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Background: Patients with chronic pain usually suffer from cognitive impairment, with memory
deterioration being the most common deficit that affects daily functioning and quality of life. The
causes for this impairment are not clear despite intensive clinical studies. Few studies have evaluated
impaired learning using animal models of persistent pain.

Objective: In this study, a new trigeminal neuralgia model induced by cobra venom was adopted
to explore effects of chronic pain on spatial learning and memory in rats.

Study Design: Controlled animal study.

Setting: Department of Anesthesiology, Pain Medicine & Critical Care Medicine, Aviation General
Hospital of China Medical University.

Methods: Thirty adult male Sprague-Dawley rats were randomly divided into 2 groups (n = 15): NS
control group and cobra venom group, 0.9% sterile saline or cobra venom solution was injected into
the sheath of the infraorbital nerve (ION), respectively. The development of trigeminal neuralgia was
accessed by changes in free behavioral activity 3 days before the surgery and 3, 7, 12, 20, and 30
days after the surgery to identify whether the model was successful or not. Morris water maze test
determined the abilities of spatial learning and memory at the time points before the surgery, and
2 weeks and 5 weeks after the surgery. We also observed the ultrastructure of the ION and medulla
oblongata of rats following 8 weeks of chronic trigeminal neuropathic pain.

Results: Rats with the cobra venom injection displayed significantly more face grooming and fewer
exploratory activities compared to the NS control group or baseline (P< 0.01). Both groups improved
their latency to reach the platform with the largest difference on the first day (P< 0.01), but without
memory deficits in a probe trial for the second water maze protocol. For the third water maze testing,
the rats in the cobra venom group experienced decreased abilities of spatial learning and memory,
a longer latency with spatial memory deficits during the probe trial (P < 0.05). At the ultrastructural
level, we found changes in the medulla oblongata after cobra venom injection resulting in severe
demyelination and loss of axons that might be implicated in the causes of cognitive deficits.

Limitations: Limitations include partial vision loss in the eye on the lesion side of the rats that
might be missed and the absence of evaluating the ultrastructural changes in other parts of the
brain.

Conclusions: The results of this study suggest that trigeminal neuralgia induced by cobra venom
in adult rats can impair spatial learning and memory function over time and results in demonstrable
changes in the ultrastructure of the medulla oblongata. This new animal model may be useful for
future studies on the effect of chronic pain on learning and cognition.

Key words: Cognitive deficits, memory deterioration, cobra venom, trigeminal neuralgia, electron
microscopy
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ognitive impairments are a commonly observed

clinical manifestation in chronic pain patients.

These deficits are present in a wide range of
cognitive functions such as memory (1,2), attention (3),
and decision-making (4). Memory deterioration is the
most common cognitive deficit reported in chronic pain
patients (2,5-7). Although many clinical investigations
have studied the etiology of memory deficits in chronic
pain patients, results have been both contradictory
and inconclusive. Some studies indicate that memory
impairment may be associated with the intensity
of pain (5), however, in experimental settings, pain
minimally affects cognitive ability in healthy individuals
(8). Additionally, several studies in patients with
chronic pain indicate that the prolonged use of opioids
can cause cognitive changes (9,10), while numerous
others report the opposite effect in pain patients with
improvement in cognitive functioning (11).

The etiology of cognitive deficits is unclear, but
changes have been shown in the following: morphom-
etry and neurotransmitter changes in related brain
areas (12,13), reduced sleep quality (14), long-term use
of medication (15), pain interference in sensory process-
ing (3), as well as psychological symptoms (e.g., stress,
anxiety, and depression) (5,16). Given the remarkable
and well-established role that stress plays in the onset
of some mood-related alterations, some authors sug-
gest that cognitive deficits may be due to the effects of
pain-induced chronic stress (5,17,18). Another possible
explanation is that the ongoing demand for attention
that pain causes, limits mental resources for processing
and task performance (19). Evidence supporting an un-
derlying neurobiological basis for cognitive dysfunction
in chronic pain patients is based on neuroimaging stud-
ies in chronic pain patients. These studies show reduced
gray matter and abnormal connectivity in brain regions,
such as the anterior cingulate and prefrontal cortices
(13,20). Similar anatomical results were obtained in a
rat model of neuropathic pain. Rats had reduced gray
matter in frontal cortical regions compared to sham
controls, 6 months after nerve injury (21).

An adequate understanding of the effects of pain
on memory requires the use of animal models in which
variables can be more easily controlled to understand
underlying neural mechanisms. Previous commonly
used animal pain models include the spared nerve injury
(SNI) model and the complete Freund's adjuvant (CFA)
model. The former consists of ligation and transection
of the tibial and common peroneal branches of the sci-
atic nerve while sparing the sural nerve (22). The latter

is an inflammatory pain model induced by injecting CFA
in the tibio-tarsal joint (23). However, persistent pain
in the lower limbs may damage an animal’s locomotor
ability, thus influencing experimental outcomes. An
et al (24) developed a new neuropathic pain model
induced by administration of cobra venom to the infra-
orbital nerve (ION) in the rat producing characteristics
similar to that of trigeminal neuralgia. The experimen-
tal procedure is easy to perform, and rats exhibit stable
mechanical allodynia within the distribution of the ION.
Here, we applied this new animal model to explore the
effects of chronic pain on cognitive function.

In this study, we explored spatial learning and
memory performance using the Morris water maze
task after cobra venom-induced trigeminal neuralgia in
rats, comparing changes in memory before and after
the operation in each group and between groups. In
addition, we observed the ultrastructure of the ION and
medulla oblongata of rats following 8 weeks of chronic
pain and compared these to control animals.

MEeTHODS

Subjects

All the experiments were done in accordance to
IASP guidelines on the use of awake animals with ef-
forts made to minimize the number of animals and
their discomfort (25). Adult, male, Sprague-Dawley rats
weighing between 180 — 200 g provided by the Labora-
tory Animal Center of the Academy of Military Medical
Sciences were used in this experiment. Rats were housed
under controlled conditions (temperature of 22 + 22°C
and 12:12 light-dark cycle, lights on at 8 a.m.) with food
and water available ad libitum. Thirty animals were
randomly assigned to either the cobra venom group
or sham-operated group. The cobra venom solution or
0.9% sterile saline injection, respectively, was injected
under direct vision into the sheath of the ION.

Drug Preparation

The lyophilized cobra venom (Formosan cobra; Sig-
ma, St. Louis, MO) was dissolved in 0.9% sterile saline.
A volume of 4 pL saline containing 0.4 mg lyophilized
cobra venom was administrated to each model rat.

Experimental Procedure

The cobra venom model was established as de-
scribed previously (24). Rats were lightly anesthetized
with sodium pentobarbital (40 mg/kg intraperitone-
ally). An incision was made about one c¢m in length
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radically above the superciliary arch to expose the left
infraorbital nerve, then cobra venom was injected into
the sheath of the ION. The sham-operated group un-
derwent exposure of the left infraorbital nerve with
injection of saline. The incision was closed using 5-0
absorbable sutures. Rats with obvious loss of vision in
the eye on the lesion side were excluded. There were 13
rats left in each group.

Behavioral testing

Rats were tested 3 days before the surgery and
3, 7, 12, 20, and 30 days after the surgery. Testing was
conducted in a darkened room (light provided by a 60
W red light bulb suspended one meter above the obser-
vation area) with a 45 dB background noise. Rats were
placed in a transparent plastic cage (24 x 35 x 18 cm)
with a mirrored back. A video camera was placed one
meter in front of the cage. The rat’s behavior was video-
taped for a duration of 7 minutes, starting 15 minutes
after placement in the cage. Videotaped behavior was
analyzed offline by an experimenter who was blind to
the condition of the rat. Behavioral changes of the rats
observed by video recordings, the number and duration
of face grooming (movement patterns in which paws
contact facial areas), and exploratory (walking, running,
climbing, rearing) behaviors were analyzed to confirm
the presence of pain behavior.

Morris Water Maze: Learning and Memory
Testing

The Morris water maze (MWM) generally consists
of a black circular pool (180 cm diameter, 60 cm high)
filled with water (30 cm depth) at 19°C - 22°C and vir-
tually divided into 4 equivalent quadrants. An escape
platform (10 cm diameter) submerged 2 cm beneath the
water surface was placed in the middle of one of the
quadrants. The platform was painted black as was the
pool wall and floor to make it invisible in the water. The
pool was surrounded by several distal visual cues in the
walls.

Rats received 4 acquisition trials per day for 4 con-
secutive days. Each day, a trial was initiated by placing
each rat into the water facing the pool wall from one
of the 4 pre-determined positions. If animals failed to
find the platform within 90 seconds, they were picked
up and placed directly on it for 30 seconds before a new
trial (inter-trial interval 30 seconds). The platform loca-
tion remained in the same position throughout all trials
and days, but the starting direction differed with each
trial, each day. Swim speeds and latency to reach plat-

form were video recorded. On the fifth day (24 hours
following the last hidden platform trial), a probe trial
was conducted in which the platform was removed
from the pool to measure spatial bias for the previous
platform location. We placed each rat in the pool in
the quadrant opposite to the trained platform location
and tracked the rat for 60 seconds, measuring the per-
centage of time spent in the previous target quadrant
as well as the number of crossings over the previous
platform location.

The WMW task was performed 3 times at the time
points before the surgery, and 2 weeks and 5 weeks
after the surgery. All procedures were exactly the same
except for the location of the platform. During the
second WMW testing, the platform was placed in the
opposite quadrant from the first testing. For the third
test period, the platform was placed back in the initial
quadrant.

Electron Microscopy

Histological analysis of 2 rats from each group was
performed 8 weeks after surgery. Animals were deeply
anesthetized and perfused via the left ventricle with
normal saline, followed by fixation with 4% parafor-
maldehyde and 2% glutaraldehyde (pH 7.4). The left
ION and medulla oblongata tissues was dissected out
after one hour at 4°C, bathed for 2 hours in 3% glu-
taraldehyde, then washed in 0.1 M phosphate buffer
(PB) for 3 times and finally post-fixed in 1% osmium
tetroxide for 2 hours. After washing, specimens were
dehydrated in graded ethanol, infiltrated and flat-
embedded using Epon, and polymerized for 2 — 3 days
at 60°C. The sections were stained with uranyl acetate
and lead citrate and ultrathin sections (50 — 70 nm)
were cut and collected on copper grids for an electron
microscope.

Statistical analysis

Results were expressed as mean + standard devia-
tion (SD). Differences between groups were calculated
using repeated measures 2-way ANOVA with post hoc
test (Bonferroni's test) to analyze behavioral alterations
and latencies to reach the platform in the water maze.
Mean comparisons for data about percentage of time
spent in the platform quadrant and platform cross-
ings were carried out with one-way ANOVA for the 2
groups. Swim speeds, percentage of time spent in the
platform quadrant, and platform crossings between
groups were analyzed using student’s t test. Data
analysis was performed using the statistical software
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SPSS 13.0 and significant differences were determined
as P < 0.05.

REesuLTs

Behavioral Changes of Trigeminal Neuralgia
Model

Animals were first videotaped to determine if
pain behavior was present in the experimental model.
As shown in Fig. 1, rats with a cobra venom injection
displayed significantly more face grooming frequency
(F1, 24 = 109.9, P < 0.01) and time (F1, 24 = 374.12, P <
0.01) compared to control rats (Fig. 1A, B), which is the
most obvious behavioral change occurring following
the onset of trigeminal neuralgia in rats. In addition,

frequency (F1, 24 = 42.83, P < 0.01) and duration of ex-
ploratory (F1, 24 = 175.81, P < 0.01) behavior showed a
consistent decreasing trend over time. (Fig. 1C, D).

Morris Water Maze

Spatial Learning

The protocol tested in the water maze task con-
tained both learning and memory (probe) trials. Learn-
ing phases are presented first. No differences were
found between latencies to reach the platform and
swim speed before the pain model was established,
demonstrating that there were no pre-existing differ-
ences between the groups (P > 0.05) (Fig. 2A). During
the second test period, the swim speed between con-
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Fig. 1. Frequency and duration of observed face-grooming and exploratory behavior during a 7 min observation session before the
operation (pre) and at 5 postoperative time points. (A-D) No significant baseline differences between groups were found before
the operation (P > 0.05). Behavioral activity showed significant differences between groups after the operation. Significance is
defined as *P < 0.05 compared to the sham group at each point in time (P < 0.05).
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Fig. 2. Comparison of water maze performance in animals. (A) No differences were found in the latency curve between the two
groups before the model was established. (B) 2 weeks afier the surgery, the latency curve showed major difference between groups
on day 1, both groups displayed similar latencies to reach the platform afier training. (C) 5 weeks after the surgery, the latency
curve showed a slower learning rate in the cobra venom group. (D.E.F) No significant differences were found between the
swimming speeds before or after the model was established. Significance is defined as *P <0.05 compared to the sham group at
each point in time (P < 0.05).
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trol and cobra venom rats did not differ (Fig. 2E). Both
groups improved their latency to reach the platform,
and a significant difference between groups was found
(F1, 24 = 14.82, P < 0.05) with the largest difference on
the first day (P < 0.01) (Fig. 2B). In a third experiment
we analyzed if the long-term existence of neuropathic
pain would affect a rat's performance in the water
maze task. We used the same protocol as described
above with the same set of animals. Swim speed was
similar between groups (Fig. 2F), but the latency curve
showed a slower learning rate in the cobra venom rats
(F1, 24 =76.54, P < 0.01) (Fig. 2Q).

Spatial Memory: Probe Trials

On probe trials, percentages of the total probe
trial time in the target quadrant and platform cross-
ings showed differences only on probe trial 3 between
groups (P < 0.01) (Fig. 3). Comparisons among probe
trials of the cobra venom group showed decreased av-

erage percentages of the total probe trial time in the
target quadrant (F2, 36 = 4.201, P = 0.023), on probe
trial 3 the decrease was significant (P < 0.05) (Fig. 3A).
Platform site crossings showed a similar pattern with
reduced site crossings in the third trials (F2, 36 = 4.284,
P = 0.021) (Fig. 3B). No difference was found among
probe trials of the sham group.

Ultrastructure Changes of Rat’s ION and
Medulla Oblongata

At 8 weeks after surgery, uranyl acetate and lead
citrate staining were performed to investigate the ION
and medulla oblongata of each group. For the cobra
venom group, ultrastructural analysis in cross-section
of the rat’s nerve after cobra venom injection showed
prominent abnormal features with severe demyelin-
ation and diminution of axons (Fig. 4). The structure
of myelin was disturbed and the concentric layers
expanded. For the sham group, the myelinated axon
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Fig. 3. Morris water maze results of probe trials in each group. One probe trial was administered following spatial learning
phase before, 2 weeks and 5 weeks after the surgery. (A) For the cobra venom group, the percentage of time spent in the target
quadrant was decreased during the probe trials, with probe trial 3 showing the most significant decrease (*P < 0.05). (B)

Similar patterns were found for the cobra venom group on platform site crossings (*P < 0.05). No difference existed among
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Fig. 4. The neuron of ION (a,b) and medulla oblongata (c,d) with cobra venom injection. Electron microscopes show
severe demyelination and loss of axons (marked by arrows). The structure of myelin was disturbed and the layers altered.

appeared as a nearly circular profile surrounded by a
spirally wound multilamellar sheath with compact and
uniform structure. Myelin sheaths were essentially the
same thickness and the structure of layers was clear and
dense (Fig. 5).

Discussion

In human patients with chronic pain (usually de-
fined as pain lasting more than 6 months) memory defi-
cits that affect daily functioning and quality of life are
frequently encountered. Compared to humans, each
rat month has been calculated to be roughly equiva-
lent to 2.5 human years (26). In the present study we
examined the effects of persistent neuropathic pain on
cognitive functioning in a new rat model induced by co-
bra venom at time periods beyond the acute pain phase
and comparable to years of pain experience in humans.

In behavioral change tests, rats manifest signifi-
cant changes in free behavioral activity. In the 1 - 30
day postoperative period, rats groom the territory of
the injured nerve frequently and for long periods and
they show a profound decrease in exploratory behav-

jor. In previous studies (27,28), the most remarkable
behavioral change following ION ligation is a dramatic
increase in face-grooming activity; other changes in-
clude increase in freezing-like behavior and decrease
in exploratory behavior. Our results are consistent with
these findings, indicating that the model induced by
cobra venom causes a condition similar to trigeminal
neuropathic pain.

In our study, we have demonstrated that chronic
trigeminal neuralgia disrupts the function of spatial
learning and memory with a significant time effect,
which is similar to observations in human chronic pain
patients with deficits in tasks involving attention and
memory (29). For the second water maze protocol, both
groups improved their latency to reach the platform
with the largest difference on the first day, indicating
that chronic pain led to learning dysfunction of the rats.
However, repeated training reversed this impairment in
memory acquisition. No spatial memory deficits were
found during the probe trial. Escape latency indicates
the ability of spatial information acquired, while probe
time relates to the retention and retrieval of acquired
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and axon is entire (marked by arrows).

Fig. 5. The normal neuron of 10N (a,b) and medulla oblongata (c,d). Electron microscopes show the structure of myelin sheaths

memories. Some studies show that repeated neuropsy-
chological function testing could improve the results
to a certain extent. Radak et al (30) suggest swimming
training improves cognitive function in rats, with par-
allel attenuation of the accumulation of oxidatively
damaged proteins. Exercise in the Morris water maze
can upregulate the expression of brain-derived neuro-
trophic factor (BDNF) mRNA and protein, thus improve
the ability of learning and memory (31). For the third
set of tests, the latency curve showed a slower learning
rate in the cobra venom group associated with spatial
reference memory deficits during the probe trial. These
findings suggest that long-term maintenance of neuro-
pathic pain may affect the function of spatial learning
and memory in the water maze task. These results are
consistent with reports that spatial memory is reduced
in spared nerve injury (32) or spinal nerve ligation
models of neuropathic pain (33). Throughout the ex-
periment, swim speeds were similar between groups,
showing that pain-induced motor impairment was not
the cause for the differences found in the acquisition
period of the water maze.

We think that brainstem is primarily the pathway
that transmits peripheral pain signals to brain related
areas, so we first studied the medulla oblongata to
observe the ultrastructural changes during long-time
chronic trigeminal neuralgia. In the study, the ultra-
structural changes of the ION and medulla oblongata
after cobra venom injection reveal severe demyelin-
ation and diminution of axons. Hilton et al (34) first
observed focal loss of myelin and close apposition of
demyelinated axons with trigeminal neuralgia caused
by vascular compression. However, the mechanisms as-
sociated with the ultrastructural changes in the medulla
oblongata after administration of cobra venom are
poorly understood. The effects of the main ingredients
in cobra venom used in the model are cardiotoxin (CTX),
which induces conduction blockade of the nerves, and
phospholipase A2 (PLA2), which hydrolyzes phospholip-
ids in the axonal membrane with the aid of CTX. CTX
highly binds with the protein layer surrounding axons,
thus resulting in changes of the membrane structure
(35). In a previous study, we observed an inflammatory
response within the distribution of the rat’s ION (24).
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It is uncertain whether the same reaction exists by co-
bra venom transmission along the nerve to the central
nervous system, which may contribute to the observed
changes of the medulla oblongata. Another possible
mechanism of this phenomenon may involve signal
conduction of noxious stimuli to the central nervous
system after trigeminal nerve lesion. Benoist et al (36)
recorded neuronal electrophysiological activities in the
dorsal thalamus and the somatosensory cortices using
the CCl model. They found that stimuli of the contralat-
eral to the injured nerve also resulted in abnormal elec-
trophysiological changes in cerebral nuclei mentioned
above, but with a less degree than ipsilateral, and the
possible explanation might be that nerve injury caused
by chronic constriction could also lead to lesion of the
high nerve center.

Some authors include chronic pain as a type of de-
generative neurological disease. This conclusion is based
on data that chronic pain is processed by a complex neu-
ronal network that involves both alterations to cognitive
capacities in addition to neuroanatomical changes (37).
A large amount of research demonstrates functional and
structural central nervous system changes in patients
with chronic pain (20,37,38). A meta-analysis that evalu-
ated 152 studies of acute and chronic pain found that
several brain regions were consistently activated during
pain perception with the most prominent difference be-
ing that chronic pain more often activates brain regions
involved in cognitive and/or emotional pain processing
(39). Studies have shown that the brainstem is involved
in chronic pain processing in humans (40,41). Rodriguez-
Raecke et al (42) studied 32 patients with chronic pain
caused by primary hip osteoarthritis by using 3 Tesla
MRI and found decreased gray matter in the anterior
cingulate cortex (ACC), right insular cortex, dorsolateral

prefrontal cortex, amygdala, and brainstem compared
with control patients. Schmidt-Wilcke et al (43) found
similar changes in the brainstem and somatosensory
cortex. Given that peripheral neuropathic pain is shown
to contribute to structural alterations in central neurons
that are known to be involved in pain processing accom-
panying cognitive impairment in our study, we suggest
that the changes could be implicated in the onset of
cognitive deficits.

In our study, we determined whether the proce-
dure resulted in vision loss in the eye on the lesion side
of the rats only by naked-eye observation, partial loss
of vision might have been missed. Otherwise, it should
be noted that this study has examined the medulla
oblongata only by electron microscope, it is not clear
whether these changes of demyelination and loss of
axons are only localized in the medulla oblongata, or
if they are more of a generalized phenomenon. There-
fore, further studies evaluating other parts of the brain,
especially the frontal lobe which is directly responsible
for short-term and long-term memory, may contribute
to further understanding of the etiology of cognitive
impairment in patients with chronic pain.

ConcLusION

We conclude that chronic trigeminal neuralgia
in rats impairs spatial learning and memory function
over time and results in demonstrable changes in the
ultrastructure of the medulla oblongata. The model of
trigeminal neuralgia induced by cobra venom in the rat
exhibits not only cutaneous hypersensitivity but also
cognitive deficits similar to those evinced by human
pain patients. The changes caused by this model sug-
gest that it may be particularly useful for future studies
on the effect of chronic pain on learning and cognition.
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