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n ABSTRACT
Objectives To determine the toxicity window for the continuous intrathecal administration of dextrorphan, dextromethorphan, and memantine via an implanted
delivery pump.
Materials and Methods Using 48 sheep with programmable continuous intrathecal infusion systems we determined the behavioral, motor, neurological, and
histopathological changes produced by a 43-day continuous infusion study of dextrorphan, dextromethorphan, and memantine dissolved in 0.9% NaCl. Daily
doses of each N-methyl-D-aspartate (NMDA) antagonist were 0.013, 0.051, 0.203, 0.510, 0.811, and 2.533 mg/
kg/day, flow rates ranged from 13.25 ml/day to 0.051
ml/day at a concentration of 10 mg/ml. Control animals
received saline in the range of 7.9985 ml/day to 1 ml/
day.
Conclusions Infusion of saline in the control animals produced no behavioral or motor changes. However, infusion
of
dextrorphan,
dextromethorphan,
and
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memantine at the higher doses (> 0.051 mg/kg/day)
produced dose-dependent negative behavioral,
motor, and histopathologic changes as indicated by a
series of nonparametric statistical analyses. The minimal
toxic doses were dextrorphan dose 3, dextromethorphan dose 1 and memantine dose 1. This study suggests
that continuous intrathecal infusion of dextrorphan, dextromethorphan, and memantine via an implantable
pump system can cause significant toxicities at the
higher doses studied. n
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N-methyl-D-aspartate (NMDA) receptors in the dorsal horn of the spinal cord are involved in the mediation of nociceptive information (1–3) and their
involvement in maintaining pathologic pain states
is well documented in the literature (4). Behavioral
studies demonstrated that the injection of NMDA
receptor antagonist DL-2-amino-5-phosphonopentanoic acid (AP5) into the subarachnoid space suppressed the response to mechanical and thermal
nociceptive stimuli (5). Recently, additional studies
that focused on phasic pain or hyperalgesia showed
that selective NMDA antagonists suppressed periph-

Toxicity Testing of NMDA Antagonists n 231

eral inflammation (6), formalin-induced pain behavior (7), tail ischemia (8), hyperalgesia induced by
painful mononeuropathy (9,10), allodynia (11), and
mechanical hyperalgesia (12). Dubner suggested
that the dorsal horn nociceptive neurons mediated
hyperalgesia following nerve injury or tissue inflammation which involved the release of excitatory
amino acids and their action at the NMDA receptor
sites (12). This means that NMDA antagonists can
benefit clinical applications as analgesics in the future. The NMDA antagonists dextrorphan and memantine produce analgesia in neuropathic pain animal
models (4,13). Tal et al. found the analgesic activity
of dextrorphan to be temporary and suggested frequent dosing or continuous infusion. However,
there are no data on the safety, side-effect profile,
or toxicity of long-term administration in animals or
man (14). To establish toxicity levels of continuous
intrathecal administration of the NMDA antagonists
dextrorphan, dextromethorphan, and memantine,
sheep implanted with intrathecal delivery systems
were studied prior to preclinical studies.
Epidural and intrathecal administration of opioids
like morphine are well studied methods for controlling postoperative and cancer-induced pain (15,16).
Because of the concern over the side effects of intrathecal opioids, especially delayed respiratory depression, other classes of drugs are under
examination for spinal analgesia (17). With few exceptions, these drugs lack animal neurotoxicity data
(18–21). The behavioral and histopathologic effects
of long-term continuous intrathecal infusion of dextrorphan, dextromethorphan, and memantine need
examination (14). We therefore undertook the study
of the behavioral, neurologic, and histologic effects
of chronic (up to 43 days) intrathecal infusion of
these drugs in the sheep model.
Activation of the NMDA type of excitatory amino
acid receptors increases the Ca2 ` conductance of
the cation channel due to extracellular accumulation of glutamate (22–24). The excessive levels of
glutamate or related neurotransmitters are associated with neuroneal cell death in hypoxic-ischemic
brain injury (1,25), epilepsy, trauma (26), and several neurodegenerative diseases such as Huntington’s disease, Parkinson’s disease (27), and acquired
immunodeficiency syndrome dementia (28).
The open-channel (use-dependent) NMDA subclass glutamate receptor antagonist dextromethorphan [(`)-3-methoxy-N-methylmorphinan] and its
active metabolite dextrorphan [(`)-3-hydroxy-N-

methylmorphinan-D-tartrate] are dextrorotary morphinans. Dextromethorphan and dextrorphan are
widely used non-narcotic antitussives (29) and more
recently found to possess anticonvulsant properties
in many seizure models (30,31). Memantine [1amino-3, 5-dimethyladamantane], an aminoadainantane derivative of the same subclass of NMDA receptors as dextromethorphan and dextrorphan, is
among the few NMDA receptor antagonists used
clinically for many years for the treatment of Parkinson’s disease (32–35). These ligands are well tolerated (oral and intravenous administration), and their
safety, compared with that of MK-801 or phencyclidine, may be due to their rapid-response kinetics
(2,22,32,36,37). Memantine also shows promise in
the treatment of dementia (38–40), spasticity (41)
and seizures (31).

MATERIALS AND METHODS
After approval by the Institutional Animal Care and
Use Committee at The University of Texas M.D. Anderson Cancer Center; this study was conducted at
M.D. Anderson Cancer Center-Science Park’s Department of Veterinary Sciences (Bastrop, TX) in
strict accordance to the Guide for the Care and
Use of Laboratory Animals published by National
Research Council (42). The 48, one- and two-yearold Rambouillet/Suffolk-cross sheep used in this
study weighed between 22 and 58 kg. The male
sheep (N 4 39) weighed an average of 43.65 kg
and the female (N 4 2) weighed an average of 36.0
kg. The sizes of the groups were originally two sheep
per dose for each of the three agents. However,
some sheep at the same dose were equivocal and
we added a third sheep to add finer detail to the
gradation of changes in some of the groups. Also,
dose level 5 of memantine was not administered to
any sheep due to the toxic effects already evident
at dose level 4.
Drugs
Our lab obtained dextromethorphan from Sigma
Chemical Co. (St. Louis, MO) and purchased dextrorphan and memantine from Research Biochemicals
International (Natick, MA). The agents were prepared as the following salts: dextrorphan tartrate (10
mg/ml, pH 3.3), dextromethorphan hydrobromide
(10 mg/ml, pH 5.96), and memantine HCl (10 mg/
ml, pH 5.90). The vehicle utilized was 0.9% NaCl
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(pH 5.7). The agents were individually prepared
and sterilized by passing solutions through 0.22 mm
Millipore filters (Bedford, MA) into sterile vials in
a sterile hood (Nuaire Class II Type A/B3 cabinet,
Plymouth, MN) and stored at room temperature.
Our lab did not independently analyze the agents.
The manufacturer lists the purities to be: dextrorphan > 99%, dextromethorphan > 99%, memantine > 95%. The absence of other manufacturer
products was determined using high-performance
liquid chromatography.
Animal Preparation
Each animal received cefazolin as a perioperative
antibiotic. Administration of 0.2 mg/kg diazepam
and 6.0 mg/kg ketamine allowed for anesthetic induction, intubation, and surgical anesthesia. Twopercent inspired halothane maintained this state of
anesthesia.
A midline incision over L-6 to S-1 exposed the
muscle fascia. A 16-G Tuohy needle inserted 2.5
cm caudad into the intravertebral space at L-7/S-1
allowed for a bloodless procedure. Slow advancement of the needle until the dura was punctured
allowed freely flowing cerebrospinal fluid (CSF) to
emerge from the hub of the needle. Threading an
intraspinal catheter (Medtronic catheter, model
8703, Minneapolis, MN; outer diameter 1.2 mm)
into the Tuohy needle and advancing the catheter
cephalad into the subarachnoid space provides drug
delivery to the approximate level of T-13/L-1 (catheter is threaded approximately 17 cm cephalad). A
2–0 silk suture secures the metal connector and the
pump connector assembly which link the intrathecal catheter to the pump (Medtronic Synchromed
model 8615 and 8617). After making a pocket in
the left paralumbar fossa the pump connector was
tunneled to that area and connected to the pump
(Fig. 1). A 2–0 silk suture secured the pump to the
muscle fascia. At the time of surgery, and for the
week following surgery, the pumps delivered 1 ml
of saline per day. We collected bacterial cultures of
the saline perfusate prior to implantation of the
pumps. A solution made of saline and gentamicin
irrigated the wounds followed by a local anesthetic
(lidocaine). 3–0 vicryl closed the wounds in layers.
A technician administered analgesics (butorphanol,
5 mg, IV) prior to the sheep emerging from anesthesia.
After 1-week postoperative recovery, studies

Figure 1. Diagram of the Medtronic Programmable continuous intrathecal drug delivery system in the sheep model.

began. Analysis of results included daily body temperature, behavior, and motor changes (Table 1 and
Table 2) as well as micturition and defecation habits
(no volumetric measurements were taken); weekly
blood pressure recordings (Colin Medical Instruments Corp. Press-Mate blood pressure monitor, San
Antonio, TX); and complete blood profiles taken on
days 1, 15, and 43. Pumps were aseptically refilled
as needed (Medtronic refill kit model 8551).
Sheep randomly received either dextrorphan,
dextromethorphan, or memantine; no animal received a combination of any of these drugs (Table
2). A dose concentration of 10 mg/ml was chosen
because it would be a clinically used concentration.
This concentration is high enough to be useful for
an implanted pump in humans and easy to use for
calculations, and is a concentration where the drug

Table 1. Four-grade Scale for the Evaluation of
Behavioral and Motor Changes
Grade
0

1

2

3

Behavioral and motor change
Animal standing, eating, drinking, and ruminating,
with normal respiratory and heart rates. Sheep able
to rise and ambulate without any difficulty.
Shuffling of either rear leg or slight limp. Animal biting
at site of catheter tip location. Slight distortion of
normal spinal axis.
Loss of righting reflex in one of the rear legs; sheep
able to stand without assistance but with some
difficulty. Decreased interest in eating, ruminating,
and environment.
Inability to maintain standing posture. Attempts by
technician to help animal stand are unsuccessful.
Cutaneous noxious stimuli of hind legs does not
elicit any response.
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Table 2. Pathoanatomic/Behavioral Results

N4

Behavior
and
Motor
Grade

Day of First
Symptom

Intrathecal
Fibrous
Reactiona

Inflamatory Cells
Presenta

Necrosisa

Days on
Drug

Dextrorphan
1–0.013 mg/kg/day
2–0.051 mg/kg/day
3–0.203 mg/kg/day
3.5–0.507 mg/kg/day
4–0.811 mg/kg/day
5–2.533 mg/kg/day

2
2
3
1
2
2

0, 0
0, 0
2, 0, 0
3
3, 3
3, 3

na, na
na, na
6b, na, na
20
4, 3
1, 1

`, `
0, `
```, `, `
0
``, ```
```, ```

`, rare
`, `
``, `, `
``
```, ```
```, ```

0, 0
0, 0
``, 0, 0
``
```, ```
```, ```

43, 43
43, 43
43, 43, 43
41
6, 5
7, 8

Dextromethorphan
1–0.013 mg/kg/day
2–0.051 mg/kg/day
3–0.203 mg/kg/day
3.5–0.507 mg/kg/day
4–0.811 mg/kg/day
5–2.533 mg/kg/day

2
2
2
3
2
1

1, 0
2, 0
3, 2, 2
3, 3, 3
3, 3
3

16, na
28, na
8, 14, 36
2, 2, 7
1, 3
2

`, 0
0,0
0, `, ``
`, ```, ```
0, ```
0

`, 0
``, 0
```, ```, ```
```, ```, ```
```, ```
```

0, 0
``, 0
```, ```, ```
```, ```, ```
```, ```
```

43, 43
43, 43
14, 43, 43
35, 17, 36
4, 14
5

Memantine
1–0.013 mg/kg/day
2–0.051 mg/kg/day
3–0.203 mg/kg/day
3.5–0.507 mg/kg/day
4–0.811 mg/kg/day

3
2
2
2
2

na, na
na, 7
na, 3
4, 5
1, 13

`, 0
```, 0
0, ``
```, ``
``, ``

`, 0
```, 0
0, ```
```, ```
```, ```

0, 0
``, 0
0, ```
```, ```
```, ```

43, 43
43, 43
43, 10
7,17
3, 14

Drug

Dose Level

0,
0,
0,
3,
3,

0
1
3
3
3

Control
Blinded–1.636 ml/
day
High Rate–7.9985
mg/day
Low Rate–1 ml/day

4

0, 0, 0, 0

na, na, na, na

`, 0, 0, 0

`, 0, 0, 0

0, 0, 0, 0

43, 43, 43, 43

1
1

0
0

na
na

`
`

0
0

0
0

43
43

0, No Changes; `, Mild Change; ``, Mild Change; ```, Severe Change; na 4 Not Applicable.
This animal began to regain the righting reflex on day 9, and was completely normal on day 13.

a
b

is stable in solution. The doses of the NMDA antagonists were initially chosen in this toxicologic assessment to represent a four-fold increase per dose as
the doses escalated (levels 1, 2, 3, 4). Dose 3.5 was
added to delineate moderate changes (neurologic,
histologic) between levels 3 and 4. We also added
level 5 as a supramaximal dose (three times higher
than dose 4) to see maximal neurologic changes.
The high flow rate of the control animal receiving
7.9985 ml/day was administered to demonstrate that
behavioral changes were caused by the toxic effects
of the drugs and not by the added fluid pressure of
larger injection volume at higher known doses.
Prior to the study, previously published literature
was reviewed and criteria were developed for the
behavioral, neurologic and histopathologic changes
(Table 1 and Table 2). However, since there were
not any reported data for long-term continuous infusion of these NMDA antagonists, known doses were
administered to establish dose-related behavioral,

gross anatomic and histopathologic changes. The
different doses in these studies were obtained by
changing the flow rates (0.051–13.25 ml/day) and
the concentrations of drug remained constant (10
mg/ml). These studies were then followed by a double-blinded study in which the experimenters had
no knowledge of the 21 different treatment conditions which were actually six dosing levels plus controls. In the blinded studies the flow rate remained
constant and the drug concentrations varied so the
investigators would be unaware of the dose being
administered. A flow rate of 1.636 ml/day was chosen for the blinded studies because it allowed for
the different doses to be formulated without the
drug falling out of solution at the higher doses.
Histopathology
Animals were euthanized on day 43 or when the
sheep became paraplegic and underwent necrop-

234 n

H A SS E N B US C H E T A L .

sies. Immediately after each animal was euthanized,
we collected approximately 2–3 ml of CSF from the
L7/S1 intravertebral space for fluid analysis and for
bacteriologic cultures to assure that the changes
seen upon histopathologic examination were due
to drug-related effects and not bacteriologic considerations.
A laminectomy was performed from S-1 cephalad
to C-1, and the location of the catheter insertion
and termination site documented. Removal of the
entire brain and spinal cord allowed for gross examination to detect significant lesions. Blocks of tissue
from the following CNS areas were embedded in
paraffin wax for histopathologic examination: cervical, thoracic, and lumbosacral segments of the spinal
cord and the olfactory; frontal lobe; posterior cingulate gyrus; amygdala; hippocampus; retrosplenium
cortex; cerebellum; pons; and medulla regions of
the brain. The spinal cord, brain, and samples of
the liver, spleen, heart, kidney, and intestines were
fixed for two weeks in 10% neutral formalin. Sections were cut transversely at a thickness of 4 mm to
5 mm, deparaffinized, then stained by conventional
methods that included hematoxylin and eosin and
Luxol fast blue-Holmes’ silver nitrate stains, and examined for toxic reaction. In the double-blinded
studies, evaluation of the gross and histopathologic
changes was performed by a pathologist blinded to
the different drugs and their doses.
Statistical Analysis
Comparisons across two groups (ie, low dose vs.
high dose) were analyzed using the nonparametric
Mann–Whitney U statistic (U). Comparisons across
three or more groups (ie, dextrorphan vs. dextromethorphan vs. memantine) were analyzed using
the nonparametric Kruskal–Wallis statistic (H). Systat 5.1 for DOS performed the analysis.

RESULTS
All 48 sheep randomly received continuous intrathecal administration of dextrorphan, dextromethorphan, or memantine via subcutaneous, programmable continuous-infusion pumps (Medtronic
Synchromed, pump models 8615 and 8617). Of
these 48 animals, 41 were actually used in the study
groups. Of the seven animals excluded from the

study, three animals had questionable patency of the
intrathecal catheters; one animal had a neurologic
deficit caused by intraoperative trauma; another animal developed a seroma over the area of the implanted pump; and catheters in two animals
migrated into the epidural space. The mean duration
of implantation was 29.1 days (5 16.6) for all sheep
receiving study drugs. All the control sheep survived
for the entire 43 days, which was significantly different from the animals that received dextrorphan,
dextromethorphan, or memantine. The results did
not differ between male (39 sheep) and female (2
sheep) animals, and their data were merged for subsequent analysis.
Physiologic Effects
In all of the studies, there was no deviation from
normal values with respect to body temperature,
blood pressure, heart rate, or blood chemistries.
Bacterial cultures taken of the saline infusate and
CSF at sacrifice showed no growth after seven days
of observation.
Behavioral and Motor Observations
The behavioral/motor changes and the number of
days the animal received the antagonists are summarized in Table 2. The saline-infused animals did not
exhibit any behavioral or motor changes. All motor
deficits affected the hind limbs only. The sheep that
developed hind limb paralysis were unresponsive
to noxious cutaneous stimulation, however, bowel
and bladder control were normal. Micturition and
defecation in these paraplegic animals was monitored by assisting the animal in rising and supporting
them in the standing position for a period of 5 min.
Sheep normally urinate and defecate after rising
from the prone position. We speculate that the animals’ autonomic systems were still intact (bowel,
bladder) while the somatic systems (neuromuscular
and sensory) were affected by the histopathologic
changes (inflammation, necrosis, etc.). This is sometimes seen in humans with spinal cord compression
injury. Responses to high doses of all three drugs
differed significantly from responses to dose level
2 and lower in regard to the behavior and motor
grade and the number of days the animal received
the test agents (U 4 24, p 0.001 and U 4 240, p
0.001 respectively; Mann–Whitney U statistic). The

Toxicity Testing of NMDA Antagonists n 235

neurologic symptoms the sheep developed typically
began with the animal biting the area of the catheter
tip location, progressing to stiffness in the rear legs,
limping on one rear leg, loss of righting reflex in the
effected leg, dragging of the leg, guarded posture,
difficulty rising, and paraplegia. These symptoms
appeared as early as the first day after the animal
was started on drug or as late as day 36. However,
these symptoms varied in severity and extent of
toxicity based on the dose level and the drug the
animal received. Only one animal (dextrorphan dose
3) recovered from a drug-induced neuroneal deficit.
This sheep lost the righting reflex in the right rear
leg on day 6 of the drug study, which continued
until day 9 when the sheep began to regain the
righting reflex and continued to improve until normal behavior returned on day 13.
The threshold doses for neurotoxicity are dextrorphan dose 3, dextromethorphan dose 1, and memantine dose 1. Behavior and motor grades statistically
differed across the three different drugs plus the
control group (H 4 9.33, p < 0.05, 3df,
Kruskal–Wallis statistic). Dextromethorphan produced the highest behavior and motor grades and
dextrorphan the lowest; the control animals exhibited no change in behavior or motor activity.

Figure 2. Necropsy dissection of the intravertebral space L7S1 showing catheter entering the intrathecal space.

Gross Post-mortem Observations
Gross examination of the spinal cord confirmed the
catheter insertion site at L7-S1 (Fig. 2) and catheter
termination sites (Fig. 3) ranging from L-6 to T-10
with the majority between T-13 and L-2. The course
of each catheter varied (dorsal > ventral > right
lateral > left ventral > right dorsal lateral > left lateral
4 right ventral) and appeared to have no effect on
any of the gross changes observed. In contrast, the
presence of gross lesions in the spinal cord were
consistently associated with the catheter tip location.
Histopathologic Assessment
A summary of the spinal histopathology for all the
sheep in these studies are presented in Table 2. At
high dosing levels all of the agents studied statistically differed from dose level 2 and lower in regard
to the presence of inflammatory cells and necrosis
(U 4 3 1, p < 0.001 and U 4 23, p < 0.001, respectively; U 4 Mann–Whitney U statistic). The occur-

Figure 3. Catheter tip is seen through the translucent dura.
Catheter is lying on the dorsal surface of the spinal cord.
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rence of necrosis differed significantly between the
different dose levels of all the drugs (H 4 23.97, p
< 0.001, 5df). Purulent inflammation and infiltration
of neutrophils, macrophages, and an occasional
giant cell characterized the necrosis. Axonal
changes included axonal swelling and axonal loss.
High CSF values of total protein were associated
with spinal lesions in all but one sheep. One of the
control animals had a total protein level of 284 mg/
dl. However, histologic examination of this animal
did not reveal any microscopic lesions. The regions
of the brain that were examined did not reveal any
significant microscopic lesions. Histologic evaluation of the various organs did not reveal any drugrelated changes. The histologic changes were dosedependent with the exception of four animals. One
sheep that had received memantine level 2 showed
no behavioral, motor, or neurologic symptoms.
Gross post-mortem examination revealed a lesion
measuring 1 cm † 0.5 cm at the site of catheter
termination. Histologic exam of this sheep revealed
moderate to severe changes. Conversely, the other
animal receiving the same dose exhibited mild clinical symptoms yet had no histopathologic damage
to the spinal cord. One of the animals that received
memantine level 3 revealed severe behavioral and
motor effects and had to be euthanized on day 10.
Gross examination at necropsy revealed a ventral
lesion at L1-T13 with purulent inflammation, discoloration, and necrosis. The sheep that had dextromethorphan at dose level 2 exhibited moderate
behavioral changes and appeared grossly normal at
necropsy. However, upon sectioning the formalinfixed cord, areas of discoloration and slight swelling
were associated with the catheter termination site.
One of the sheep that received dextrorphan level
3 recovered from moderate behavior changes and
appeared grossly normal at necropsy. Histopathologic examination of this animal revealed moderate
and severe histologic changes. The histopathologic
changes noted in these four sheep were similar to
those seen in sheep that were given higher doses
of the drugs. No significant gross anatomic changes
were noted in control animals. However, upon histopathologic examination, three of the seven control
animals showed a very mild catheter reaction consisting of a mild fibrosis around the catheter. The
occurrence of intrathecal fibrous reaction did not
differ between the dose levels (H 4 4.75, > 0.05,
5 d.f.).

DISCUSSION
The administration of intrathecal or epidural morphine for chronic pain states is widespread and wellestablished (15,18). However, unpredicted side effects such as ventilatory depression, itching, and
urinary retention have been reported (16) and the
use of spinally administered morphine has been accompanied by reports of tolerance (43). Common
clinical practice including our experience and that
of others (44) found that morphine tolerance could
develop to a point where intrathecal doses of 50
mg/day were ineffective in controlling pain. Additionally, some neuropathic pain syndromes may be
unresponsive to morphine (15,16). Therefore, it is
believed by many researchers that morphine may
not be the drug of choice for intrathecal administration (18). In response to the need for developing
new agents for spinal administration in the clinical
setting (45), this preliminary investigation of the
toxic effects of dextrorphan, dextromethorphan,
and memantine was conducted. Recent studies in
rats showed these agents to be promising in the
treatment of hyperalgesia and allodynia (11). These
NMDA antagonists have been in use clinically for
many years, dextrorphan and dextromethorphan as
antitussives and more recently as anticonvulsants in
the treatment of epilepsy (46) and memantine for
the treatment of Parkinson’s disease (34) and dementia (39,47). Presently, there are no data on the safety,
side-effect profiles, or toxicity of long-term intrathecal administration of dextrorphan, dextromethorphan, or memantine in animals or man (14).
Previous researchers expressed concern over the
use of experimental agents and clinically approved
agents administered via a different route (for example, approved for oral administration but delivered
intrathecally) without behavioral, toxicologic, and
histopathologic data from animal studies
(14,21,22,48,49). It has been proposed that the neurotoxic potential of spinally administered drugs may
not be adequately detected when morphologic analysis does not include functional studies (20). Therefore, the lack of behavioral changes alone is not
sufficient to eliminate the possibilities of a drug
having neurotoxic effects (21). Also, it is feasible
that toxicity can be present in the absence of neurologic symptoms. For these reasons, in the present
study, histopathologic changes as well as neurologic,
motor, and behavioral changes were examined.
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The sheep was chosen as the animal model because its neural axis is similar to the human’s in
relation to spinal cord length, CSF volume, CSF production, and body weight; thus providing in the
study animal a body cavity and anatomic spaces
close to what would be encountered in a human
patient (50). In addition, the volume of the spinal
CSF compartment in the sheep is large enough to
allow some dilution of the test agent and therefore
more closely approximate lumbar intrathecal administration in the human (51). Previous studies of local
anesthetics in sheep indicated that this animal
model probably has the same milligram-per-kilogram
dose requirements as humans do (52). Furthermore,
utilizing the sheep, our surgical protocol is analogous to the surgical protocol used in humans (semipercutaneous placement of the intrathecal catheter),
which is very difficult in other large animal models
like the dog in which a mini-laminotomy must be
performed (53). The sheep has been routinely used
by investigators to study the effects of various substances administered into the subarachnoid space
(54). Others have investigated the neurotoxicity
of intrathecal local anesthetics (55), enkephalinase
inhibitors (51), pharmacokinetic distribution of
opiates given epidurally, intrathecally, or intraventricularly (56–59), and antinociception after epidural administration of clonidine (60,61).
Like Rawal et al. we noted a dramatic difference in
the behavioral responses between animals receiving
similar volumes of saline or test drug (18). The spinal
administration of dextrorphan, dextromethorphan,
and memantine showed dose-dependent onset and
duration of behavioral, motor, and neurologic
changes. These changes were so sensitive that we
repeatedly noticed biting of the area associated with
the catheter tip location as an early sign of toxicity.
This behavior was also noted by Atchison et al. in
a dog that received 30 mg of intrathecal morphine.
This animal went into convulsions 15 min after exhibiting this behavior, and died shortly thereafter
(62). Our findings and those by others (11,14) have
demonstrated that high doses of these agents produce obvious motor deficits.
There was no correlation between weight and
clinical symptoms or histopathologic results within
the dose groups. In the known dose studies where
the concentration of drug remained the same(10
mg/ml), the flow rates did vary between sheep depending on dose and the weight of the animal. The

infusion volume range in these studies ranged between 0.051 ml/day and 13.25 ml/day. However, in
the blinded studies, all the volumes remained the
same (1.636 ml/day) and the concentration varied.
Comparing the different volumes administered
within a drug and within one dose rate, the higher
volumes of injectate did not statistically increase the
incidence of pathology.
Dextrorphan, the more potent active metabolite
of dextromethorphan (63), appears to be the least
toxic of the study drugs at dose levels 3 and lower.
However, one animal that received dextrorphan
dose level 3 displayed moderate behavioral changes
and severe to moderate histopathologic changes.
Two other sheep receiving the same dose exhibited
no behavioral or motor changes and minimal to no
histopathologic change.
Conversely, dextromethorphan was clearly the
most irritating to the spinal cord tissue. Toxic reaction was present at all dosing levels upon histologic
examination with the exception of two animals;
tissue samples from two sheep dosed at levels 1 and
2 revealed no histologic changes. Additionally, all
dose levels of dextromethorphan exhibited behavioral and neurologic changes (with the exception
of the same two animals that did not show such
changes).
Slightly less toxic than dextromethorphan, memantine at dose level 1 presented no behavioral,
motor, or neurologic changes. However, all animals
that received the drug at dose level 3 and above
displayed behavioral, motor, neurologic, and histologic changes, except for one sheep at dose level 3
that showed no such changes.
No significant behavioral, motor, neurologic, or
gross anatomic changes were noted in control animals. Histopathologic examination revealed three of
the six control animals to have a minimal catheter
reaction consisting of a mild fibrosis around the catheter. This reaction has been noted in other animal
models and may be unavoidable to some extent due
to the presence of the catheter and simple mechanical irritation (44,64). Our study presented a general
correlation between degree of behavioral, motor,
and neurologic change and the degree of histopathologic change. However, we also showed that neurotoxic effects can be present without an animal
showing any clinical symptoms. The severe neurotoxic effects of the higher doses of the NMDA antagonists studied in this investigation and the case
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findings of another agent of the same pharmacologic
type (65) further warrants thorough testing of these
agents prior to clinical use. The lower doses of these
agents have been shown by others (4,11,14) to produce antihyperalgesic or analgesic properties in the
neuropathic rat. To provide appropriate preclinical
background for these antagonists, future studies are
being planned to determine the analgesic or antihyperalgesic efficacy of the lower doses of these agents.

ACKNOWLEDGMENTS
We would like to thank Richard Terrell, Kyle Voelker,
Rodney Helgren and Gerald Costello for their valuable assistance in conducting this study. We would
also like to thank Medtronic, Inc. (Minneapolis, MN)
for the use of the implantable infusion devices.
Quanyun Xu, Ph.D. was instrumental in preparing
the antagonists.

REFERENCES
1. Ren K, Dubner R. NMDA receptor antagonists attenuate mechanical hyperalgesia in rats with a unilateral
inflammation of the hind paw. Neurosci Lett 1993;163:
22–26.
2. Dickenson AH. A cure for wind-up: NMDA receptor antagonists as potential analgesics. Trends Pharmacol
Sci 1990;11:307–309.
3. Lehmann J. The NMDA receptor. Drugs Future
1989;14:1059–1071.
4. Carlton SM, Hargett GL. Treatment of the NMDA
antagonist memantine attenuates nociceptive responses
to mechanical stimulation in neuropathic rats. Neurosci
Lett 1995;198:115–118.
5. Cahusac PMB, Evans RH, Hill RG, Rodriquez RE.
The behavioral effects of an N-methylaspartate receptor
antagonist following application to the lumbar spinal
cord of conscious rats. Neuropharmacology 1984;23:
719–724.
6. Ren K, Williams GM, Hylden JLK, Ruda MA,
Dubner R. The intrathecal administration of excitatory
amino acid receptor antagonists selectively attenuated
carrageenan-induced behavioral hyperalgesia in rats. Eur
J Pharmacol 1992;219:35–243.
7. Eisenberg E, Vos BP, Strassman AM. The NMDA
receptor antagonist memantine blocks pain behavior in
a rat model of formalin-induced facial pain. Pain 1993;
54:301–307.
8. Sher GD, Cartmell SM, Gelgor L, Mitchell D. Role
of N-methyl-D-aspartate and the opiate receptors in noci-

ception during and after ischemia in rats. Pain 1992;49:
241–248.
9. Eisenberg E, LaCross S, Strassman AM. The clinically tested N-methyl-D-aspartate receptor antagonist
memantine blocks and reverses thermal hyperalgesia in
a rat model of painful mononeuropathy. Neurosci Lett
1995;187:17–20.
10. Yamamoto T, Yaksh TL. Spinal pharmacology of
thermal hyperalgesia induced by constriction injury to
the sciatic nerve. Excitatory amino acid antagonists. Pain
1992;49:121–128.
11. Chaplan SR, Malmberg AB, Yaksh TL. Efficacy of
spinal NMDA receptor antagonism in formalin hyperalgesia and nerve injury evoked allodynia in the rat. J Pharmacol Exp Ther 1997;280:829–838.
12. Dubner R. Neuronal plasticity and pain following
tissue inflammation or nerve injury In: Bond MR, Charlton JE, Woolf CJ. eds. Proceedings of the VIth World
Congress on Pain. New York:Elsevier Science Publishers;
1991:263–276.
13. Mao J, Price DD, Hayes RL, Lu J, Mayer DJ, Frenk
H. Intrathecal treatment with dextrorphan or ketamine
potently reduces pain related behaviors in the rat model
of peripheral mononeuropathy. Brain Res 1993;605:
164–168.
14. Tal M, Bennett GJ. Dextrorphan relieves neuropathic-heat evoked hyperalgesia in the rat. Neurosci Lett
1993;1:107–110.
15. Gustafsson LL, Wiesenfeld-Hallin Z. Spinal opioid
analgesia a critical update. Drugs 1988;35:597–603.
16. Krames ES, Lanning LM. Intrathecal infusional analgesia for nonmalignant pain: analgesic efficacy of intrathecal opioid with or without bupivacine. J Pain
Symptom Manage 1993;8:539–548.
17. Bouaziz H, Tong C, Eisenach C. Postoperative analgesia from intrathecal neostigmine in sheep. Anesth
Analg 1995;80:1140–1144.
18. Rawal N, Nuutinen L, Raj P et al. Behavioral and
histopathological effects following intrathecal administration of butorphanol, sufentanil and nalbuphine in
sheep. Anesthesiology 1991;75:1025–1034.
19. Yaksh TL, Collins JG. Studies in animals should
precede human use of spinally administered drugs. Anesthesiology 1989;70:4–6.
20. Coombs DW, Fratkin JD. Neuotoxicology of spinal
agents. Anesthesiology 1987;66:724–725.
21. Gordh T, Post C, Olsson Y. Evaluation of the toxicity of subarachnoid clonidine, guanfacine, and substance
P-antagonist on rat spinal cord and nerve roots: light and
electron microscopic observation after chronic intrathecal administration. Anesth Analg 1986;65:1303–1311.
22. Chen HSV, Pellegrini JW, Aggarwall SK et al. Openchannel block of N-methyl-D-aspartate (NMDA) responses
by memantine: therapeutic advantage against NMDA re-

Toxicity Testing of NMDA Antagonists n 239

ceptor mediated neurotoxicity. J Neurosci 1992;12:
4427–4436.
23. Himori N, Imai M, Akaike N, Matsukura T, Watanabe H. Replenishment of brain adenosine triphosphate
content by morphinan-type N-methyl-D-aspartate receptor antagonists, dextrorphan and dextromethorphan
through activation of adenylate kinase. Arzneimittelforschung/Drug Res 1992;42 (l):595–598.
24. Franklin PH, Murray TF. Identification and initial
characterization of high-affinity [3 H]dextrorphan binding sites in the rat brain. Eur J Pharmacol 1990;89:
89–93.
25. Rothman SM, Olney JW. Excitotoxicity and the
NMDA receptor. Trends Neurosci 1987;10:299–302.
26. Choi DW. Glutamate neurotoxicity and diseases
of the nervous system. Neuron 1988;1:623–634.
27. Meldrum B, Garthwaite J. Excitatory amino acid
neurotoxicity and neurodegenerative disease. Trends
Pharmacol Sci 1990;1:379–387.
28. Lipton SA. Models of neuronal injury in AIDS.
another role for the NMDA receptor. Trends Neurosci
1992;1:75–79.
29. Chen ZR, Somogyi AA, Bochner F. Simultaneous
determination of dextromethorphan and three metabolites in plasma and urine using high-performance liquid
chromatography with application to their disposition in
man. Ther Drug Monit 1990;12:97–104.
30. Chapman AG, Meldrum BS. Non-competitive Nmethyl-D-aspartate antagonists protect against sound-induced seizures in DBA/2 mice. Eur J Pharmacol 1989;
166:201–211.
31. Tortella FC, Ferkany JW, Pontecorvo MJ. Anticonvulsant effects of dextrorphan in rats: possible involvement dextromethorphan-induced seizure. Life Sci 1988;
42:2509–2514.
32. Danysz W, Essman U, Bresink I, Wilke R. Glutamate
antagonists have different effects on spontaneous locomotor activity in rats. Pharmacol Biochem Behav 1994;
48:111–118.
33. Lupp A, Lucking CH, Koch R, Jackisch R,
Feuerstein TJ. Inhibitory effects of the antiparkinsonian
drugs Memantine and Adainantine on N-methyl-D-aspartate evoked acetylcholine release in the rabbit caudate
nucleus in vitro. J Pharmacol Exp Ther 1992;263:
717–724.
34. Rabey JM, Nissipeanu P, Korezyn AD. Efficacy of
Memantine and NMDA receptor antagonists in the treatment of Parkinson’s disease. J Neural Transm (Basic
Neurosci Neurol Sect Psychiatry Sect) 1992;4:277–282.
35. Riedderer P, Lange KW, Kornhuber J, Danielczyk
W. Pharmacotoxic psychosis after memantine in Parkinson’s disease. Lancet 1991;338:1022–1023.
36. Porter RHP, Greenamyre T. Regional variations in
the pharmacology of NNMA receptor channel blockers:

implications for therapeutic potential. J Neurochem
1995;64:614–623.
37. Parsons CG, Gruner R, Rozental J, Millar J, Lodge
D. Patch clamp studies on the kinetic and selectivity of
N-methyl-D-aspartate receptor antagonism by memantine
(1-amino-3,5-dimethyladainantan). Neuropharmacology
1993;32:1337–1350.
38. Kornhuber J, Quack G. Cerebrospinal fluid serum
concentrations of N-methyl-D-aspartate (NMDA) receptor
antagonist memantine in man. Neurosci Lett 1995;195:
137–9.
39. Gortelmeyer R, Erbler H. Memantine in the treatment of mild to moderate dementia syndrome: a doubleblind placebo controlled study. Arzneimittelforschung
1992;42:904–913.
40. Ditzler K. Efficacy and tolerability of memantine
in patients with dementia syndrome. Arzneimittelforschung 1991;41:773–780.
41. Kornhuber J, Weller M, Schoppmeyer K, Riederer
P. Amantadine and memantine are NNMA receptor antagonists with neuroprotective properties. J Neural Transm
(Basic Neurosci Neurol Sect Psychiatry Sect) 1994;43:
91–104.
42. Institute of Laboratory Animal Resources, Commission on Life Sciences, National Research Council.
Guide for the Care and Use of Laboratory Animals. Washington, DC:National Academy of Sciences; 1996: 1–118.
43. Yaksh TL, Harty GJ, Onofrio BM. High doses of
spinal morphine produce a nonopiate receptormediated
hyperesthesia: clinical and theoretic implications Anesthesia 1986;64:590–597.
44. Kroin JS, McCarthy RJ, Penn RD, Kems JM, Ivankovich AD. The effect of chronic subarachnoid bupivacaine infusion in dogs. Anesthesia 1987;66:737–742.
45. Coombs DW. Intraspinal analgesic infusion by implanted pump. Ann N Y Acad Sci 1988;531:108–122.
46. Wolfgang L, Honack D. Differences in anticonvulsant potency and adverse effects between dextromethorphan and dextrorphan in amygdala-kindled and nonkindled rats. Eur J Pharmacol 1993;23:191–200.
47. Ambrozi L, Danielczyk W. Treatment of impaired
cerebral function in psychogeriatric patients with memantine: results of a phase II double-blind study. Pharmacopsychiatry 1988;21:144–146.
48. Rawal N, Nuutinen L, Raj PP et al. Behavioral and
histopathological effects following intrathecal administration of butorphanol, sufentanil, and nalbuphine in
sheep. Anesthesia 1992;77:605–607.
49. Eisenach JC. Demonstrating safety of subarachnoid calcitonin: patients or animals? Anesth Analg 1988;
67:298.
50. Coombs DW, Colbum RW, DeLeo JA, Twitchell BB.
Testing an implantable intraspinal drug delivery device
in the ewe. Reg Anesth 1993;18:230–237.

240 n

H A SS E N B US C H E T A L .

51. Coombs DW, Colbum RW, DeLeo JA et al. Acute
toxicology of an enkephalinase inhibitor (SCH 32615)
given intrathecally in the ewe. Anesth Analg 1993;76:
123–130.
52. Wallis KL, Schnider SM, Hicks JS, Spivey HT. Epidural anesthesia in the normotensive pregnant ewe: effects on uterine blood flow and fetal acid-base status.
Anesthesia 1976;44:481–487.
53. Coombs DW, Colburn RW, Allen CD, Deroo DB,
Fratkin JD. Toxicity of chronic spinal analgesia in a canine
model: neuropathologic observations with dezocinelactate. Reg Anesth 1990;15:94–102.
54. Adams JH, Mastri AR, Doherty DD Jr, Charron
D. Spinal anesthesia with batrachotoxin in sheep and
microscopic examination of spinal cords and roots. Pharmacol Res Comm 1978;10:719–728.
55. Rosen MA, Baysinger CL, Schnider SM et al. Evaluation of neurotoxicity after subarachnoid injection of
large, of local anesthetic solutions. Anesth Analg 1983;
62:802–808.
56. Payne R, Gradert TL, Inturrisi CE. Cerebrospinal
fluid distribution of opioids after intraventricular and
lumbar subarachnoid administration in sheep. Life Sci
1996;59:1307–1321.
57. Payne R. CSF distribution of opioids in animals
and man. Acta Anesthesiol Scand 1987;31 (Suppl. 85):
38–46.
58. Payne R, Madsen J, Harvey RC, Inturrisi CE. A
chronic sheep preparation for the study of drug pharma-

cokinetics in spinal and ventricular CSF. J Pharmacol
Meth 1986;16:277–296.
59. Payne R, Inturrisi CE. CSF distribution of morphine, methadone and sucrose after intrathecal injection.
Life Sci 1985;37:1137–1144.
60. Castro MI, Eisenach JC. Pharmacokinetics and dynamics of intravenous, intrathecal, and epidural clonidine
administration in sheep. Anesthesia 1989;71:418–425.
61. Eisenach JC, Dewan DM, Rose JC, Angelo JM. Epidural clonidine produces antinociception, but not hypertension in sheep. Anesthesia 1987;66:496–501.
62. Atchison SR, Durant PAC, Yaksh TL. Cardiorespiratory effects and kinetics of intrathecally injected D-Ala-DLeU5 -Enkephalin and morphine in unanesthetized dogs.
Anesthesia 1986;65:609–616.
63. Schmitt B, Netzer R, Fanconi S, Baumann P, Boltshauser E. Drug refractory epilepsy in brain damage: effect
on dextromethorphan on EEG in four patients. J Neurol
Neurosurg Psychiat 1994;57:333–339.
64. Yaksh TL, Grafe MR, Malkmus S, Rathbum ML,
Eisenach JC. Studies on the safety of chronically administered neostigmine methylsulfate in rats and dogs. Anesthesia 1995;82:412–427.
65. Karpinski N, Dunn J, Hansen L, Masliah E. Subpial
vacuolar myelopathy after intrathecal ketamine: report
of a case. Pain 1997;73:103–105.

