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NMDA Receptor Blockade Rescues Clarke’s and Red Nucleus 
Neurons after Spinal Hemisection 

Cynthia A. Sanner,’ Timothy J. Cunningham,2 and Michael E. Goldberger* 

‘Department of Neurology, Washington University School of Medicine, St. Louis, Missouri 63110 and 2Department of 
Anatomy and Neurobiology, Medical College of Pennsylvania, Philadelphia, Pennsylvania 19129 

Hemisection of the adult rat spinal cord at T, transects the 
ascending ipsilateral axons of Clarke’s nucleus (CN) neu- 
rons and the descending contralateral axons of red nucleus 
(RN) neurons. Eight weeks following axotomy, 30% of CN 
neurons and 22% of RN neurons die. Since both nuclei re- 
ceive glutamatergic input, we wished to examine the pos- 
sibility that glutamatergic excitotoxicity contributes to axo- 
tomy-induced neuronal death in these nuclei. To test this we 
studied the effects of administration of the NMDA receptor 
antagonist MK-801 on cell survival after axotomy. When 1 
mg/kg body weight MK-801 is administered subcutaneously 
every day for l-8 weeks to hemisected rats, cell death is 
prevented. Treatment with 0.5 mg/kg body weight MK-801 
over the same time periods results in only partial rescue of 
axotomired neurons. Paradoxically, when 1 mg/kg MK-801 
administration is restricted to the first week of an 8 week 
survival period, cell death in both the RN and CN is greatly 
exaggerated over the cell loss found in saline-treated ani- 
mals. Withdrawal of 1 mg/kg MK-801 after 1 week of ad- 
ministration induces the loss of 92% of CN neurons, which 
is 83% greater than that occurring after axotomy alone. If, 
however, 1 mg/kg MK-801 is withdrawn after 2 weeks post- 
axotomy in the RN and 3 weeks postaxotomy in CN, all ax- 
otomized neurons survive. This rescue is found at 6 months 
postsurgery, the longest survival period studied, and there- 
fore appears to be permanent. These results suggest that 
glutamatergic afferent input contributes significantly to the 
death of axotomized red nucleus and Clarke’s nucleus neu- 
rons via NMDA receptors located on these neurons. 

[Key words: MK-80 1, axotomy, retrograde cell death, NMDA 
receptors, Clarke’s nucleus, Red nucleus] 

Recovery of function after damage to the CNS can be correlated 
with the extent of neuronal survival following injury (Eidelberg 
et al., 1977; Goldberger, 1980; Janssen and Hansebout, 1989). 
One approach for enhancing neuronal survival following a CNS 
injury is blockade of the neurotoxic actions of glutamate or other 
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excitatory amino acids. For example, antagonists to the NMDA 
subtype of glutamate receptor inhibit excitotoxic cell death after 
ischemic insults (Simon et al., 1984; Weiss et al., 1986; Faden 
et al., 1988) epileptic seizures or kindling (Collins and Olney, 
1982; Croucher et al., 1988; Gilbert, 1988; Clifford et al., 1989) 
and trauma (Faden and Simon, 1988; Gomez-Pinilla et al., 1989; 
Tecoma et al., 1989). All of these studies are concerned with 
excitotoxic cell death in the vicinity of the original insult. There 
can, however, be repercussions at sites distant to an injury, 
including retrograde cell death of neuron populations that send 
their axons through the damaged region. In a previous study, 
we demonstrated that axotomy-induced cell death in the Clarke’s 
nucleus of cats is prevented if the neurons are deafferented prior 
to the axotomy (Sanner et al., 1993). One explanation for these 
results is that the dorsal root afferents that are glutamatergic are 
toxic to neurons that have been compromised by axotomy. As 
is the case for locally injured neurons, this toxicity to CN neu- 
rons may be mediated through the NMDA receptor subtype of 
glutamate receptor. The purpose of this study is to test this idea 
experimentally by administration of MK-80 1, a noncompetitive 
NMDA receptor antagonist (Wong et al., 1986; Kemp et al., 
1987; Willetts et al., 1990) to rats whose spinal cords have been 
hemisected. We have therefore determined the effect of NMDA 
receptor blockade on axotomy-induced cell death in two nuclei, 
Clarke’s nucleus of the spinal cord and the red nucleus of the 
midbrain. 

Clarke’s nucleus (CN) is a bilateral spinal cord nucleus con- 
taining neurons whose axons ascend within the dorsal spino- 
cerebellar tract (DSCT) to the ipsilateral cerebellum. The ma- 
jority of afferent input is from dorsal roots (Mann, 1973; 
Walmsley, 1991) and is in part glutamatergic (Maxwell et al., 
1990). The red nucleus (RN) is a bilateral nucleus located in 
the midbrain, and its axons descend ipsilaterally to the inferior 
olive as well as contralaterally within the rubrospinal tract (RST) 
to the brainstem and the spinal cord. The RN receives the 
majority of its afferent input from the cerebral cortex, which is 
glutamatergic (Bemays et al., 1988; Nieoullon et al., 1988). There 
are also projections from the deep nuclei of the cerebellum 
(Holselge and Tan, 1988) some of which are glutamate& 
(Nieoullon et al., 1988; Benson et al., 199 1) and others cholin- 
ergic (Nieoullon et al., 198 1). Fibers of both the RST and DSCT 
course ‘in the lateral funiculus of the spinal cord, so a lateral 
funiculotomy will simultaneously axotomize neurons in the ip- 
silateral CN and the contralateral magnocellular region of the 
RN. 

The results of this study demonstrate that endogenous glu- 
tamatergic input contributes significantly to the retrograde cell 
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Table 1. Means of neuron counts from unoperated (Normal), and the control sides of saline-treated (Sal), 1 mg/kg (lMG), and 0.5 mg/kg 
(0.5MG) experimental CN and RN, * SEM 

Number of Red Nucleus Neurons 

Animals n 

Number of Clarke’s Neurons at L, 

# sections Control cell counts 

# Neurons 
# Neurons per per 
section Control cell counts section 

Normal 5 16.0 +- 0.0 395.2 rk 15.9 24.1 1561.6 + 92.1 91.6 
1 st experimental group 

Sal 5 15.4 + 1.91 370.2 f  80.6 24.0 1575.0 k 210.4 102.3 
1MG 15 18.27 f  0.94 451.27 + 30.37 24.6 1623.47 + 58.19 88.86 
0.5MG 10 15.9 * 1.35 438.6 k 52.18 26.3 1604.0 + 102.76 100.9 

2nd Experimental group 
Sal 4 18.0 + 1.08 422.5 k 45.8 23.3 1726.2 + 143.6 95.9 
1MG 12 18.58 ? 0.6 484.38 f  31.66 26.1 1792.9 k 62.0 96.5 
0.5MG 8 19.0 + 0.57 448.06 f  24.62 23.6 1913.06 + 116.7 100.7 

Number of neurons per section is not significantly different between control nuclei of experimental animals and normal nuclei. 

death of CN and RN neurons after axotomy since blockade of 
NMDA receptors with MK-801 completely inhibits cell death 
in both populations. Prevention of cell death is dependent on 
MK-80 1 dosage and the timing of administration. 

Materials and Methods 
Animals. Eighty-five female Sprague-Dawley rats (Zivic-Miller, Allison 
Park, PA) (60-l 50 d of age, 250-400 gm at time of surgery) were deeply 
anesthetized with an intraperitoneal injection consisting of xylazine (10 
m&kg), ketamine (95 mg/kg), and acepromazine maleate (0.7 mg/kg) 
prior to surgery. Prior to perfusion all animals were deeply anesthetized 
with an overdose of sodium pentobarbital (Nembutal, 75 mg/kg, i.p.). 

Normals. Five unoperated animals were used to determine the normal 
number of neurons that comprise both right and left Clarke’s nuclei at 
L, and the right and left magnocellular portion of the red nucleus. 

Surgery. Following NIH animal care guidelines, all animals received 
a right lateral funiculotomy at T, under aseptic conditions. The spinal 
cord of each animal was exposed by dorsal laminectomy of spinal seg- 
ments T,-T,, just caudal to the dorsal fat pad. The dura was opened at 
the midline, and the right lateral funiculus was cut with iris surgical 
scissors. The lesion completely transected the lateral funiculus, including 
the DSCT and the RST. 

Schedule of treatments. Immediately following their hemisection, all 
treated animals began receiving daily injections of either 0.5 mg/kg or 
1 mdka bodv weight MK-801 in a 3 cc saline vehicle. Control animals 
were also -hemisected, but received daily injections of 3 cc sterile 
saline alone. Animals were then assigned to one of two experimental 
groups. The first experimental group was used to determine the time 
course and dosage effects of MK-80 1 administration by sacrificing an- 
imals at weekly intervals. Animals in the second experimental group 
were used to determine the optimal duration of MK-80 1 treatment by 
administering the drug for various durations following surgery and al- 
lowing them to survive a full 8 weeks. 

Animals from the first experimental group received daily injections 
for their entire survival period of l-8 weeks. For example, 1 week 
survival animals were hemisected, given either saline or MK-801 in- 
jections daily for 1 week, and then immediately sacrificed. Eight week 
animals were hemisected, received either saline or MK-80 1 injections 
for 8 weeks, and were then sacrificed. Animals in the second experi- 
mental group all received daily injections for a set duration of 14 weeks, 
the injections were terminated, and the animals continued to survive 
until 8 weeks postsurgery. For example, 1 week animals were hemisected 
and received daily injections of either saline or MK-801 for 1 week, 
treatment was terminated, and the animals survived for an additional 
7 weeks postsurgery. Four week animals were hemisected and received 
daily injections of saline or MK-801 for four weeks, treatment was 
terminated, and the animals survived an additional 4 weeks postsurgery. 
A third group of animals (n = 3) were used to test the long-term effects 
of MK-80 1 treatment. These animals were hemisected, received 1 mg/ 

kg MK-801 for 3 weeks, and were allowed to survive 6 months after 
treatment. 

All animals that lost a third of their original postsurgical weight were 
tube-fed a liquid chocolate caloric supplement (Ensure Plus, Ross Lab- 
oratories, Columbus, OH) and given a mash composed of rat pellets 
soaked in 30% sucrose and Nutrical (a vitamin supplement). 

Tissuepreparation. At the time of sacrifice all surviving animals were 
anesthetized with Nembutal (75 mg/kg i.p. injection) and perfused in- 
tracardially with 0.9% saline followed by 4% paraformaldehyde in 0.1 
M phosphate buffer. The midbrain and spinal cord were postfixed in 
situ for 1 hr, removed, and cryoprotected in 30% sucrose for 24 hr. The 
tissue was then frozen on dry ice, transversely sectioned on a freezing 
sliding microtome at 30 pm, and placed into phosphate-buffered saline 
(PBS; pH 7.4). Every third section of the magnocellular portion of the 
RN was stained with cresyl violet. Every fifth section of the L, segment 
of the spinal cord was stained for cresyl violet and counterstained with 
myelin. The myelin staining was used to visualize the boundary formed 
by myelinated afferent fibers surrounding CN. 

Cell quantzjication. Cell counts of CN and RN neurons with obvious 
nucleoli were made using the Bioquant Image Analysis System (Cam- 
bridge Instruments) attached to a Leitz Dialux microscope. The cross- 
sectional area of every CN neuron was also measured on the Bioquant 
Image Analysis System at 100 x . The significance of differences between 
soma sizes for control and experimental groups was tested using a Krus- 
kal-Wallis test. All cell counts were corrected for the probability of 
undetected particles utilizing soma diameter with the Hendry analysis 
(Smolen et al., 1983) to obtain a factor for corrected neuron counts. 
The Hendry analysis is a modification of the Abercrombie method 
(Hendry, 1976). Although the extent to which the Abercrombie correc- 
tion is widely applicable has been challenged (Coggeshall, 1992), an 
analysis using the formula of Clarke (1992) suggests that the Hendry 
formula would produce a maximum error of 3.5% in our material. Mean 
cell numbers on the experimental side are expressed as the percentage 
of the contralateral undamaged side. Intraanimal differences (right side 
- left side) were determined with a multiple-comparison t test. Differ- 
ences between animal (saline treated vs MK-801 treated) cell counts 
were tested using the Mann-Whitney Utest with corrections for multiple 
comparisons (p < 0.05). 

Results 
Comparisons of right- and left-side cell counts taken from nor- 
mal animals show that there is no significant difference in neuron 
number between right and left CN or right and left RN (Table 
1). There is also no significant difference in cell numbers between 
normal nuclei and the contralateral or undamaged nuclei in CN 
or RN of experimental rats. Cell counts from the undamaged 
nucleus are therefore used as an internal control to cell counts 
from the lesioned side. 
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1 week 2 weeks 4 weeks 6 weeks 8 weeks 

POST-OPERATIVE SURVIVAL PERIODS 

Figure 1. A, MK-801 administration (1 mg/kg) inhibits axotomy-induced cell death of CN neurons, and the rescue is dose dependent. All bars 
represent means of L:R ratio + SEM. Saline.control animals (open bars) begin showing cell death by the first week increasing to 30% by 8 weeks. 
Animals that received daily injections of 1 mg/kg MK-801 (solid bars) exhibited virtually no cell loss at any survival period. By 2 weeks, cell 
survival in 1 mg/kg-treated animals was significantly greater than saline-treated animals. Animals that received a daily injection of 0.5 mg/kg MK- 
801 (hatched bars) begin showing cell loss by the second week and by the fourth week cell death parallels that seen in operated control animals (*, 
p < 0.05; **, p < 0.01; ***, p < 0.001). B, Photomicrograph of Clarke’s nucleus at L, in an operated control rat that received daily injections of 
saline for 8 weeks. Arrows indicate various large projection neurons present in the unoperated (L) side. The line identifies the borders of the nuclei; 
note the absence of most large neurons from the experimental (R) nucleus. C, Photomicrograph of Clarke’s nucleus labeled with cresyl violet at L, 
in a rat that received 1 mg/kg MK-80 1 for 8 weeks and then was sacrificed. The line identifies Clarke’s nuclei; the R, nucleus that is the experimental 
side; and arrows indicate various CN neurons. Scale bar, 50 pm. 
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Time and dose requirements to prevent death of axotomized 
neurons first experimental group) 
Clarke? nucleus. In the first experimental group of animals, the 
rats received daily injections of either MK-801 or saline for 
their entire survival period of from 1 to 8 weeks. As shown in 
Figure lA, axotomized animals that are saline treated progres- 
sively lose 30% oftheir CN neurons by 8 weeks following surgery 
(p < 0.00 1). Cell loss in CN appears by 1 week after hemisection 
(10%) and increases over time until by 4 weeks this loss is 
significant (p < 0.05), and by 8 weeks is highly significant (30%, 
p < 0.001). This progression of CN cell loss over time is con- 
sistent with that observed in previous studies (Liu, 1955; Loewy 
and Schader, 1977; Himes et al., 1990). In contrast, there is no 
cell loss in animals treated with 1 mg/kg MK-801 at any time 
point tested. 

Daily treatment with only 0.5 mg/kg MK-80 1 delays, but does 
not prevent, axotomy-induced cell death of CN neurons. The 
animals that receive this lower dosage show a slight effect of 
treatment at 2 weeks (8% cell loss), but by 4 weeks the cell loss 
is similar to saline-treated animals and significantly greater than 
1 mg/kg-treated animals (p < 0.001). 

Red nucleus. The saline-treated animals also show significant 
cell loss in the RN by 8 weeks (Fig. 2). After 1 week there is a 
3% cell loss that increases to 22% (p < 0.01) by 8 weeks. RN 
cell loss of 22% or greater by 8 weeks has been confirmed in 
other studies investigating the effect of RST transection (Pren- 
dergast and Stelzner, 1976; Egan et al., 1977; Goshgarian et al., 
1983; Feringa et al., 1988; Xu and Martin, 1990). Daily ad- 
ministration of 1 mg/kg MK-801 prevents axotomy-induced 
cell death of RN neurons at all time periods tested. The differ- 
ence between animals treated with 1 mg/kg MK-80 1 and saline- 
treated animals is significant by 6 weeks (p < 0.05) and highly 
significant by 8 weeks (p < 0.01). Administration of 0.5 mg/kg 
MK-801 does not result in a statistically significant increase in 
surviving neurons at any survival time although there is clearly 
a trend for increased cell numbers at all time points. 

Duration of administration required to prevent death of 
axotomized neurons (second experimental group) 

Clarkes nucleus. In the second experimental group of animals 
we determined the effects of restricting administration of MK- 
80 1 for the first l--4 weeks of an 8 week survival period. Treat- 
ment with 1 mg/kg MK-801 for the first 3 weeks is as effective 
at preventing axotomy-induced cell death in CN as treatment 
for the entire 8 weeks (Fig. 3.4). A surprising finding is that 
treatment of animals with 1 mg/kg MK-801 for only 1 week 
markedly increases the number of CN cells that die (92% over 
what is expected after axotomy alone). Since approximately 70% 
of CN neurons are axotomized at T, in the cat (Sanner and 
Goldberger, 1989) it may be that both CN intemeurons and 
projecting neurons are vulnerable to the limited treatment with 
MK-801. Animals that receive 0.5 mg/kg MK-801 treatment 
also showed a slight exaggeration of cell loss (12%) when treat- 
ment is withdrawn after 1 week, but this loss is not statistically 
different from that which occurs after saline treatment. Contin- 
ued administration of 0.5 mg/kg MK-801 for the remaining 2- 
4 weeks does not prevent axotomy-induced cell death. 

Red nucleus. The duration of administration of MK-80 1 re- 
quired to prevent RN neuron cell loss is less than required by 
CN neurons. Two weeks of 1 mg/kg MK-801 treatment is suf- 
ficient to permanently rescue all RN neurons (Fig. 4). With- 

1 week 2 weeks 4 weeks 6 weeks 8 weeks 

POST-OPERATIVE SURVIVAL PERODS 

Figure 2. MK-80 1 prevents axotomy-induced cell death of RN neu- 
rons, and the effect is dose dependent. All bars represent the means of 
L:R ratios + SEM. Operated control animals (open bars) show approx- 
imately 22% cell loss by 8 weeks. Animals that received 1 mg/kg MK- 
80 1 daily (solid bars) show no cell loss after any survival period. By 6 
weeks cell survival is significantly greater than in saline-treated animals 
(*, p -c 0.05; **, p < 0.01). When compared to the operated control, 
the 0.5 mg/kg MK-801 (hatchedbars) treatment was only able to inhibit 
approximately 11% ofaxotomy-induced cell death in the RN by 8 weeks. 
This result was not significant. 

drawal of 1 mg/kg MK-80 1 treatment after 1 week also increases 
cell loss in RN over that predicted by axotomy alone (p < 0.0 l), 
but the effect is less pronounced than in CN as cell loss is only 
increased by 37%. Treatment with 0.5 mg/kg MK-801 has no 
protective effect. 

Limited treatment with MK-801 appears to provide a per- 
manent protective effect in both CN and RN. Three rats treated 
with MK-80 1 for 3 weeks, but allowed to survive for 6 months, 
showed no cell loss in either nucleus. 

Effects of treatment on soma size in Clarke’s nucleus 
The mean soma size of CN neurons in the control, undamaged 
nuclei of all experimental animals did not significantly differ 
from normals (p > 0.05). Therefore, the soma size of axotom- 
ized neurons was compared with the soma size of control neu- 
rons. 

In group 1, where treatment periods equal survival times, the 
mean soma sizes for 1 mg/kg MK-80 l-treated animals did not 
differ from normals for any time periods tested (Table 2; p > 
0.05). This is in contrast to saline-treated and 0.5 mg/kg MK- 
801-treated animals, which both showed similar significant de- 
creases in mean soma area as the treatment period increased. 
Therefore, continued treatment with 1 mg/kg MK-801 inhibits 
not only axotomy-induced cell loss in CN, but any shrinkage of 
mean soma area as well. 

In group 2, where the survival time is 8 weeks and the treat- 
ment periods vary from 1 to 4 weeks postsurgery, the mean 
soma area for all experimental nuclei decrease significantly from 
normal (Table 2). Even though treatment with 1 mg/kg MK- 
801 for 3 weeks or more rescues all axotomized CN neurons, 
it is unable to maintain normal mean soma area. Area mea- 
surements from animals treated for 3 weeks with 1 mg/kg MK- 
801 show that rescued neurons now have a mean soma area 
similar to surviving cells in saline-treated animals. 

Mortality and morbidity associated with MK-801 treatment. 
Thirty percent of the MK-80 1 treated animals died during treat- 
ment and were not used in this study. The greatest morbidity 
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3 weeks 4 weeks 

DURATION OF ADMNISTRATION 

Figure 3. A, Effect of MK-80 1 on survival of axotomized CN neurons is time dependent. Administration of 1 mg/kg MK-80 1 for 1 week increases 
axotomy-induced cell death while more prolonged administration rescues all neurons. These animals received daily injections for l-4 weeks of an 
8 week survival period. At 8 weeks saline-treated animals (open bars) demonstrate a 29% cell loss. Animals that were treated with 1 mg/kg MK- 
801 (solid bars) for the first week of an 8 week survival period show 92% cell loss, a 68% increase in cell loss over that found in saline-treated 
controls (***, p < 0.00 1). However, if animals received MK-80 1 daily for at least the first 3 weeks of the 8 week survival period, all axotomized 
CN neurons were rescued (***, p < 0.00 1). Animals that received 0.5 mg/kg MK-801 (hatched bars) showed only a 12% increase in CN cell loss 
when treatment was withdrawn after 1 week. Continued administration of 0.5 mg/kg MK-801 for the remaining three time points (2 weeks, 3 
weeks, or 4 weeks) did not rescue any axotomized CN neurons. B, Photomicrograph of Clarke’s nucleus stained with cresyl violet, at L, in a rat 
that received an injection of 1 mg/kg MK-801 daily for 1 week and survived an additional 7 weeks following axotomy. The line identifies the 
boundary of Clarke’s nuclei, the R is the experimental side. Note the decrease in the nucleus size as well as the lack of stained neurons; arrows 
indicate CN neurons on the left (15) side. C, Photomicrograph of Clarke’s nucleus stained with cresyl violet at L, in a rat that received an injection 
of 1 mg/kg MK-801 daily for the first 3 weeks of an 8 week survival period following axotomy. The line identifies the boundary of Clarke’s nucleus. 
On the experimental side (R), arrows indicate CN neurons. Scale bar, 50 pm. 
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occurs in animals with prolonged treatment periods (4 weeks 
and longer). However, all animals treated with 1 mg/kg MK- 
80 1 show some symptoms, including a rapid decline in weight, 
dehydration, failure to groom, lack of hair growth over the 
incision, and aggression. Importantly, in those groups where 
treatment is withdrawn, whether withdrawal leads to exagger- 
ated cell death (1 week) or complete rescue (2-3 weeks), the 
animals regained normal behavior and appearance. 

Discussion 
Receptor blockade over time 
The results of this study demonstrate that axotomy-induced 
retrograde cell death of both CN and RN neurons is prevented 
by daily administration of the NMDA receptor antagonist MK- 
801. This suggests that activation of the NMDA subtype of 
glutamate receptor contributes to axotomy-induced retrograde 
cell death in these nuclei. Excitotoxic cell death occurs in re- 
sponse to a variety of insults (Bowyer, 1982; Collins and Olney, 
1982; Simon et al., 1984; Wieloch, 1985; Weiss et al., 1986; 
Croucher et al., 1988; Faden and Simon, 1988; Faden et al., 
1988; Gilbert, 1988; Clifford et al., 1989; Monyer et al., 1989; 
Tecoma et al., 1989). In most cases this type of cell death is 
associated with NMDA receptors located in the immediate vi- 
cinity of the CNS lesion. Our study suggests that axotomy at 
some distance from the cell body may also induce vulnerability 
to NMDA-mediated excitotoxic effects and contribute to ret- 
rograde degeneration. 

Excitotoxic cell death after axotomy 

Several events that are reported to occur after axotomy would 
support an excitotoxic mechanism of retrograde neuron death. 
Neurons will spontaneously depolarize after damage to their 
axons (Titmus and Faber, 1990) and increased depolarization 
initiates several events that may lead to cell death (MacDermott 
et al., 1986; Nicholls and Attwell, 1990; Siesjo et al., 1991). 
Importantly in the present context, depolarization has been 
shown to be necessary for NMDA-mediated neurotoxicity (Vor- 
nov and Coyle, 199 1). Furthermore, exogenous concentrations 
of excitatory amino acids, including glutamate, will increase 
dramatically following axotomy (Faden et al., 1989; Liu et al., 
199 1). Glutamate levels are normally regulated by uptake mech- 
anisms located on both glia and neurons (Nicolls and Attwell, 

1 week 2 weeks 4 weeks 6 weeks 

DURATION OF ADMINISTRATION 

Figure 4. The effect of MK-80 1 on survival of axotomized RN neurons 
is also time dependent. Operated control animals (open bars) have ap- 
proximately a 22% cell loss after an 8 week survival. Animals that 
received daily injections of 1 mg/kg MK-80 1 for the first week of an 8 
week survival period show approximately 35% cell loss. This enhanced 
cell loss is not as extreme as that found in Clarke’s nucleus neurons (an 
increase of 37% over saline treated), but it is significant (*, p < 0.05). 
I f  the red nucleus has an extreme sensitivity period similar to that 
observed for Clarke’s nucleus, it falls in earlier time periods than were 
tested in this study. When 1 mg/kg MK-801 is administered for at least 
the first 2 weeks of the survival period, there is maximum cell survival 
(**, p < 0.0 1). Administration of 0.5 mg/kg MK-80 1 for any of the set 
treatment periods has no significant effect on either enhancing or pre- 
venting RN cell death. 

1990; Garthwaite et al., 1992) but these uptake mechanisms 
may be compromised after axotomy and subsequent depolar- 
ization. 

It should be noted, however, that axotomy-induced increases 
in extracellular glutamate concentrations have only been dem- 
onstrated in the vicinity of the lesion (Faden et al., 1989; Liu 
et al., 199 1) and may not exert a strong enough influence to 
trigger a neurotoxic cascade at distances from the lesion. It is 
possible, however, that following axotomy the membrane prop- 
erties of the entire neuron may be modified resulting in an 
increase in the NMDA receptor’s sensitivity, or even in the 
sensitivity of the neuron to the concentration of specific ions. 

Table 2. Means of CN neuron soma size (pm*) at L, from all unoperated (Normal), saline-treated (Saline), 1 mg/kg (IMG), and 0.5 mg/kg 
(OSMG) treated rats, * SEM 

Treat- 
ment 
period Normal 

(weeks) Experimental Control 

Saline 

Experimental Control 

1MG 

Experimental Control 

0.5MG 

Exoerimental Control 

1 st experiment 
1 448.3 + 19.2 445.9 + 17.6 401.7 i 8.6 451.6 f  15.1 439.7 + 20.4 443.9 k 17.2 444.8 + 15.8 455.2 + 13.6 
2 453.1 -t 15.9 449.4 k 21.3 351.7 + 6.4* 448.5 + 16.9 454.4 + 17.8 445.9 + 16.3 438.6 IIZ 12.3 450.7 Ik 17.7 
4 441.9 + 19.6 446.6 k 16.6 303.3 + 9.4* 437.9 k 21.3 450.7 AZ 20.4 455.7 f  14.3 366.8 k 16.6* 448.9 k 14.1 
6 438.7 + 21.7 441.3 + 18.9 274.1 + 7.1** 454.6 k 14.5 446.4 dz 14.8 440.0 1- 17.7 295.3 + 12.9** 444.3 + 19.5 
8 458.1 zk 15.2 449.8 t 12.5 206.4 k 5.2*** 447.7 + 16.7 455.3 T+ 17.7 451.9 -t 15.8 251.4 k 10.8*** 453.8 + 15.3 

2nd experiment 
1 210.9 ?z 7.3*** 459.1 * 15.4 87.3 f  6.4*** 437.6 zk 19.4 221.6 +- 10.4*** 458.2 -t 15.6 
2 199 . 6 + 6 . 6*** 447.8 + 17.1 194.2 Ifr 7.2*** 441.9 + 24.3 215.3 + 11.3*** 440.1 k 17.3 
3 215.5 + 11.9*** 441.6 k 16.5 203.7 f  11.4*** 456.4 k 16.8 209.3 -t 8.8*** 448.8 k 15.7 
4 208.9 XL 14.1*** 454.3 + 24.1 212.5 k 15.1*** 440.3 -t 17.9 201.9 -t 11.9*** 451.6 k 13.8 
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Figure 5. Diagram of suggested events that may explain exaggerated 
neuron death or neuron survival after administration of MK-801 to 
axotomized neurons for 1 or 3 weeks, respectively. Receptor blockade 
by MK-80 1 protects axotomized neurons from the elevated glutamate 
levels that follow axotomy. Receptor blockade also induces an upreg- 
ulation of NMDA receptors. If  the drug is withdrawn after only 1 week, 
the elevated levels of excitatory amino acids and receptors result in 
increased toxicity to the neurons. When MK-80 1 is withdrawn after 3 
weeks the number of NMDA receptors have downregulated in response 
to prolonged receptor blockade so the neurons are less vulnerable to 
endogenous glutamate. 

Even a modest increase in membrane depolarization has been 
found to increase the sensitivity of the NMDA receptor, allow- 
ing the channel portion of the receptor to remain permeable to 
ions for longer periods (Sombati et al., 199 1). 

One way that axotomy may both disrupt glutamate uptake 
mechanisms and modify membrane properties is simply through 
a disruption of mitochondrial energy metabolism (Beal, 1992). 
Mitochondria are essential for maintaining the normal voltage 
gradient across the cell membrane as well as a number of pro- 
cesses controlling levels of intracellular calcium concentration 
(Blaustein, 1988). An axotomy-induced impairment of the mi- 
tochondrial electron transport chain would effect cellular levels 
of ATP. An interference with ATP function would in turn de- 
polarize the cell membrane relieving the Mg2+ block within the 
channel portion of the NMDA receptor, allowing a greater influx 
ofcalcium into the cell (Novelli et al., 1988). A decrease in ATP 
would also influence the ATP-dependent extrusion of calcium 
from the cell, as well as the ATP high-affinity reuptake of glu- 
tamate by glia (Naito and Ueda, 1983). 

Receptor blockade and neuron survival 

When MK-801 is administered at a dosage of 1 mg/kg body 
weight for at least 3 weeks for CN neurons and 2 weeks for RN 
neurons, there is a permanent rescue of axotomized neurons. 
Interestingly, MK-801 administered for only the first week of 
an 8 week survival period produces greater cell loss in both 
nuclei than would occur after axotomy alone. One explanation 
for this phenomenon may be upregulation of NMDA receptors, 
making the axotomized neurons more vulnerable to endogenous 
glutamate. Neurons have been shown to respond to the removal 
of a neurotransmitter by upregulating the number of receptors 
that usually bind with the transmitter (Brady et al., 1989; Barkai 
et al., 1990; Rothman et al., 1990; Chalmers, 199 1). Such upreg- 
ulation has been reported after blocking the NMDA receptor. 
Application of APS, a competitive NMDA antagonist, induces 
a 40-80% increase in ‘251-MK-80 1 binding in cultured cortical 
neurons (Williams et al., 1992). In neonatal rats, administration 
of 1 mg/kg MK-801 produces a 30-50% increase in 3H-gluta- 
mate binding at NMDA preferring recognition sites (McDonald 
et al., 1990). It is therefore possible that 1 week of receptor 
blockade with MK-801 upregulates the number of NMDA re- 
ceptors and thereby increases the toxicity of endogenous glu- 
tamate (Fig. 5). 

The fact that 1 mg/kg MK-80 1 can be withdrawn after 2 (RN) 
or 3 (CN) weeks with a permanent prevention of axotomy- 
induced cell death may also be explained by receptor plasticity 
after the more prolonged administration. It is possible that in 
this 2-3 week period the neurons downregulate the number of 
NMDA receptors so that endogenous glutamate is no longer 
lethal. Endogenous glutamate may still be somewhat toxic, how- 
ever, as evidenced by the shrinkage of cells in CN. In addition, 
the axotomy-induced increase in extracellular glutamate may 
subside in the 2-3 weeks following the lesion (Potashner and 
Dymczyk, 1986; Faden et al., 1989). A reduction in glutamate 
would cause a decrease in both depolarization and ion flux 
through the NMDA receptor. A decrease in intracellular calcium 
concentrations is especially relevant because apoptotic and ne- 
crotic cell death are both influenced by intracellular calcium 
concentrations (Koh and Cotman, 1992). It is also possible that 
prolonged blockade of the NMDA receptor enables the neuron 
to reestablish a calcium homeostasis so that the neuron’s sen- 
sitivity to excitatory input is diminished. 

Comparison of RN and CN 
The difference in the amount of cell death between CN and RN 
neurons both after axotomy and after early withdrawal of MK- 
801 blockade may be due to several factors. One possibility is 
that the amount of glutamatergic input to RN neurons is less 
than to CN neurons. For example, the RN receives a significant 
proportion ofnonglutamatergic afferents (Nieoullon et al., 1988), 
while CN neurons are dominated by dorsal root afferents that 
are glutamatergic (Maxwell et al., 1990). Another possibility 
suggested by the present results is that target contact and avail- 
ability of target derived trophic factors is protective against 
endogenous excitotoxic input (see Schumacher et al., 1992). 
Therefore, RN neurons that have collaterals to several alter- 
native targets that survive the lesion may be less vulnerable to 
excitotoxic input. In fact, efferent projections arising from the 
RN have a number of destinations. These fibers project to the 
ipsilateral inferior olive as well as cross the midline (RST) to 
descend to contralateral intemeurons and motor neurons of the 
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spinal cord (Holslege and Tan, 1988). As the RST descends to 
the contralateral spinal cord it sends off collaterals that innervate 
several brainstem nuclei (Holslege and Tan, 1988). These RN 
targets are not axotomized by a hemisection at T, in the rat 
spinal cord. In contrast, CN neurons appear to have few or no 
sustaining collaterals (Walmsley, 199 1) and therefore no alter- 
native source for target contacts. 

The results from this study indicate that 1 mg/kg body weight 
MK-801 will prevent the cell death of all axotomized CN and 
RN neurons destined to die. This implies that abnormal acti- 
vation of the NMDA subtype of glutamate receptor influences 
the extent of retrograde cell death after axotomy. This protective 
effect, however, is time dependent as early withdrawal of NMDA 
blockade leads to cell loss greater than is normally induced by 
axotomy alone. Furthermore, both the protective effects and the 
duration of administration of NMDA receptor blockade may 
be important when considering therapeutic strategies aimed at 
promoting recovery of function after CNS injury (Albers et al., 
1989). 
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