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N.~SSTROM, J.,  ]~. BOO, M. ST.AHLBERG AND O.-G. BERGE. Tissue distribution of two NMDA receptor antago- 
nists, [sH]CGS 19755 and [~H]MK-801, after intrathecal injection in mice. PHARMACOL BIOCHEM BEHAV 44(1) 9- 
15, 1993.-The tissue distribution of [3H]cis-4-phosphonomethyl-2-piperidine carboxylic acid (CGS 19755) and [3H](+)-5- 
methyl-10,1 l-dihydro-5H-dibenzo[a,d]cyclobepten-5,10-imine (MK-801) was investigated after a single IT injection into lum- 
bar spinal cord of mice. The level of radioactivity was analyzed in the lumbar, thoracic, and cervical spinal cord, bralnstem, 
frontal cortex, liver, lungs, kidneys, stomach, intestine, spleen, heart, and blood from 5 rain up to 6 h after injection. Within 
the CNS, [3H]CGS 19755 redistributed slowly from the site of injection toward the bralnstem and cortex, peaking in the 
cortex 3--4 h after IT injection. At no time, however, did the relative level per gram of tissue in the frontal cortex exceed 10e/e 
of the relative level in the lumbar region of the spinal cord. The highest peripheral level of [3H]CGS 19755 was found in the 
kidneys. [3H]MK-801 redistributed rapidly from the spinal cord injection site to the peripheral organs. The highest peripheral 3 levels of [ H]MK-801 were found in the lungs and liver, where the radioactivity peaked at 10 and 30-60 rain, respectively, 
after injection. The relative levels of [3H]CGS 19755 were consistently higher in CNS tissues (except for the first 15 rain in the 
frontal cortex) and blood than the corresponding levels of [3H]MK-801. The opposite relationship was true in the liver, lungs, 
kidneys, stomach, intestine, spleen, and heart. The effect on the response latency in the hot-plate test was quantified in the 
same animals immediately prior to sacrifice for the distribution study. For the first hour after injection, the effect of [3H]CGS 
19755 in the hot-plate test followed the temporal distribution of the antagonist to the lumbar region of the spinal cord. 
[3H]MK-801 did not produce any substantial effect in the hot-plate test even at a dose 100 times greater than the effective 
equimolar dose of [3H]CGS 19755. As discussed, the difference in the distribution to the spinal cord of [3H]MK-801 and 
[3H]CGS 19755 does not appear to explain the lack of effect of MK-80 ! in the hot-plate test. 

Distribution Iutrathecal NMDA receptor antagonist Hot plate 

BEHAVIORAL, biochemical, and electrophysiological stud- 
ies have suggested that exci tatoryamino acids (EAAs) partici- 
pate in nociceptive neurotransmission in the spinal cord 
(2,5,19,21,23-26). Although both competitive and noncom- 
petitive NMDA receptors have been implicated in nociceptive 
mechanisms, this has not been a consistent finding. For  exam- 
ple, Nasstr6m et al. reported that competitive, but not non- 
competitive, NMDA receptor antagonists increased response 
latency in the hot-plate test following IT administration in 
mice (21). In this article, we address this question of  lack of  
effect of  the noncompetitive NMDA receptor antagonists in 
the mouse hot-plate test. 

c/s-4-phosphonomethyl-2-piperidine carboxylic acid (CGS 
19755) is a highly selective and potent competitive antagonist 
at the NMDA receptor (16), while (+)-5-methyl-10,11- 
dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine (MK-801) is 
a potent noncompetitive NMDA receptor antagonist acting 

at the ion channel (27). Apart  from modulating the NMDA 
receptor complex in two mechanistically different ways, these 
two antagonists also differ physicochemically. Thus, CGS 
19755 is highly hydrophilic because of  its many ionic groups, 
while MK-801 is lipophilic. In this regard, it is interesting that 
intrathecally administered lipophilic opioids redistribute faster 
from the spinal cord than do hydrophilic opioids (10). 

The aim of  this study was to investigate the temporal and 
spatial distribution of  [3H]CGS 19755 and [3H]MK-801 in 
mice and examine the effect of  both these substances in the 
hot-plate test. In this way, we hoped to ascertain whether or 
not the previously reported lack of  effect of  MK-801 (21) 
could be explained by its tissue distribution. As reported here, 
however, differences in spinal cord distribution of  these two 
substances do not appear to provide the explanation. A distri- 
bution study would also reveal from which tissues potential 
side effects might be expected with these types of  substances. 

To whom requests for reprints should be addressed. 
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METHOD 

Chemicals 

[3H]CGS 19755 (specific radioactivity 1972.1 GBq/mmol; 
in 10 mmol potassium phosphate, pH 3) and [3H]MK-801 
(specific radioactivity 1065.6 GBq/mmol; in ethanol) were 
purchased from New England Nuclear (NEN; Du Pont Scan- 
dinavia AB, Stockholm, Sweden). Unlabeled MK-801 was 
purchased from Research Biochemicals Inc. (Natiek, MA) and 
CGS 19755 was synthesized at Astra Pain Control (S6dert~ilje, 
Sweden). Unlabeled CGS 19755 was added to the shipping 
solution of [3H]CGS 19755 to a final concentration of 0.32 
umol/5/~1. The shipping solution of [3H]MK-801 was diluted 
1 : 10 with 0.9% saline to a final concentration of 17.4 pM/5 
#1 before IT injection. Unlabeled MK-801 was dissolved in 
0.9% saline. 

Animals 

All experimental procedures involving animals were ap- 
proved by the regional ethical committee for animal experi- 
ments and performed according to the guidelines recom- 
mended by the International Association for the Study of Pain 
(29). Mice (ALAB outbred albino males, NMRI origin, 
ALAB, Sollentuna, Sweden; weight range 20-26 g) were 
housed for 1 week prior to drug injections in animal rooms 
that were thermostatically maintained at 20 + 0.2°C and with 
a 12 L : 12 D light schedule. They were given free access to 
food and water. 

Lumbar Puncture 

The procedure for IT administration of drugs was based 
upon the technique described by Hylden and Wilcox (11). 
Thus, a 30-ga cannula was inserted between the L5 and L6 
vertebrae at least 30 rain after making an incision through the 
skin over the lumbar spine. Mice were not anesthetized during 
these procedures. All drugs were injected in a volume of 5/~l. 

Hot-Plate Test 

Mice were tested without habituation. The hot-plate test 
(28) was performed on an electrically heated and thermostati- 
cally controlled aluminum surface set to a temperature of 58 
+ 0.2"C. Animals were conf'med to the plate by a transparent 
observation chamber (34 x 37 era). The latency to a response 
consisting of shaking or repeated kicking of the hind legs was 
measured. A cut-off of 20 s was used to avoid tissue damage. 
Each animal was tested once, just prior to sacrifice. 

Analysis of Tissue Radioactivity 

Animals were sacrificed by decapitation at 5, 10, 15, 30 
min, 1, 2, 3, 4, or 6 h after IT injection (only up to 2 h 
for [3H]MK-801). The tissues from each set of animals were 
weighed and frozen ( -20°C)  until the radioactivity was ana- 
lyzed within 4 days. The liver was homogenized in physiologi- 
cad saline with a Pnlytron homogenizer (Kinematica GmbH, 
Littau, Switzerland), while cooling on ice. Aliquots of the 
liver homogenate, samples of blood, and the tissues were 
mixed with cellulose powder and combusted in a sample oxi- 
dizer (Packard Oxidizer 306, Packard Instruments Co., 
Downers Grove, IL). The condensed [3H]H20 from the oxi- 
dizer was mixed with Carbosorb-Permafiuor (9: 15) and the 
radioactivity was measured by liquid scintillation analysis in a 
Tri-Carb 460C (Packard) with internal standardization. 

Calculations 

The relative level of radioactivity per g of blood or tissue 
was calculated using the following equation: 

Relative level/g = dpm in sample • 100 
dpm administered • weight of sample (g) " 

Due to technical difficulties inherent in injections directly 
into the intrathecal space, a certain failure rate is to be ex- 
pected. Therefore, animals in which all CNS tissues (i.e., lum- 
bar, thoracic, and cervical spinal cord, bralnstem, and frontal 
cortex) deviated by more than 2 SD from the mean value were 
excluded. This resulted in data from 4 of the 60 [3H]CGS 
19755 and 2 of the 36 [JH]MK-801 animals being excluded. 

RESULTS 

The highest relative level/g of both [3H]CGS 19755 and 
[3HIMK-801 was found in the lumbar spinal cord (Fig. 1). 
With the exception of the first 15 rain in the frontal cortex, the 
relative levels/g of [3H]CGS 19755 were consistently higher in 
the CNS tissues and blood than those of [3H]MK-801 (Figs. 
1-4). 

Tissue Distribution of [3HICGS 19755 

The level of [3H]CGS 19755 increased in the lumbar region 
of the spinal cord for the first 15 rain after the IT injection 
and then decreased rapidly until leveling out at 60 rain. From 
180 rain after injection, the level decreased slowly with a ter- 
minal half-life of approximately 3.2 h (Fig. 1). The level of 
[3H]CGS 19755 in the lumbar spinal cord remained the highest 
of all tissues from 5 rain until the end of the experiment at 6 h 
after IT injection. Rather than redistributing to any great ex- 
tent to the periphery, [3H]CGS 19755 redistributed slowly to- 
ward the brain, with high levels also being found in both the 
thoracic and cervical spinal cord soon after injection (Fig. 1). 
The radioactivity peaked in the cortex 3-4 h after the IT injec- 
tion (Fig. 2). At no time did the relative level/g in the frontal 
cortex exceed 10% of that in the lumbar region of the spinal 
cord. The levels of [3H]CGS 19755 found in the brainstem, 
frontal cortex, kidneys, and blood were lower than spinal cord 
levels (Figs. 2-4). Even lower levels of [3H]CGS 19755 were 
found in the liver, lungs, heart, stomach, intestine, and spleen 
(Figs. 3 and 4; data not shown for heart, stomach, intestine, 
and spleen). The highest peripheral level of [3H]CGS 19755 
was found in the kidneys (Fig. 3). 

Tissue Distribution of [3H]MK.801 

Unlike [3H]CGS 19755, [3H]MK-801 redistributed rapidly 
from the site of injection, at the lumbar spinal cord, to the 
periphery. The level of [3H]MK-801 in the lumbar and tho- 
racic spinal cord was relatively high for only the first 15 rain 
after injection (Fig. 1). From 30 rain after injection, the lum- 
bar spinal cord level decreased with a terminal half-life of 
approximately 0.5 h. The highest level of [3H]MK-801 outside 
the CNS 5 rain after injection was found in the lungs (Fig. 4). 
The level of [3H]MK-801 increased in the lungs for the first 10 
rain, after which it decreased rapidly. From 30 rain after the 
IT injection until the end of the experiment (at 2 h), the high- 
est overall level of [3H]MK-801 was found in the liver (Fig. 
3). Lower levels of [3I-I]MK-801 were found in the stomach, 
intestine, spleen, kidneys, spinal cord, brainstem, frontal cor- 
tex, and heart (Figs. 1-3; data not shown for stomach, intes- 
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FIG. 1. Relative level/g (proportion of total radioactivity per g of tissue) of 
[3H]c/s-4-phosphonomethyl-2-piperidine carboxylic acid (CGS 19755) (A) and 
[3H]( +).5.methyl- 10,1 l-dihydro-5H-dibenzo[a, d]cyclohepten-5,10-imine (IVlK-801) 
(B) in the lumbar, thoracic, and cervical spinal cord. Values represent mean + 
SEM of between 5 and 12 animals per time point. 

tine, and spleen). Only the blood contained a consistently low 
level of  [3H]MK-801 (Fig. 4). 

Behavioral Effect in the Hot-Plate Test 

For the fh'st hour after injection, the effect of  0.32 nmol 
[3H]CGS 19755 on response la ten~ in the hot-plate test fol- 
lowed the temporal distribution of  [ H]CGS 19755 in the lum- 
bar region of  the spinal cord. The hot-plate response latency 
increased for the first 15 rain, after which it first decreased 
rapidly until 60 rain, and then somewhat more slowly until 
240 rain after IT injection (Fig. 5). IT injection of  17.4 pmol 
[3H]MK-801 did not produce any effect in the hot-plate test. 
IT injection of  MK-801 in a dose ¢quimolar to [3H]CGS 19755 

(= 0.33 umol), as well as 10 and 100 times this dose, also 
failed to produce any substantial effect in the hot-plate test 
(Fig. 5). 

Variation in the Levels o f  Radioactivity 

In approximately 16% of IT injections with [3H]CGS 
19755, a much higher than average level of  radioactivity was 
found in the kidneys. A similar phenomenon was seen after 
IT injection of  [3H]MK-801. In this case, however, the in- 
creased levels were found in the lungs and/or liver in approxi- 
mately 12% of animals. The lumbar spinal cord level was 
below average in both these cases. It should be noted that 
mice with these higher than average peripheral levels of  
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FIG. 2. Relative level/g (proportion of total radioactivity per g of tissue) of 
[3H]c/s-4-phosphonomethyl-2-piperidine carboxylic acid (CGS 19755) (A) and 
[3H](+)-S-mcthyl-lO, ll-dihydro-SH.-dib(mzo[a, dJcyciohepte~-5,10-imine (MK-801) 
03) in the bralnstem and frontal cortex. Values represent mean :t: SEM of between 
5 and 12 animals per time point. 
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FIG. 3. Relative level/g (proportion of total radioactivity per g of tissue) of 
[3H]c/s-4-phosphonomethyl-2-piperidine carboxylic acid (CGS 19755) (A) and 
[3H](+)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine (MK-801) 
(B) in the liver and kidneys. Values represent mean + SEM of between 5 and 12 
animals per time point. 

[3H]CGS 19755 and [3H]MK-801 were not among mice ex- 
cluded from the study according to the criteria outlined in the 
Method section. 

DISCUSSION 

The present results demonstrate that the lipophilic non- 
competitive NMDA receptor antagonist [3H]MK-801 disap- 
pears more rapidly from the spinal cord than the hydrophilic 
competitive NMDA receptor antagonist [3H]CGS 19755. 
These findings agree with those shown previously following 
IT administration of lipo- and hydrophilic opioids (10). 

It might be argued that, as a result of metabolism, mea- 

surement of tissue radioactivity does not necessarily reflect the 
presence of the originally administered compound. However, 
pharmacokinetic principles (4) would suggest that the tissue 
radioactivity recovered from the CNS structures throughout 
this experiment and from the rest of the tissues directly after 
IT injection does reflect [3H]CGS 19755 and [3HIMK-801. Me- 
tabolites may account for some of the radioactivity recovered 
from peripheral tissues later in the experiment, especially in 
the case of [3H]MK-801 from the liver, kidneys, and lungs. 

In the lumbar spinal cord, the level of [3HIMK-801 de- 
creased rapidly between 5 and 30 rain following IT injection, 
whereas the level of  [3H]CGS 19755 increased for the first 15 
min before decreasing. Despite this difference, the lack of 
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FIG. 4. Relative level/g (proportion of total radioactivity per g of tissue) of 
[3H]c/s-.4-phosphonomethyl-2-piperidine carboxylic acid (CGS 19755) (A) and 
[3H] ( + )-5-methyl- 10,11 -dihydro-5H-dibenzo[a, d]cyclohepten-5,10-1mine (MK-801) 
(B) in the lungs and blood. Values represent mean + SEM of between 5 and 12 
animals per time point. 
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FIG. 5. Effect of 0.32 nmol [3H]c/a-4-phosphonomethyl-2-piperidine carboxylic acid (CGS 19755) and 
17.4 pmol [3H](+)-5-methyl-10,11-dihydro-5H-dibenzoi¢,d]cyclohepten-5,10-imine (MK-801) on the 
response latency in the hot-plate test. Values represent mean ± SEM, n = 5-12 animals per time 
point. Inset shows hot-plate effect at 5 (O), 10 (A), and 15 ([]) min for saline (Sal), 0.33 nM, 3.3 nM 
and 33 nM MK-801. 

effect of MK-801 in the hot-plate test does not appear to be 
explained by the difference in lumbar spinal cord levels of 
MK-801 and CGS 19755 for the following reasons. MK-801, 
even at 10 and 100 times the equimolar effective dose of 
[3H]CGS 19755, failed to produce any hot-plate effect in the 
first 15 rain after injection. Such high doses would be expected 
to increase the hot-plate response latency considering that 
MK-801 and CGS 19755 have comparable affinities for their 
respective binding sites (16,27). Further, the relative level/g 
of [3H]CGS 19755 from 5 to 15 win was only between 1.5 and 
5 times that of [~H]MK-801. Thus, a dose of MK-801 that 
was equimolar to the effective dose (for the hot-plate test) of 
[3H]CGS 19755 would be expected to produce absolute lumbar 
spinal cord levels for the first 15 rain that were approximately 
20-70% of those associated with [3H]CGS 19755. However, 
even after IT injection of MK-801 in a dose that was 100 times 
greater than this we stiff failed to observe an antinociceptive 
response. 

There are several possible explanations for the difference 
"in the hot-plate effect between CGS 19755 and MK-801. The 
rapid redistribution of [3H]MK-801 to the brain during the 
first 10 rain after IT injection could have produced supraspi- 
nal effects of MK-801 that counteracted its spinal effect. At 
the time that the supraspinal levels decreased, the remaining 
spinal levels may then have been too low to produce any ef- 
fect. This is in fine with the observation that the response 
latency in the hot-plate test for [3H]CGS 19755 decreased be- 
tween 1 and 3 h after injection. The lumbar spinal cord level 
of [3H]CGS 19755 was relatively constant at about half its 
peak value during this period, while the bralnstem and cortical 
levels were increasing steadily. It has been suggested that both 
the anesthetic agent ketamine, which also antagonizes 

NMDA, and NMDA agonists can activate supraspinal noci- 
ceptive and antinociceptive systems (12-14,22). Thus, it may 
be important to consider both spinal and supraspinal sites of 
action in the hot-plate test after IT injection of NMDA recep- 
tor antagonists. 

Another explanation could be a mismatch between NMDA 
receptors and binding sites for noncompetitive NMDA recep- 
tor antagonists in the spinal cord, as has been suggested to 
exist in the cerebellum (18). There are indications of this possi- 
bility in the literature (1,9,20), although to our knowledge 
the localization in the spinal cord of binding sites for both 
competitive and noncompetitive NMDA receptor antagonists 
has not yet been investigated in the same study. However, as 
both competitive and noncompetitive NMDA receptor antag- 
onists block NMDA-induced depolarization and C-fiber- 
induced wind-up of dorsal horn neurons (3,6-8), this sugges- 
tion seems unlikely. 

A third possibility is that noncompetitive NMDA receptor 
antagonists may need a long application time to produce suffi- 
cient channel blockade. In one study, it was shown that the 
maximum NMDA blocking effect in cortical tissue occurred 
after 2 h of continuous perfnsion with MK-801 (27). Agonist 
activation of the NMDA receptor complex is another impor- 
tant parameter that influences channel blockade. It has been 
shown that repeated agonist application progressively aug- 
mented the ketamine blockade of NMDA-induced currents 
[i.e., use-dependent block; (17)]. In the present study, bow- 
ever, the levels of MK-801 in lumbar spinal cord would almost 
certainly have been inadequate for such prolonged exposure 
due to its rapid redistribution to the brain and, more particu- 
larly, to the periphery. Similarly, the bot-plate stimulus may 
have been too short and weak to induce use-dependent chan- 
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nel blockade. Clearly, further investigations are needed to as- 
certain why competitive and noncompetitive NMDA receptor 
antagonists exert such different effects in the hot-plate test. 

[3H]CGS 19755 spread rostrally from the lumbar spinal 
cord, peaking in the cortex 3-4 h after the lumbar IT injection. 
This suggests that psychotomimetic side effects may not occur 
for several hours following IT injection of such hydrophilic 
NMDA receptor antagonists. This is in line with a human 
case study where the hydrophilic competitive NMDA receptor 
antagonist 3-(2-carboxypiperazin-4-y/)-propyl-l-phosphonic 
acid (CPP) induced psychotomimetic ketamine-like side ef- 
fects 4 h after the last in a series of IT injections 05).  Ade- 
quate dosing may, on the other hand, minimize or eliminate 
psychotomimetic side effects because our results show that 
only a fraction of the dose reaches the frontal cortex. The 
lipophilic noncompetitive NMDA receptor antagonists may, 
on the other hand, produce peripheral side effects. Certainly, 
the high levels of [3H]MK-801 in the lungs and liver raise such 
a possibility. 

Finally, this distribution study revealed that the technique 

of injecting directly into the IT space in mice leads to substan- 
tial variation between animals. This was more obvious for 
the hydrophilic compound [3H]CGS 19755, which does not 
penetrate the dura readily, than for [3H]MK-801. In approxi- 
mately 16% of animals injected with [3H]CGS 19755, there 
were indications that a substantial fraction of the dose was 
injected outside the IT space (i.e., epidurally). Thus, a lower 
than average effect was seen in the hot-plate test in these 
animals, in accordance with the lower than average levels of 
[3H]CGS 19755 in the lumbar spinal cord and much higher 
than average levels in the kidneys. This problem with the injec- 
tion technique must account for some of the variation in the 
results. 

It can be concluded that the lipophilic noncompetitive 
NMDA receptor antagonist [3H]MK-801 is rapidly and pri- 
marily redistributed to the periphery, while the hydrophilic 
competitive NMDA receptor antagonist [3H]CGS 19755 re- 
mains largely confined within the CNS. However, this differ- 
ence in distribution within the spinal cord does not appear to 
explain the lack of effect of MK-801 in the hot-plate test. 
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