by ~54 and 51%, respectively, compared with the NS
rat group (Fig. 1A and B; P<0.001). This was further verified
by IHC analysis, which demonstrated that the NR2B protein
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Figure 2. Intrathecal bupivacaine reduces the expression of p-CaMKIlIa in rat spinal cord tissue. (A) Protein expression of CaMKIlo/p-CaMKIlIa as measured
by western blot analysis; (B) mRNA expression of CaMKIIa as measured by reverse transcription-quantitative polymerase chain reaction; (C) Protein expres-
sion of p-CaMKIIa as measured by immunohistochemistry (magnification, x400). Data are expressed as the mean + standard deviation of six rats in each
group. “P<0.01 vs. the NS group. CaMKII, calcium/calmodulin-dependent protein kinase II; p, phosphorylated; Bup, bupivacaine; NS, normal saline; OD,

optical density.
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Figure 3. Intrathecal bupivacaine reduces the expression of p-CREB in rat spinal cord tissue. (A) Protein expression of CREB/p-CREB as measured by western
blot analysis; (B) mRNA expression of CREB as measured by reverse transcription-quantitative polymerase chain reaction; (C) Protein expression of p-CREB
as measured by immunohistochemistry (magnification, x400). Values are expressed as the mean + standard deviation of six rats in each group. "P<0.05 and
“P<0.01 vs. the NS group. Bup, bupivacaine; CREB, cAMP-response element-binding protein; NS, normal saline; OD, optical density; p, phosphorylated.

expression was decreased by ~50% in the spinal cord tissues
following bupivacaine treatment (Fig. 1C; P<0.001). Together
these observations indicated that the decreased expression of
NR2B is associated with subarachnoid bupivacaine blockade.

Effect of intrathecal bupivacaine on CaMKIla and
p-CaMKllo levels in the spinal cord. Western blotting revealed
that the protein expression level of total CaMKIla in the spinal
cord did not differ between the Bup and NS groups (Fig. 2A;
P>0.05). Compared with the NS group, the mRNA level of
CaMKIlIa was reduced by ~36% in the Bup group (Fig. 2B;
P<0.01). Western blotting and THC indicated that the protein
expression levels of p-CaMKIIa were decreased by ~56 and
32%, respectively in the Bup group compared with the NS
group (Fig. 2A and C; P<0.01).

Effect of intrathecal bupivacaine on CREB and p-CREB
levels in the spinal cord. Based on the results of western

blot analysis, the alterations in the expression of CREB in
the spinal cord were similar to those of CaMKIla (Fig. 3A;
P>0.05). Compared with the NS group, mRNA levels of
CREB were reduced by ~41% in the Bup group (Fig. 3B;
P<0.01). The protein expression level of p-CREB was indi-
cated to be decreased by ~33 and 28% by western blotting and
THC, respectively in the Bup group, compared with the NS
group (Fig. 3A and C; P<0.05 and P<0.01).

Discussion

Sedation during neuraxial blockade was highlighted in
1994 when Tverskoy et al (21) reported that subarachnoid
blockade with bupivacaine reduces the hypnotic requirements
of midazolam and thiopental. In animal (22) and clinical
studies (23,24), these findings were verified, and neuraxial
blocking was reported to elicit sedative effects. While the
neurochemical mechanism underlying the reduced requirement
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for general anesthetic remains poorly understood at the spinal
level, the systemic general anesthetic effects of absorbed local
anesthetics (25) and de-afferentation (26) have been revealed to
be mechanisms that may explain the interaction between local
and general anesthetics. The afferentation theory suggests
that tonic sensory and muscle-spindle activities maintain a
state of wakefulness (26,27). For de-afferentation, neuraxial
anesthesia reduces the spinal afferent input and thus affects
the level of consciousness, enabling decreases in subsequent
doses of the agent to achieve a defined level of sedation (27).
The most speculated mechanism for sedation during neur-
axial anesthesia is the de-afferentation phenomenon, which
affects sensitivity to sedative/anesthetic drugs. Additionally,
afferent somatosensory information, particularly nocicep-
tive information, considerably affects brain activity (28,29).
Complete spinal cord transection immediately slows down
cortical electroencephalogram activity (30,31). Similarly,
the degree of subcortical arousal is significantly affected
when spinal and epidural blocking reduce or prevent afferent
inputs from the blocked region of the body to the brain.
However, the potential neurochemical mechanisms involved
remain unknown.

The effect of subarachnoid bupivacaine blockade on the
NMDA receptor subunit NR2B and its associated signal
transduction pathway were investigated in the lumbar spinal
cord of rats, using bupivacaine at clinically relevant concentra-
tions. NR2B, p-CaMKIlIa, and p-CREB were considerably
downregulated following intrathecal administration of bupiva-
caine. Similar alterations in expression were observed by IHC
analysis. Based on the current findings, it may be suggested
that the sedative effect of subarachnoid bupivacaine blockade
is associated with a decrease in spinal afferent input, possibly
due to the downregulation of NR2B, p-CaMKIla, and
p-CREB expression levels in the lumbar spinal cord.

Glutamate acts as an excitatory neurotransmitter in
primary afferent terminals and serves a critical role in spinal
synaptic transmission through its activation of glutamate
receptors (32). NMDA receptors are glutamate receptors in
the central nervous system. The binding of glutamate to the
NMDA receptor results in an influx of extracellular Ca*",
which controls membrane excitability and synaptic transmis-
sion (33). CaMKIIa is a multifunctional serine/threonine
protein kinase, which is activated when cytosolic Ca**
increases and in the presence of peripheral pain stimuli,
CaMKlIlIa is phosphorylated at Thr286 (p-CaMKIIa) in the
spinal cord (34). The p-CaMKIla then translocates to the
nucleus where it phosphorylates CREB at Ser133 in the dorsal
horn of the spinal cord. Subsequently, p-CREB initiates gene
transcription and translation and is thus possibly involved
in the ascending transmission of nociceptive information.
Peripheral nociceptive information, including visceral,
inflammatory, and neuropathic pain, may activate NR2B,
p-CaMKIla, and p-CREB and may facilitate nociceptive
transmission in the spinal cord. Therefore, reduced expression
of NR2B, p-CaMKIla, and p-CREB may suppress various
types of hyperalgesia, including inflammatory pain (35,36),
neuropathic pain (36-39), opioid-induced hyperalgesia (40),
visceral pain (41-43), and central pain (44-46). A key step in
the transmission of nociceptive information from the spinal
cord to the brain is the activation of NMDA receptors in the
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spinal dorsal horn neurons (47). This suggests that ascending
nociceptive transmission may be reduced by downregu-
lating NMDA receptor expression and the associated signal
transduction pathways. Furthermore, bupivacaine inhibits
NMDA-induced glutamatergic transmission in rat dorsal horn
neurons (48,49). This result is concordant with the present
results. In the present study, spinally administered bupivacaine
was indicated to inhibit NMDA-induced glutamatergic trans-
mission in the spinal cord through downregulation of NR2B,
p-CaMKIlIa, and p-CREB.

Several important limitations were noted in the current
study. Firstly, although protein and mRNA expression
levels of NR2B, p-CaMKIla, and p-CREB were all down-
regulated following intrathecal bupivacaine, the results
indirectly indicate that the NR2B/CaMKIIo/CREB signaling
pathway is involved in sedation during spinal anesthesia.
Therefore, future studies are necessary in order to verify
the association between sedation during spinal anesthesia
and NR2B/CaMKIIa/CREB signaling by using agonists or
antagonists. Secondly, the results demonstrated that expres-
sion levels of total CaMKIIa, and CREB mRNA were
decreased, although the levels of their protein expression
were not altered following intrathecal bupivacaine. The
association between mRNA and protein expression is not
strictly linear, however has a more intrinsic and complex
dependence (50). Therefore, this variation may be due to
post-transcriptional and post-translation regulation and
experimental errors (50,51). Thirdly, the upstream and
downstream molecules of NR2B/CaMKIIa/CREB were not
detected. Future studies may elucidate the function of these
molecular components.

In conclusion, sedation during spinal anesthesia from
decreased spinal afferent input may be associated with the
downregulation of NR2B, p-CaMKIla, and p-CREB expres-
sion levels in the spinal cord. Therefore, stimulatory input
to the brain may be indirectly reduced by inhibiting the
NR2B/CaMKIIo/CREB signaling pathway in spinal neurons,
with this inhibition rendering the brain susceptible to the
effects of sedative drugs. The present findings may prompt
anesthesiologists to plan appropriate dosage guidelines for
the prevention of anesthetic overdose and investigate the
mechanism of sedation during neuraxial anesthesia.
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