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The overactivation
of the NMDA receptor
is thought to be a
major contributor
to the pathophysiologic
sequelae
of traumatic brain injury (TBI), which commonly
includes memory
dysfunction.
Uniquely, potentiation
of the NMDA receptor is
dependent
on the binding of glycine to a distinct site on the
receptor. Despite the potential
role of the NMDA receptor in
the development
of post-TBI cognitive
deficits, no studies
to date have evaluated
the efficacy of NMDA receptor antagonists
on memory dysfunction
after brain injury. Moreover, glycine site antagonists
have not been employed
as
potential therapeutic
agents in models of TBI. In the present
study, we evaluated
the effects of two glycine site antagonists, kynurenate (KYNA) and indole-2-carboxylic
acid (12CA),
on memory and motor dysfunction,
cerebral edema formation, and changes in regional total tissue brain [Na], [K], [Cal,
[Mg], and [Zn], following
lateral fluid-percussion
brain injury
in the rat. We found that both KYNA (300 mg/kg) and l2CA
(50 mg/kg and 20 mg/kg) administered
15 min postinjury
dramatically
attenuated
trauma-induced
cognitive
dysfunction (p < 0.01). In addition, both compounds
improved neurologic motor deficits measured
at 2 weeks following
injury
(p < 0.05). KYNA (300 mg/kg) reduced edema in the cortex,
hippocampus,
and thalamus, while l2CA (20 mg/kg) reduced
edema formation only in the thalamus. Differential
effects of
KYNA and 12CA on cation concentrations
were also noted.
KYNA attenuated
the postinjury
increase in regional tissue
[Cal; however, it had little effect on other cation concentrations. l2CA reversed the postinjury regional increases in [Na]
and decreases
in [K], [Mg], and [Zn], but had little effect on
[Cal changes.
These results indicate that KYNA and l2CA
may have differential,
but beneficial
effects on both behavioral and neurochemical
sequelae
of TBI.
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The NMDA receptor [an excitatory amino acid (EAA) receptor
subtype] has been well characterized as part of a unique receptor-cation channelcomplex (MacDermott et al., 1986;Reynolds and Miller, 1988). Activation of this receptor includes
obligatory binding of an EAA to the NMDA binding site and
glycine to a strychnine-insensitive high-affinity glycine-binding
site on the NMDA receptor (Kleckner and Dingledine, 1988).
Although the NMDA receptor-associatedionophore is opened
upon activation, a voltage-dependent block by magnesium
([Mg2+]) must be overcome in order to allow an influx ofcalcium
([Caz+]) and sodium ([Na’]) into and efflux of potassium([K’])
from the neuron. In addition, the zinc ion ([Zn2+]) may bind to
a distinct site, antagonizing NMDA receptor activation, possibly
by noncompetitive antagonism of the glycine site (Yeh et al.,
1990).The necessityof multiple regulatory siteson this receptor
may be partially related both to its integral role in synaptic
plasticity (Harris et al., 1984; Collingridge and Bliss, 1987)and
to its susceptibility to pathologic overexcitation (Choi et al.,
1987).
The pathophysiologic sequelaefollowing traumatic brain injury (TBI) are believed to be mediated by secondaryor delayed
mechanisms,including an excessivereleaseof EAAs with subsequentoveractivation of the EAA receptors(Choi, 1988).Using
intracerebral microdialysis techniques, a dramatic increasein
extracellular EAA (glutamate and aspartate)concentrations has
been reported following experimentally induced TBI (Faden et
al., 1989; Katayama et al., 1990; Nilsson et al., 1990). It has
alsobeen shown that NMDA receptor antagonistsmay be beneficial in a variety of experimental brain injury models(Hayes
et al., 1988; Jenkins et al., 1988; Faden et al., 1989; McIntosh
et al., 1989a, 1990; Shapira et al., 1991) suggestingthat pharmacologic antagonism of this receptor may attenuate excitotoxic-induced pathophysiologic aspectsof TBI.
The NMDA receptor has also been shown to play a major
role in memory function. NMDA receptor antagonistssuppress
long-term potentiation (LTP) (which hasbeen describedasthe
synaptic analog of memory), and impair cognitive function
(Morris, 1989). Following experimental brain injury, suppression of LTP (Miyzaki et al., 1989) and profound learning and
memory dysfunction (Lyeth et al., 1990; Smith et al., 1991;
Hamm et al., 1992) have been demonstrated. In addition, a
selective vulnerability of populations of neurons rich with
NMDA receptors,including hippocampalneurons,hasalsobeen
observedfollowing experimental brain injury (Cortez et al., 1989;
Kotapka et al., 1991; Lowenstein et al., 1992). In turn, hippocampal damage is thought to be a prerequisite for memory
impairment (Scoville and Milner, 1957). Although disturbances
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in memory function are some of the most common features of
human TBI (Levin, 1985) no studies to date have evaluated
the effects of NMDA receptor antagonists on cognitive dysfunction following brain injury.
Kynurenate (KYNA) and indole-2-carboxylic acid (12CA) and
their halogenated derivatives, 7-chloro-KYNA
and 5-fluoro12CA, have been shown to be potent glycine site antagonists,
inhibiting NMDA receptor action via an allosteric (noncompetitive) mechanism (Kemp et al., 1988; Htiettner, 1989). KYNA
also isosterically (competitively) antagonizes non-NMDA
receptor-gated ion channels (Kessler et al., 1989), while I2CA
demonstrates selective antagonism of the glycine site (J. E.
Htiettner, personal communication). Although 12CA has not
previously been used as a potential therapeutic treatment for
CNS injury, KYNA and/or 7-chloro-KYNA have beenshownto
(1) reverse glutamate neurotoxicity in cell culture (Shalaby et
al., 1989) (2) be neuroprotective in modelsof in vitro hypoxia
(Priestley et al., 1990), (3) attenuate both post-TBI increasesin
extracellular [K+] and increasesin glucoseutilization following
microdialysis administration into the hippocampus(Katayama
et al., 1990; Kawamata et al., 1992) (4) decreasestroke size
following global ischemia(German0 et al., 1987) and (5) reduce
neurologic motor deficits following traumatic spinal cord injury
(Reynolds et al., 1989). However, the potential therapeutic effects of glycine site antagonists have not been investigated in
models of experimental brain injury. Since experimental parasagittal fluid-percussion (FP) brain injury induces many features similar to those observed following human brain injury,
including regional edema formation (Soareset al., 1992) neurologic motor dysfunction (McIntosh et al., 1989b), and cognitive deficits (Smith et al., 1991), we examined the effects of
KYNA and 12CA on neurochemical changes(regional edema
formation and changesin regional total tissue cation concentrations) and behavioral changes(neurologic motor dysfunction
and memory dysfunction) following parasagittalFP brain injury
in the rat.
Materials and Methods
Experimental brain injury. Male Sprague-Dawley
rats(35O-lOOgm, n
= 187)wereanesthetized
with sodiumpentobarbital(60mg/kg,i.p.) 5
min after receiving 0.06 mg of atropine (i.m.) (animals typically remain
anesthetized for 90-I 00 min). Once suraicallv anesthetized. the animals
were placed in a stereotaxic frame, the scalp and temporal muscle were
reflected, and a 2.0 mm hollow female Luer-Lok fitting was rigidly fixed
with dental cement into a craniotomy centered above the left parietal
cortex, 5 mm anterior to lambda, 5 mm posterior to bregma, and 4 mm
lateral to the sagittal suture. The dura was left intact at this opening.
Ninety minutes following pentobarbital administration, lateral (parasagittal) experimental brain injury was induced using a lateral fluidpercussion model (McIntosh et al., 1989b). Briefly, the FP injury device
is connected to the animal via the female Luer-Lok fitting. The device
produces a pulse of increased intracranial pressure of 2 l-23 msec duI

I

rationthroughtherapidinjectionof salineinto theclosedcranialcavity,
resulting in brief displacement and deformation of neural tissue. This
pressure pulse is measured extracranially by a transducer (Gould, Inc.)
housed in the injury device, and displayed on a storage oscilloscope.
The pressure pulse is recorded in atmospheres (atm), with animals receiving brain injury of moderate severity (2.5-2.6 atm). Control “sham”
animals received surgical preparation without FP brain injury.
Evaluation ofcognitivefunction. Evaluation ofposttraumatic memory
function was performed using an adaption of the Morris water maze
(MWM) paradigm(Morris, 1984). The MWM used is a circular tank
(1 m in diameter and 50 cm deep) filled to 25 cm with 18°C water,
which is covered with Styrofoam pieces to render the surface opaque.

A stationary,submerged
and nonvisibleplatform 11.5cm squareand
24 cm tall (1 cm below the surface) is placed in a site determined from
a grid design of various zones (Fig. 1, zone A). This grid design, con-

strutted with a computerized video system (video-scan lab animal monitoring system, Omnitech Electronics, Inc.) is superimposed over the
maze and viewed on a monitor. Animals (n = 82) were trained in the
MWM to locate the platform using external visual cues. Each animal
was given 20 training trials over 2 d immediately prior to brain injury;
2.5 hr after the final trial ‘all animals were anesthetized and subjected
to FP brain injury or sham injury as described above. Fifteen minutes
following brain injury, animals randomly received a 1 ml intravenous
(femoral vein) infusion of either phosphate-buffered 12CA (50 mg/kg),
phosphate-buffered 12CA (20 mg/kg), phosphate-buffered KYNA (300
mg/kg), or phosphate buffer alone. The numbers of sham and injured
animals/group are summarized in Table 1. The 50 mg/kg IZCA-treated
group was only used for the memory and motor evaluation studies. The
dose of KYNA was determined from previous in vivo CNS injury study
(German0 et al., 1987); lower doses were not evaluated due to potentially
poor blood-brain permeability of this hydrophilic compound. Doses of
12CA were determined from preliminary studies demonstrating an LD,,
for IZCA at 100 mg/kg with maximal nonlethal dose at approximately
50 mg/kg. It is important to note that although the halogenated derivatives of KYNA and 12CA appear more potent in vitro (Kempet al.,
1988; Htiettner, 1989), preliminary studies in our laboratory demonstrated that intravenous administration of 5-fluoro-IZCA did not produce behavioral characteristics consistent with NMDA receptor antagonism as did IZCA at equal intravenous doses (ataxia at 20-50 mg/kg,
unconsciousness and respiratory depression at 50-l 00 mg/kg). Although
available, the halogenated derivatives of KYNA were prohibitively expensive at the doses needed for in vivo administration and therefore
were not evaluated.
Forty-two hours postinjury, animals were tested for their ability to
remember the preinjury learned task in the MWM. The platform was
removed, and the animals were given a 1 min test period in the MWM,
while the computerized-video
unit recorded their swimming patterns.
Each zone of the computerized grid design is ranked in a weighted
fashion according to its proximity to the platform. These assigned numbers are multiplied by the number of seconds spent in the corresponding
zone and totaled. The ranked numbers, depicted in Figure 1, are derived
from a series of studies designed to assess the behavioral characteristics
of trained injured and noninjured animals searching for the platform
(Smith et al., 1991). Since animals that receive a more severe brain
injury have more of a tendency to swim along the periphery of the tank,
zone D is scored as a function of the time spent in zone D divided by
that spent in zone G (peripheral zone) (Fig. 1). Escape latencies (time
used initially to cross through the platform site, zone A), were also
recorded. This modification of the Morris water maze has been used
successfully by us to characterize cognitive deficits following experimental brain injury (Smith et al., 199 1, 1992; Okiyama et al., 1992).
Evaluation of neurologic motor function. Evaluation of chronic posttraumatic motor dysfunction of animals also used for the memory study
was assessed at 24 hr, 1 week, and 2 weeks after injury. Neurologic
function is evaluated using previously described paradigms (Dixon et
al., 1987; McIntosh et al., 1987, 1989b) by a trained observer who is
unaware ofeach animal’s treatment. Animals are scored from 4 (normal)
to 0 (severely impaired) for each of the following indices: (1) right and
left forelimb flexion response during suspension by the tail (highest
possible score = 8); (2) decreased resistance to left and right lateral
pulsion (highest possible score = 8); (3) ability to stand on an inclined
angle board in the vertical and right and left horizontal positions, with
the maximal angle at which the animal can stand for 5 set recordedanimals are scored in regard to their change in angle from baseline data,
where 0” = 4. 2.5” = 3. 5” = 2, 7.5” = 1. IO” or more = 0 (highest possible
score = 12);‘and (4) movement across a grid field both ;erticalIy and
horizontally as measured by a computerized activity monitor (OptoVarimax, Columbus Instruments). Spontaneous locomotor activity, both
stereotypic and ambulatory, is recorded and activity scores calculated:
89-106% of baseline activity = 4, 78-88% of baseline = 3.5, 67-77%
of baseline = 3. 56-66% of baseline = 2.5. 45-55% of baseline = 2. 3444% of baseline = 1.5, 23-33% of baseline = 1, 12-22% of baseline =
0.5, and O-l 1% of baseline = 0 (highest possible score = 8). A total
composite functional neurologic score (O-36) is obtained by combining
the scores for each of the four neurobehavioral tests.
Evaluation of cerebral edema. For cerebral edema determination,
animals were randomly administered a 1 ml volume of either 12CA (20
mg/kg, i.v.), KYNA (300 mg/kg, i.v.), or phosphate buffer (i.v.) 15 min
following injury or sham treatment. The numbers of sham and injured
animals/group are summarized in Table 1. These animals were reanesthetized with sodium pentobarbital (200 mg/kg, i.p.) at 48 hr fol-
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Figure 2. Schematic coronal representation of brain regions dissected
after brain injury for cerebral edema and total tissue cation analysis.
Region A is the site of maximal injury in the parietotemporal cortex;
region B is the cortex adjacent (dorsolateral) to the site of maximal
injury; regions C and D are the ipsilateral (to site of maximal injury)
and contralateral hippocampus, respectively; region E is the contralatera1 cortex; and regions F and G are the ipsilateral and contralateral
ventrolateral thalamus, respectively.

Figure I. Computerized grid design superimposed over the water maze
during 1 mitt memory test. Discrete zones are labeled with letters, zone
A representing the platform site. Memory scores derived from the formula (time in zone A x 20) + (time in zone B x 5) + (time in zone
C x 2) + [(time in zone D/time in zone G) x 351 = memory score.
lowing FP brain injury and killed by decapitation (48 hr following FP
brain injury has been previously shown to be the time point of maximal
edema formation in this model; Soares et al., 1992). The brains were
rapidly removed and dissected on a chilled marble plate into the following regions: injured left parietal cortex (maximal injury site), cortex
adjacent to maximal injury (adjacent site), contralateral right parietal
cortex (contralateral cortex), bilateral hippocampi and thalami (Fig. 2).
Tissue samples were transferred to a cooled humid box. Brain water
content was evaluated by the wet weight/dry weight technique: fresh
tissue samples were weighed on aluminum foil, dried for 24 hr at 100°C
and then reweighed. Percentage of water was calculated as [(wet weight
- dry weight)/wet weight] x 100. In our laboratory, this technique has
proven to be an extremely sensitive and reproducible method for the
evaluation of regional cerebral edema formation after brain injury (Okiyama et al., 1992; Soares et al., 1992).
Evaluation of total tissue cation concentrations. The dried tissue samples derived from the edema studies were placed in plastic tubes containing 2 ml of 2 M nitric acid and 1% lanthanum oxide and dissoluted
in an ultrasonic water bath for 24 hr. The tubes were then removed
from the water bath, and the volume was filtered (0.8 PM, MILLEX)
and diluted with 1% lanthanum oxide in 0.6 M hydrochloric acid until
the concentration of each cation was within the appropriate sensitivity
range of the atomic absorption spectrophotometer. Total concentrations
of sodium ([Na]), potassium ([K]), calcium ([Cal), magnesium ([Mg]),
and zinc ([Zn]) ofdried tissue samples were measured by using a PerkinElmer model 1100 B Atomic Absorption Spectrophotometer with an
air-acetylene flame. The absorptions of [Na], [K], [Cal, [Mg], and [Zn]
were determined at 589.6, 766.5, 422.7, 285.2, and 213.9 nm, respectively. Tissue ion concentrations were expressed as pmol/gm wet tissue
weight. Changes in brain cation concentrations following lateral fluidpercussion brain injury using these techniques have been previously
reported (Thomas et al., 1990; Soares et al., 1992).

Table 1. Distribution

Study
Memory/neurologic
motor evaluation
Edema/cations
Core body and
brain temperature
Data

are presented

Evaluation of brain and core body temperature. Since core brain temperature has been shown to correlate directly with temporalis muscle
temperature (Corbett et al., 1990), 1 hr prior to FP brain injury or sham
treatment, a needle temperature probe (YSI Inc.) was inserted into a
the right temporalis muscle of animals. In addition, a rectal temperature
probe was also inserted 1 hr prior to brain injury or sham treatment
for measurement of core body temperature. Animals received a 1 ml
intravenous injection of either 12CA (50 mg/kg or 20 mg/kg), KYNA
(300 mgkg), or phosphate buffer. The numbers of sham and injured
animals/group are summarized in Table 1. Temperature readings from
both probes were recorded every 5 min for 3 hr following brain or sham
injury and drug administration.
Data analysis. All data are expressed as means & SEM, except for
behavioral assessment scores (ordinal data), which are expressed as
median values. Continuous variables are compared across groups by
analysis of variance (ANOVA) followed by Student-Newman-Keuls tests.
Ordinal measurements such as neurologic motor scores and memory
scores were evaluated using nonparametric Kruskal-Walhs ANOVA
followed by individual Mann-Whitney Utests. Survival was determined
from the animals used for the memory and neurologic motor studies,
which were observed for 2 weeks following brain injury. Differences in
survival between treatment groups were compared using Fisher’s exact
probability test. A p value of less than 0.05 was considered statistically
significant.

Results
FP brain injury induced a profound memory loss ofthe preinjury
learned task, as demonstrated
by a greater than fivefold decrease
in median memory score of the injured buffer-treated
group

of animals per treatment group for each study
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Figure 3. A, Median memoryscores42 hr after FP brain injury of
shamand injured,buffer-treatedand drug-treatedanimals.Dots rep-

resentindividual scores.B, Meanlatencyscores(time taken to locate
platformsite)of samegroups.Error barsrepresentSEM. *, p < 0.01
comparedto buffer-treateduninjuredanimals;**, p < 0.001 compared
to buffer-treateduninjuredanimals;t, p < 0.01 comparedto buffertreatedinjuredanimals.
compared to the uninjured buffer-treated group (p < 0.001)
(Fig. 3A). This memory losswas significantly attenuated in injured groupstreated at 15 min postinjury with either 12CA (50
mg/kg or 20 mg/kg) or KYNA (300 mg/kg), with a more than
doubling of median memory scorescomparedwith injured buffer-treated controls (p < 0.02 for multivariate comparison; p <
0.01 for individual comparisons) (Fig. 3A). Sham uninjured
animals treated with 12CA (50 mg/kg or 20 mg/kg) or KYNA
(300 mg/kg) showedno significant difference in memory scores
compared to the buffer-treated sham groups. A significant increase(worsening) in water maze latency scoresobserved between shambuffer-treated and injured buffer-treated animals(p
< 0.001) wasalso reversedin the drug-treated injured animals
compared to vehicle-treated injured controls (p =C0.01) (Fig.
3B). Drug treatment in sham animals showed no significant

Figure 4. Representative
activity (swimming)
patternsof animalswith
memoryscoresnearthemedianof their respectivegroups.A, Uninjured

buffer-treatedanimal;memoryscore= 125,latencyscore= 2 sec.B,
Injuredbuffer-treatedanimal;memoryscore= 23, latencyscore= 16
sec.C, Injured KYNA (300 mg/kg)-treatedanimal(representative
of
animalsscoringnearthe medianfrom all drug-treatedgroups);memory
score= 62, latencyscore= 11 sec.
effect on latency (Fig. 39. Representativetracings of swimming
patterns of animals scoring near the median of their respective
groups are shown in Figure 4. Injured animalstreated only with
buffer typically showedlittle “platform seeking” behavior (Fig.
4B). However, animals that received drug treatments clearly
retained memory of the location of the platform site (Fig. 4C),
although this memory was still considerably lessacute than the
memory of uninjured animals (Fig. 4A).
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FP brain injury in buffer-treated animals also induced significant and prolonged (p < 0.001) neurologic motor dysfunction compared to sham buffer-treated animals, when measured
at 24 hr, 1 week, and 2 weeks following brain injury (Fig. 5AC). Although no significant effects on neurologic motor scores
were observed in any of the drug treatment groups compared
to buffer-treated injured animals in the early posttraumatic period (24 hr or 1 week following brain injury), by 2 weeks postinjury, animals treated with 12CA (50 mg/kg or 20 mg/kg) and
KYNA (300 mg/kg) demonstrated a significant reduction of
neurologic motor deficits as reflected by an improvement in
composite motor scores (p < 0.03 for multivariate comparison;
p < 0.05 for individual comparisons) (Fig. 5C).
Forty-eight hours following FP brain injury, significant edema
formation was observed in all brain regions evaluated. Analysis
of the left hippocampus, site of maximal injury in the left cortex,
cortex adjacent to maximal injury, and left thalamus showed
more pronounced edema formation (p < 0.001) (Fig. 6A), while
analysis of the right hippocampus, right cortical site contralatera1 to maximal injury site, and right thalamus revealed a significant increase in tissue water content of a lesser magnitude
(p < 0.05) (Fig. 6A). Treatment with 300 mg/kg KYNA significantly attenuated the posttraumatic increase in tissue water
content in the left hippocampus, cortex adjacent to the site of
maximal injury, and left thalamus. Compared to KYNA-treated
animals, a less dramatic, but similar pattern of reduced edema
formation was observed in the 20 mg/kg 12CA-treated animals,
which was significant only for the left thalamus. The regional
edema formation in the site of maximal injury (left parietal
cortex) was unaffected by either drug treatment (Fig. 6B).
Dramatic changes in regional cation homeostasis were demonstrated 48 hr following FP brain injury of buffer-treated animals when compared to sham (uninjured) animals (Table 2).
[Na] was significantly increased in both hippocampi, and in the
maximal injury site and adjacent site in the left cortex. [K] was
significantly decreased in the left hippocampus and site of maximal injury. [Cal was significantly increased in all areas tested,
while [Mg] was significantly reduced in the left hippocampus
and site of maximal injury. [Zn] was also significantly reduced
following injury in the left hippocampus, site of maximal injury,
and adjacent site. The general pattern of changes in total tissue
cation concentrations following brain injury tended toward an
increase in [Na] and [Cal and a decrease of [K], [Mg], and [Zn]
(Table 2). Treatment with either KYNA or 12CA had differential
effects on posttraumatic changes in cation concentrations (Table
2). KYNA significantly attenuated increases in total tissue [Cal
throughout the brain and significantly attenuated the decrease
in [K] in the left hippocampus. However, no significant effects
on regional changes in [Na], [Mg], or [Zn] were observed following KYNA treatment. Although 12CA had no significant
effect on the posttraumatic increase of [Cal, it globally attenuated the decrease in [K]. 12CA also significantly reduced posttraumatic increases in [Na] in both hippocampi and in the maximal injury site, and reversed the decrease of both [Mg] (left
hippocampus) and [Zn] (adjacent site and left thalamus) (Table
2).
A decrease in temporalis muscle temperature (reflecting brain
temperature) of 0.6”C f 0.05 (mean f SEM) was observed
immediately following FP brain injury. This slight temperature
decrease typically resolved by 30 min following injury. Core
body temperature, however, did not change following brain injury. Treatment with either 12CA (50 mg/kg or 20 mg/kg) or
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Figure 5. Mean compositeneurologicmotor scores of sham and injured, buffer-treated, and drug-treated animals, evaluated at 24 hr (A),
1 week (B), and 2 weeks (C) after FP brain injury. Dots represent individual scores. **, p < 0.001 compared to buffer-treated uninjured
animals; t, p < 0.05 compared to buffer-treated injured animals.

KYNA (300 mg/kg) had no effect on temporalis muscleor core
body temperature following injury compared to buffer-treated
animals. In shamuninjured animals,administration of the 12CA
(50 mg/kg or 20 mg/kg) and KYNA (300 mg/kg) also had no
effect on the temporalis muscle or core body temperature.
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Figure 6. A, Effect of FP brain injury on regional water content 48 hr
following injury. B, Effect of IZCA and KYNA on regional water content
48 hr following FP brain injury. Data are expressed as mean percentage
of water per gram of tissue. Error bars represent SEM. *,‘p < 0.05
compared to uninjured animals; **, p < 0.001 compared to uninjured
animals; t, p < 0.05 compared to buffer-treated injured animals.

Analysis of postinjury and/or posttreatment mortality (assessing88 animalsusedfor memory and neurologic motor studies) revealed that none of the 30 sham uninjured animals, regardlessof treatment, died over the 2 week period. Of the 58
brain-injured animals in thesestudies,4 of 16 (25%) 12CA (50
mg/kg)-treated animals died, 2 of 14 (14%) 12CA (20 mg/kg)treated animals died, 1 of 14 (7%) KYNA (300 mg/kg)-treated
animals died, and 1 of 14 (7%) buffer-treated animals died.
These differenceswere not statistically significant. None of the
5 1animalsusedin the 48 hr postinjury edemaand cation studies
or the 48 animals used in the acute brain and core body temperature studiesdied.

Discussion
The resultsof the presentstudy demonstratethat administration
of 12CA and KYNA may exert therapeutic effects following
experimental brain injury by (1) attenuating cognitive deficits,
(2) improving neurologic motor dysfunction, (3) reducing localized cerebral edema formation, and (4) reversing, in certain
areas,posttraumatic changesin regional cation homeostasis.To
our knowledge, this is the first report to demonstratethe efficacy
of NMDA receptor antagonistson memory function following
experimental TBI.
NMDA receptor-associatedglycine site modulation hasbeen
shown to affect binding properties at other domains within the
NMDA receptor. Uniquely, activation of the glycine site not
only potentiates NMDA receptor binding, but also enhances
binding of noncompetitive antagonists within the associated
ionophore (Reynolds et al., 1987; Kessler et al., 1989). Conversely, antagonismof the glycine site inhibits binding of NMDA
receptor ligandsand may indirectly inhibit the binding ofligands
to affinity siteswithin the ionophore (McDonalds et al., 1990).
In addition, agonistsacting at the glycine site have been shown
to have substantial enhancing effects on learning and memory
presumably, by enhancingpotentiation of the NMDA receptor
(Handelman et al., 1989; Monahan et al., 1989; Herberg and
Rose, 1990). The absolute requirement of glycine binding for
NMDA receptor activation alongwith the potential modulatory
capabilities by glycine site ligands at other binding domains
within the NMDA receptor may explain the dramatic effects of
both 12CA and KYNA on posttraumatic outcome in the present
study.
Memory dysfunction has been describedas one of the most
debilitating and distressingfeaturesfollowing human TBI (Parkin, 1984; Levin, 1985). However, few experimental studies,
evaluating the efficacy of pharmacologicagentsin the treatment
of TBI utilize memory function asan outcome parameter. Clinical and experimental studieshave shown that bilateral damage
to key structures in the brain, including the hippocampus,may
play a major role in the development of posttraumatic memory
disorders (Zola-Morgan et al., 1986). In particular, the hippocampushasbeen shownto be an integral modulator of memory
function (Scoville and Milner, 1957)and appearsto be involved
selectively with spatial learning and memory (Olton et al., 1978;
Morris et al., 1982).
The neuronal cell lossobservedin the hippocampusfollowing
various models of CNS injury has been described as disproportionate compared to damage in adjacent structures, suggesting that the hippocampus is selectively vulnerable to hypoxic or traumatic insults (Brierly, 1976; Pulsinelli et al., 1982;
Cortez et al., 1989; Kotapka et al., 1991; Lowenstein et al.,
1992). Intracerebral microdialysis techniqueshave demonstrated a marked increasein glutamate concentration in the extracellular spacefollowing CNS trauma (Faden et al., 1989; Katayama et al., 1990;Nilsson et al., 1990) which appearsto result
mainly from a massive releasefrom presynaptic storesand not
dueto traumatically induced capillary permeability of glutamate
from the blood into the extracellular space(Katayama et al.,
1990).The excessiveincreasein extracellular glutamateisthought
to induce a pathologic overactivation of EAA receptor subtypes,
including the NMDA receptor (Rothman and Olney, 1986;Choi
et al., 1987).
The hippocampus contains the highest concentration of
NMDA receptors in the brain (Monaghan and Cotman, 1986),
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Table 2. Regional total tissue cation concentrations 48 br following FP brain injury and treatment
L Hipp

R Hipp

lnj Ctx

Adj Ctx

Con Ctx

L Thal

R Thal

[W

SHAM
BUFF
12CA
KYNA

37.3
56.2
49.7
52.4

k
+
+
+

1.6
2.3**
1.ot
2.3

36.1
46.4
41.7
43.0

k
+
+
+

2.3
3.0*
1.2
2.6

40.4
75.5
64.9
72.4

+
f
+
+

2.1
2.4**
1.8*
2.4

42.3
52.8
48.5
50.3

k
k
k
+

1.7
2.8**
0.8
2.8

39.1
41.8
40.8
39.4

+- 2.0
k 3.6
+ 1.5
+ 1.6

40.1
41.2
45.4
48.1

+
+
+
k

2.1
5.0
2.8
4.0

41.3
46.9
41.2
47.2

+
+
+
+

2.8
3.3
5.2
4.0

WI

SHAM
BUFF
12CA
KYNA

87.3
68.7
76.5
71.2

k
k
+
k

3.5
3.2**
1.3.f
4.3t

86.6
86.5
87.6
86.3

+
+
+
+

4.9
2.9
0.79
3.9

84.3
50.6
63.1
58.8

+
f
f
k

2.8
3.4**
2.4$
4.3

83.2
76.9
84.0
75.1

+
+
+
+

4.2
3.7
1.5.f
4.4

89.1
86.2
90.8
85.2

+
f
+
-t

8.8
3.7
5.4
3.8

90.4
78.5
90.3
18.4

+
k
+
+

3.4
3.6*
2.0t
4.2

91.2
71.0
90.1
82.4

k
+
+
+

4.8
5.7*
2.1t
5.0

[Cal

SHAM
BUFF
12CA
KYNA

2.3
5.0
5.0
3.4

?I
k
+
+

0.33
0.41**
0.42
0.34t

2.4
4.3
4.2
3.4

+
+
+
+

0.29
0.63*
0.17
0.51

2.1
1.9
5.1
5.8

+- 0.29
2k 1.0**
k 0.48
-t 0.53

2.5
7.5
6.6
5.0

k 0.46
k 0.81**
k 0.56
zk 0.6lt

2.2
4.1
4.4
2.2

k
k
+
+

0.26
0.55**
0.61
0.28t

3.1
10.1
10.4
6.1

f
f
k
+

0.51
1.4**
1.2
1.1-f

3.2
8.2
9.0
7.3

f
+
k
f

0.69
1.4*
1.2
1.4

SHAM
BUFF
12CA
KYNA

6.3
5.4
5.9
5.1

+- 0.13
IL 0.20**
2 0.07t
k 0.16

6.1
6.2
6.3
5.9

+
+
+
+

0.41
0.11
0.09
0.44

6.5
4.6
5.0
4.8

k
k
k
k

0.44
0.18**
0.18
0.22

6.1
6.1
6.0
5.9

-t
+
+
+

0.10
0.23
0.18
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6.0
6.1
6.1
6.0

6.7
6.6
6.8
6.5

+
+
+
t

0.17
0.28
0.33
0.66

6.6
6.6
6.5
6.1

2
+
+
+

0.18
0.34
0.42
0.56

SHAM
BUFF
12CA
KYNA

0.43
0.29
0.31
0.29

0.42
0.31
0.35
0.32

f
f
f
f

0.06
0.04
0.06
0.08

0.39
0.21
0.21
0.25

k
+
+
+

0.04
0.03*
0.02
0.03

0.40
0.30
0.42
0.36

f
+
+
t

0.04
0.03*
0.07t
0.04

0.40
0.31
0.41
0.29

f 0.08
f 0.03
f 0.05t
z!z 0.07

0.31
0.35
0.45
0.35

[znl

?
k
k
+

0.05
0.02*
0.02
0.02

Data are Dresented as wmolkm wet tissue weight (mean + SEM). L HiDD, left (iDsilatera1)
maximal injury in the left pketotemporal
cortex; Adj Ctx, cortex adjacent (d&solaterai)
(ipsilateral) ventrolateral
thalamus; R Thai, right (contralateral)
ventrolateral
thalamus. *, p
$, p < 0.01, compared to buffer-treated
injured animals. Statistical analysis of drug-treated

which may partially explain its selectivevulnerability in models
of CNS injury and the development of postinjury cognitive
deficits. In addition to hippocampal cell loss following CNS
injury, alterationsin hippocampalNMDA receptor binding have
also beenobserved following experimental brain injury (Miller
et al., 1990). The dramatic preservation of memory function
following postinjury I2CA and KYNA administration in the
present study may be due to their ability to antagonize the
NMDA receptor-associatedglycine site, inhibiting NMDA receptor overactivation, especiallyin the hippocampus.Although
KYNA may have also antagonized non-NMDA receptors, at
the dosestested, KYNA was no more efficaciousthan 12CA in
attenuating posttraumatic memory loss.
Previous reports have demonstrated attenuation of posttraumatic motor dysfunction following treatment with NMDA receptor antagonists,suchasthe noncompetitive NMDA receptor
antagonistsphencyclide (PCP) (Hayes et al., 1988),MK80 1(McIntosh et al., 1989a, 1990;Shapiraet al., 199l), and dextrorphan
(Fadenet al., 1989),and with the competitive NMDA antagonist
3-(2-carboxypiperazin-4yl)-propyl- 1-phosphonic acid (CPP)
(Faden et al., 1989). In the present study, we observed that
glycine site antagonistsmay also be beneficial in the treatment
of posttraumatic motor dysfunction. Although significant, the
effects of 12CA and KYNA on motor function were not as
dramatic as their effects on cognitive deficits. Previous studies
have demonstrated that immediately following lateral FP brain
injury, grossneuronal cell loss is observed in the left parietotemporal cortex (the focal site of injury, which includes the
motor cortex), while cell lossin the hippocampushasbeencharacterized as secondaryor delayed, and is restricted to the CA2,
CA3, and dentate hilar regions(Cortez et al., 1989; Lowenstein

f
+
k
-t

0.21
0.21
0.13
0.19
k
IL
k
+

0.03
0.04
0.04
0.03

0.32
0.34
0.46
0.40

zk 0.09
+ 0.05
+ 0.06
f 0.08

hiuDocamuus:
R HiDu. right (contralateral)
hiDDocamDus: Ini Ctx. site of
td maximal injury &; Con ‘Ctx, contralker~i
cork1
site;- L Thai, left
< 0.05, and **, p < 0.0 1, compared to uninjured animals; t, p < 0.05, and
animals compared to sham animals is not shown.

et al., 1992). The difference in efficacy of 12CA and KYNA
observed betweenposttraumatic memory preservation and improvement of neurologic motor function may be related to differencesin the extent of injury and the degreeof primary versus
secondarydamagein the hippocampuscompared to the motor
cortex.
Although it is not clear why treatment with both dosesof
12CA and the singledoseof KYNA appearedequally efficacious
on cognitive and neurologic motor outcome, theseresultsmay
suggestthat a maximal protective effect was reached by each
treatment paradigm. Future studieswill evaluate the efficacy of
lower dosesof these compounds to determine a potential concentration dependenceof protection by 12CA and KYNA.
In the present study, we observed marked regional cerebral
edema formation and disturbances in cation homeostasisfollowing lateral FP brain injury. Theseeffects may have also resulted, in part, through trauma-induced overstimulation of EAA
receptors.Choi and colleagues(Choi, 1988)have postulatedthat
following CNS injury, (1) sustainedexcitation causesearly intracellular accumulation of [Na+] (enteringthrough non-NMDA
receptors),which leadsto acute neuronal swelling,and (2) [Caz+]
influx (through the NMDA receptor-gated ionophore) causesa
more delayed cascadeof metabolic disturbanceswithin the neuron. Recently it has been demonstrated that unique subpopulations of non-NMDA EAA receptors may also be permeable
to [Ca*+] (Iino et al., 1990; Hollmann et al., 1991) and it has
been further postulated that non-NMDA receptors may also
play an important role in the pathophysiology of CNS injury
(Sheardownet al., 1990).
The regional cerebral edemaformation observed in the present study was significantly reduced by KYNA (300 mg/kg)
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throughout the left hemisphere, where maximal edema formation has been observed following lateral FP brain injury (Soares et al., 1992). While 12CA demonstrated a similar pattern of
edema reduction as KYNA, it only significantly reduced edema
in the left thalamus. These differential effects on regional edema
formation may be due to the differences in spectrums of antagonism of the two drugs. As a broad-spectrum EAA antagonist,
KYNA may have attenuated [Na+] influx at both non-NMDA
receptors and NMDA receptors following FP brain injury, while
12CA may have only blocked the influx of [Na+] through its
more selective antagonistic actions at the NMDA receptor-associated glycine site. Although this effect might explain the differential efficacies of these two compounds on cytotoxic edema,
our model of FP brain injury induces a considerable breakdown
of the blood-brain barrier (Cortez et al., 1989; Soares et al.,
1992) as well as profound and regional alterations in cerebral
blood flow (Yamakami and McIntosh, 1989, 1991; Yuan et al.,
1989), suggesting that vasogenic edema is also likely to be present. In previous studies, the maximal site of extravasation of
blood following parasagittal FP brain injury has been observed
in the left parietotemporal cortex. Although this region contained the greatest percentage ofwater following FP brain injury,
KYNA showed no significant effects at this site. This lack of
effect by KYNA may be due to presence of extravasated blood
at this site with accompanying vasogenic edema. In contrast to
the extravasation of potentially deleterious blood-borne factors,
disruption of the blood-brain barrier may have facilitated regional brain penetration of 12CA and KYNA, both hydrophilic
compounds. However, enhanced delivery of these compounds
may only be beneficial in regions not affected by overwhelming
concomitant extravasation of toxic factors.
Corroborative evidence for the hypotheses of secondary neuronal swelling and pathologic changes in cation homeostasis has
been observed in previous studies of parasagittal FP brain injury. These studies have demonstrated regional cerebral edema
formation with concomitant changes in the homeostasis of total
tissue cations, including an increase in [Na] and [Cal and a
decrease in [K] and [Mg] (Thomas et al., 1990; Okiyama et al.,
1992; Soares et al., 1992). Similar changes in [Na], [K], and [Cal
have also been observed after traumatic spinal cord injury (Young
and Koreh, 1986) and cerebral ischemia (Young et al., 1986).
The results of the present study support these previous observations, and extend the cation data to include regional decreases
in the total tissue [Zn] following brain injury.
Further evidence of altered regional cation homeostasis following parasagittal FP brain injury has been observed using the
intracerebral microdialysis technique, demonstrating a posttraumatic efflux of [K+] into the extracellular space (Katayama
et al., 1990). In addition, a posttraumatic loss of intracellular
free Mg2+ ([Mg?+],) from neurons has been observed using nuclear magnetic resonance spectroscopy (Vink et al., 1988). The
posttraumatic increase in extracellular [K+] is thought to cause
further release of EAAs (Hansen, 1987) through a mechanism
dependent upon [Caz+] entry into nerve terminals (Somjen and
Giacchino, 1985). Since both intracellular and extracellular
[Mg2+] have been shown to be important in the regulation of
the NMDA receptor (Ascher and Nowak, 1988), a decrease in
[MgZ+], or total [Mg*+] may signal a lost capacity for neurons
to regulate EAA toxicity. Modulation of [Znz+] may also represent an important regulatory mechanism of the NMDA receptor. While [Zn”] has been shown to be released from brain
tissue during activity (Assaf and Chung, 1984), [Zn”] has also

been shown to reduce NMDA receptor-activated channel currents by acting at two distinct sites, one outside the membrane,
possibly producing a noncompetitive antagonism of the glycine
site (Yeh et al., 1990), and the other inside the channel, producing a faster voltage-dependent block than [MgZ+] (Christine
and Choi, 1990). Thus, the posttraumatic decrease of [Zn] observed in the present study may also indicate a pathologic response to EAA toxicity.
Although both 12CA and KYNA appeared efficacious in
maintaining particular aspects of cation homeostasis following
FP brain injury, these two distinct compounds demonstrated
differential effects on individual cations. KYNA attenuated the
increase in total tissue [Cal throughout the brain and [K] in the
left hippocampus, but had no significant effect on the changes
in [Na], [Mg], or [Zn]. 12CA attenuated regional changes in the
total tissue homeostasis of [Na], [K], [Mg], and [Zn], but had
no significant effect on posttraumatic alterations in [Cal. These
differential effects on cation homeostasis may also be related to
differences in the spectrum of antagonism of these two compounds. The global effect of KYNA on [Cal may be due to its
ability to block [Ca”] entry into neurons by (1) antagonizing
non-NMDA
receptors, hence blocking depolarization, which
would trigger the opening of voltage-gated NMDA receptors
and voltage-sensitive calcium channels; (2) antagonizing unique
[Caz+]-permeable non-NMDA
receptors; and 3) antagonizing
the NMDA receptor at the associated glycine site. The potential
mechanisms by which 12CA appeared more efficacious than
KYNA in maintaining the total tissue [Na], [K], [Mg], and [Zn]
are not clear, but may reflect a difference in the modulation of
the glycine site between these two compounds, in addition to
the differences in action at non-NMDA
receptors.
The lack of effect on brain temperature by 12CA (50 mg/kg
or 20 mg/kg) or KYNA (300 mg/kg) suggests that their therapeutic effects may have been due to direct antagonism of EAA
receptors and not through indirect cerebral hypothermic effects,
as has been suggested as the therapeutic mechanism of action
of the noncompetitive NMDA antagonist MK80 1 in a models
ofgerbil cerebral ischemia (Buchan and Pulsinelli, 1990; Corbett
et al., 1990).
The present data are consistent with the view that NMDA
receptor antagonists may be useful in reversing the pathophysiologic sequelae of TBI. Treatment with novel glycine site antagonists following brain injury may prove unique by attenuating posttraumatic changes through their potential modulation
of multiple binding sites. Moreover, although 12CA and KYNA
may act differentially, both compounds demonstrated potential
clinical utility with respect to the improvement of behavioral
and neurochemical outcome following experimental brain injury.
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