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NMDA Receptor Antagonists Impair Prefrontal Cortex Function as 
Assessed via Spatial Delayed Alternation Performance in Rats: 
Modulation by bopamine - 
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The present study was performed to assess the role of 
excitatory amino acid and dopamine receptors on associa- 
tive functions of the prefrontal cortex (PFC) of the rat. Spatial 
delayed alternation was used as a PFC-sensitive cognitive 
task. In addition, in vivo microdialysis was used to assess the 
release of dopamine in the PFC. The noncompetitive NMDA 
antagonists ketamine (lo-30 mg/kg) and MK-801 (0.1 and 
0.5 mg/kg) dose-dependently impaired the spatial delayed 
alternation performance compared with the saline-treated 
control group. Administration of the dopamine antagonists 
raclopride (0.1 and 0.5 mg/kg), SCH-23390 (0.1 mg/kg), or 
haloperidol(O.1 mg/kg) was without a significant effect. How- 
ever, haloperidol and raclopride (but not SCH-23390) re- 

versed the disruptive effect of 30 mglkg ketamine on spatial 
delayed alternation performance. Microdialysis studies re- 
vealed that this dose of ketamine preferentially increased the 
release of dopamine in the PFC compared with the striatum. 
These findings indicate that attenuation of glutamatergic 
neurotransmission at the NMDA receptor impairs PFC-de- 
pendent cognitive functions. Furthermore, activation of do- 
pamine neurotransmission contributes, at least in part, to 
this impairment. 
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The prefrontal cortex (PFC) plays a vital role in mnemonic, 
attention, and spatial abilities (Fuster, 1980; Stuss and Benson, 
1983; Goldman-Rakic, 1987). The role of the PFC in “working 
memory,” the brief retention of internalized information that can 
guide behavior (Mishkin and Pribram, 19.55; Goldman-Rakic, 
1987, 1991; McCarthy et al., 1994), has received a great deal of 
attention because most patients with cognitive disorders such as 
schizophrenia exhibit deficits in working memory-related tasks 
(Taylor and Abrams, 1984; Parks and Holzman, 1992). Further- 
more, abnormal metabolic activity in the PFC of patients with 
schizophrenia has been reported during the performance of these 
tasks (Weinberger et al., 1986). 

A significant role for dopamine in the PFC orchestration of 
working memory was realized when depletion of dopamine in the 
dorsolateral PFC of the rhesus monkey impaired the performance 
of delayed alternation, a working memory-related task, as severely 
as surgical ablation of the same area (Brozoski et al., 1979). 
Furthermore, intracerebral injections of Dl dopamine receptor- 
selective antagonists increased the error rate during delayed re- 
sponse tasks (Sawaguchi and Goldman-Rakic, 1991, 1994). Simi- 
larly, studies performed in the rodent have demonstrated an 
impairment of delayed alternation response after chemical lesions 
of the dopamine afferents to the medial PFC (Simon et al., 1980; 
Stam et al., 1989; Wilcott and Xuemei, 1990). 

Another class of neurons that may play an important role in 
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PFC function is the excitatory amino acid-containing neurons. 
Morphological and biochemical studies have indicated a close 
interaction between excitatory amino acid and dopamine afferents 
in the PFC (Smiley et al., 1994; Jedema and Moghaddam, in 
press). Furthermore, clinical studies have reported that subanes- 
thetic doses of the noncompetitive NMDA receptor antagonist 
ketamine produce cognitive impairment and deficits in PFC- 
sensitive tasks such as the Wisconsin Card Sorting test and Con- 
tinuous Performance tasks (Ghoneim et al., 1985; Krystal et al., 
1994). These findings implicate excitatory amino acid neurotrans- 
mission at the NMDA receptor in the proper functioning of the 
PFC and suggest an interaction between glutamatergic and do- 
paminergic systems in the modulation of spatial working memory. 
However, sufficient direct evidence is lacking to support these 
speculations. 

In the present study, the role of the NMDA receptor antago- 
nists ketamine and MK-801 in the performance of spatial delayed 
alternation, a working memory task sensitive to proper function- 
ing of the PFC (Goldman-Rakic, 1987; Stam et al., 1989), was 
examined in the rat. Furthermore, the role of dopamine in this 
paradigm was evaluated by investigating the effect of ketamine on 
the release of dopamine from the PFC and by examining the effect 
of dopamine receptor antagonists on the ability of NMDA antag- 
onists to alter spatial delayed alternation performance. 

MATERIALS AND METHODS 
Animals. Adult male Sprague-Dawley rats (250-350 gm) were used 
throughout this study. All animal use procedures were in accordance with 
the National Institutes of Health Guide for the Care and Use of Labo- 
ratory Animals and were approved by the Yale University Animal Care 
and Use Committee. 

Spatial delayed alternation. The most commonly used behavioral tests 
that assess PFC-sensitive working memory in laboratory animals are 
delayed alternation paradigms (for review, see Goldman-Rakic, 1987). 
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Figure 1. Effect of the noncompetitive NMDA antag- 
onists ketamine (Ket) and MK-801 (MK) on percent 
correct choice (mean + SEM) in spatial delayed alter- 
nation performance in rats. Each animal received 10 
trials/d with an intertrial interval of 10 sec. The rats were 
trained until the criterion of 80% correct choices on two 
consecutive days was reached. The doses indicated in 
parentheses are in mg,kg. Ketamine (20 and 30 mgikg, 
i.p.) and MK-801 (0.5 mg/kg, i.p.) produced significant 
decreases in percent correct responses compared with 
the saline-treated group (*p < 0.01, **p < 0.001 com- 
pared with the saline-treated group). 

untreated saline Ket (10) Ket (20) Ket (30) MK (0.1) MK (0.5) 
TREATMENT (m&g) 

These tasks impose a delay between the presentation of a cue stimulus 
and the performance of a motor response and are thought to assess an 
animal’s ability to guide behavior by formation of internal representations 
of stimuli that are no longer present in the environment. 

T-maze parameters. Spatial delayed alternation was tested in a T-maze 
constructed from Plexiglas and painted a medium gray. The walls were 30 
cm high, and the alleys were 15 cm wide. The length of the main alley was 
50 cm, and the length of the side alleys was 40 cm. The side alleys were 
closed off from the main alley by movable doors. At the end of each side 
alley was a 2-cm-high barrier that concealed the food reward from view. 
A third movable door was mounted in the main alley. A holding cage was 
placed adjacent to the T-maze for use during experiments with intertrial 
intervals. A video camera was situated -1 m above the T-maze to 
videotape the test session. The video recordings were used to measure the 
running time from the main arm to the goal arm. The T-maze was cleaned 
between different animals but not between different trials. The food 
reward was one morsel of Fruit Loops cereal. 

Trainingprocedure for spatial delayed alternation. Animals were handled 
daily for 1 week before exposure to the T-maze. On two consecutive days, 
each rat was allowed to explore the maze with all doors raised for 10 min. 
Food was placed in both goal arms. After these two days, animals were 
partially food-deprived (each animal received 15 gm of food/d) and 
remained that way throughout the remaining part of the experiment. 
After 2 d of food deprivation, the adaptation process continued by 
placing the animal in each side arm with the doors closed, with food 
present at the end of the alley behind the barrier, for 5 min. The animal 
was then placed in the other arm, which also contained food behind the 
barrier, for a 5 min stay. This part of the adaptation procedure continued 
for 2 d. 

Next, the actual spatial alternation testing started. Each rat received 10 
trials/d. During the first trial of each day, a Fruit Loop morsel was 
presented in both goal arms. During the next 10 trials, the arm opposite 
the one the animal had entered the previous trial was baited, except when 
the animal had gone to the empty arm on the last trial. In that case, the 
food pellet was left in place (hence, the baited side was changed only after 
the animal had alternated). After the animal entered either arm, the door 
was closed. After (10 set) entry to the arm, the animal was removed and 
returned to the holding cage for a 10 set intertrial interval. This training 
continued until a criterion of 80% correct choices (out of 10 trials) on two 
consecutive days was achieved. Animals took lo-14 d to reach the 
criterion. Animals that did not reach the criterion by 20 d were rejected 
from the study. In this study, 5% of rats belonged to this latter group. 

Trainingprocedure for spatial discrimination. Animals were handled and 
allowed to explore the maze as described above. After 2 d, 1 d each of 
food deprivation and adaptation, animals were trained to receive the food 
morsel only in one arm. After each trial, animals were placed back in the 
main alley without a delay. Each animal received 10 trials/d. The training 
continued daily until animals reached 80% criterion. A separate group of 
rats from those used for spatial delayed alternation study was used for this 
study. 

Systemic drug injection. All drugs were injected after animals attained 
the 80% criterion on two consecutive days. Ketamine and SCH-23390, 
because of their relatively short duration of action, were injected intra- 
peritoneally 15 min before testing. MK-801 was administered 45 min 
before testing. All other drugs were injected 30 min before testing. The 
animals were placed in the holding cage for the time between injection 
and testing. Animals randomly received saline or a drug on the first 

injection. A lo-14 d interval was given between drug injections during 
which animals were tested 5-6 d/week. Animals received an average of 
four injections (lo-14 d apart). These injections included at least one 
saline or vehicle injection and up to three drug injections, the type and 
dose of which were chosen randomly. 

Statistical analysis. Drug- and saline-treated groups were compared by 
multifactorial ANOVA. Significant main effects were analyzed further by 
Tukey’s post-hoc comparison of means. 

Microdialysis. The technique of in vivo microdialysis was used to mea- 
sure the extracellular levels of dopamine in the striatum and the PFC. 
This technique uses a dialysis probe implanted in the brain that is 
continuously perfused with physiological Ringer’s solution or artificial 
cerebrospinal fluid. The collected brain perfusates are then analyzed by 
suitable procedures. 

Microdialysis procedure. Concentric microdialysis probes with an ex- 
posed tip length of 3 mm were used. Probes were perfused at a flow rate 
of 2 pl/min during sample collection (probes were perfused at 0.5 pl/min 
overnight). The perfusion solution was a 2 mM phosphate buffer, pH 7.4, 
containing the following (in mM): 145 NaCl, 2.7 KCl, 1.2 CaCl,, 1.0 
MgCl,, and 0.1 ascorbic acid. Probes were calibrated in a solution 
containing lo-’ M dopamine. The dialysates were injected immediately 
onto an HPLC system with electrochemical detection for analysis of 
dopamine. When a stable baseline was established, animals were injected 
with ketamine (30 mg/kg) or saline. 

Analysis of perfusate. HPLC with electrochemical detection was used 
for the analysis of dopamine. This system uses a narrow-bore HPLC 
column packed in the laboratory with 3 pm of C-18 material (Phase 
Separations, ODS2). The mobile phase consisted of 0.05 M phosphate, 
350 mg/l octanesulfonic acid, 300 wl/l triethylamine, 0.1 mM EDTA, and 
15% (v/v) methanol, pH 5.7. This mobile phase provided very clean 
chromatograms by moving most peaks, including dopamine metabolites, 
into the solvent front because of the high pH. The electrochemical 
detection was carried out using a Bioanalytical Systems LC-4B. The 
detection limit of this system is 3-5 fmol/injection. 

Animal preparation. Microdialysis probes were implanted while rats 
were under halothane anesthesia. Animals were placed in a stereotaxic 
frame with blunt ear bars, and a small incision (7-8 mm) was made in the 
skin over the skull. The wound margin was infiltrated with lidocaine, 
holes were drilled for skull screws, and two microdialysis probes were 
aimed at the PFC (AP, +3.3: L. 0.75: V. 2.5-5.5. according to the atlas of 
Paxinos and Watson, 1982) and striatum (AP, +0.8; L, 2.75; V, 2.5-5.5). 
The screws and probe were secured in place with dental cement. Animals 
were allowed to recover for 24 hr before the microdialysis measurements 
began. 

Data analysis. The statistical comparison of the data (fmol/pl dopamine 
in the perfusate, not corrected for recovery) was carried out by multiway 
repeated-measures ANOVA. 

RESULTS 

Effect of ketamine and MK-801 on spatial delayed 
alternation performance in rats 
Injection of saline, after the untreated rats had reached the 
criterion, failed to influence the number of correct responses (Fig. 
1). Ketamine at 20 and 30 mg/kg significantly reduced the per- 
centage of correct responses compared with the corresponding 
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saline Ket (30) MK (0.5) 

TREATMENT (m&g) 

Figure 2. Effect of saline, ketamine (Ket; 30 mg/kg, i.p.), and MK-801 
(MK; 0.5 mglkg) on the performance of the spatial discrimination task. 
This task was performed in the same T-maze as the spatial delayed 
alternation; however, animals were trained to go to the same arm of the 
maze, without a delay, to receive a reward. In contrast to the spatial 
delayed alternation performance, ketamine and MK-801 did not disrupt 
the spatial discrimination performance. 

saline-treated control group (F~1,17) = 25.14, p < 0.001, IZ = 10 
for 30 mg/kg; F~,,,,) = 6.50,~ < 0.05, n = 8 for 20 mg/kg). The 
lower dose of ketamine (10 mg/kg) did not produce a significant 
decrease in the percent criteria compared with the saline-treated 
group (F~1,13) = 0.66,~ > 0.05, n = 6). 

Similar to ketamine, MK-801 dose-dependently impaired spa- 
tial delayed alternation performance (Fig. 1). The perdent correct 
choice in animals receiving MK-801 (0.1 mg/kg) was not signifi- 
cantly different from the saline-treated rats (Fc1,13) = 1.92, p > 
0.05, IZ = 6). The higher dose of MK-801 (0.5 m&kg), however, 
produced a significant decrease in percent correct choices as 
illustrated by the decrease in the number of err&s when com- 
pared with the saline-treated rats (F(1,13) = 12.58, p < 0.001, 
n = 6). 

Some behavioral stimulation including stereotyped sniffing and 
rearing was observed after ketamine (lo-30 mg/kg) or MK-801 
(0.5 mg/kg). However, the peak effect was observed lo-15 min 
after ketamine and 30-45 min after MK-801 administration, 
which was before testing the animals in the T-maze for spatial 
delayed alternation performance. 

Performance in a spatial discrimination task, which did not involve 
alternation or delay (see Materials and Methods), was used as a 
control for non-PFC-dependent behaviors that may be associated 
with the drugs used here. Ketamine and MK-801, at do’ses that 
robustly impaired the spatial delayed alternation, did not affect the 
performance of the spatial discrimination task (Fig. 2), 

Effect of ketamine on dopamine release in the PFC 
To examine whether the dose of ketamine that potently impaired 
the spatial delayed alternation performance affects dopamine 
neurotransmission in the PFC, microdialysis in conscious rats was 
used (Fig. 3). After stable basal extracellular dopamine levels 
were obtained, animals were injected with saline or ketamine (30 
mg/kg). Ketamine significantly increased the release of dopamine 
over time (F = 4.5,~ < 0.001, II = 8). It should be noted that 
similar findings have been reported with MK 801 (Wedzony et al., 
1993). 

The effect of 30 mg/kg ketamine was also examined on the 
release of dopamine in the striatum. This treatment caused a 
small increase in dopamine release over time (F = 2.5, p < 0.05, 
n = 7) that was significantly less than that observed in the PFC 
(F = 2.9,~ < 0.005, as determined by two-way repeated-measures 
ANOVA). 

-20 0 * 20 40 60 80 100 120 
ketamine (30 mg/kg) TIME (min) 

Figure 3. Effect of 30 mg/kg ketamine on the release of dopamine in the 
PFC and striatum of freely moving rats. The ordinate represents extracel- 
lular levels of dopamine expressed as a percentage of baseline values 
(mean ? SEM of 3 samples before drug administration). Ketamine was 
injected after the collection of the sample at time 0 min. Ketamine 
produced a significantly higher increase in the release of dopamine over 
time in the PFC compared with the striatum (p < 0.01, as determined by 
two-way repeated-measures ANOVA). 

Effect of ketamine on spatial delayed alternation 
performance in dopamine antagonist-pretreated rats 
To examine the role of increased dopamine neurotransmission on 
the impairment of spatial delayed alternation by ketamine, ani- 
mals were treated with several subtypes of dopamine receptor 
antagonists before receiving 30 mg/kg ketamine (Fig. 4). Control 
animals received an injection of saline before ketamine adminis- 
tration. Pretreatment with haloperidol (0.1 mg/kg) significantly 
reversed the deficit induced by ketamine (I;(,,,,) = 31.46, p < 
0.001, IZ = 5) compared with control animals. Pretreatment with 
raclopride, a D2>D3 receptor antagonist (Chipkin et al., 1988; 
Sokoloff et al., 1990), at 0.1 mg/kg (Fc1,13) = 1.48,~ > 0.05, n = 

5) and 0.5 m&k (Fc1,17) = 29.34, p < 0.001, n = 9) partially 
reversed the disruptive effect of ketamine on spatial delayed 
alternation. On the other hand, pretreatment with the Dl recep- 
tor antagonist SCH-23390 (0.1 mg/kg) did not alter the ketamine- 
induced decrease in percent correct choices (F(,,,,) = 3.23, p > 
0.05, n = 8). 

Figure 5 demonstrates the effect of dopamine antagonists on 
the spatial delayed alternation when injected alone. These antag- 
onists did not produce a significant effect of their own on this task 
[haloperidol (0.1 mgikg): PC, 12) = 0.01, p > 0.05, IZ = 5; raclo- 
pride (0.1 mgikg): F(,,,,) = 1:48,p > 0.05, IZ = 5; raclopride (0.5 
m&d: Fcl,lz) = 2.28,~ > 0.05, n = 5; SCH-23390 (0.1 mg/kg): 
F (1,14) = 2.28,p > 0.05, n = 71. 

Effect of various drug treatments on the running 
time of rats in the T-maze during spatial delayed 
alternation performance 
Treatment with ketamine (30 mgikg) or MK-801 (0.5 m&g) 
failed to produce a significant change in the time the animal took 
to run between the main arm and the end of one of the goal arms 
when compared with the saline-treated control group (Table 1). 
Pretreatment with haloperidol (0.1 mgikg), raclopride (0.5 mg/ 
kg), or SCH-23390 (0.1 mgikg) produced a similar running time as 
after injection of ketamine or saline. 

DISCUSSION 
In the present study, the noncompetitive NMDA antagonists 
ketamine and MK-801 dose-dependently impaired the perfor- 
mance of spatial delayed alternation. This impairment was re- 
duced by the dopamine antagonists haloperidol and raclopride. 
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F&re 4. Effect of ketamine (30 ma/l& on - -, 
spatial delayed alternation performance in 
rats pretreated with saline or various dopa- 
mine receptor antagonists. Each animal re- 
ceived 10 trials/d, and the mean (+SEM) 
percentage of correct responses per session 
is presented. The trials were performed with 
a delay of 10 sec. The values in parentheses 
represent the doses in mgikg. Raclopride 
(Rat) and haloperidol (Hal) were injected 15 
min before ketamine (Ket) in groups desig- 
nated as RaclKet and HallKet, respectively. 
SCH-23390 (SCH) was given 5 min before 
ketamine in the group designated SCHlKet. 
Pretreatment with raclopride or haloperidol 
produced a significant reversal of ketamine- 
induced decrease in percent correct choice 
in saline-treated rats. The data from animals 
treated with saline Cfur left bar) are indicated 
for the purpose of comparison only (*p < 
0.05, **p < 0.01 compared with the saline/ 
Ket group). 
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This finding, taken together with the increase in dopamine release 
in the PFC by 30 mg/kg ketamine, strongly suggests that activation 
of dopamine neurotransmission contributes, at least in part, to the 
impairment of PFC function by NMDA antagonists. 

Spatial delayed alternation and the role of excitatory 
amino acids 
A plethora of evidence has implicated the PFC in the pathophys- 
iology of schizophrenia and other cognitive disorders (Wein- 
berger, 1987; Akbarian et al., 1995). Hence, there has been 
enormous interest in the cellular and neurochemical basis of 
cognitive functions associated with the PFC. In laboratory ani- 
mals, the most common behavioral paradigms for assessing PFC 
function are delayed alternation response tasks, which index an 
animal’s ability to use representational memory (i.e., internalized 
knowledge) to guide behavior in the absence of informative ex- 
ternal cues (Mishkin and Pribram, 195.5; Goldman-Rakic, 1987). 
The capacity to perform delayed response tasks depends on the 
bilateral integrity of the dorsolateral PFC in the primate and the 
medial PFC in the rat (Jacobsen, 1936; Harlow et al., 1952; Gross 
and Weiskrantz, 1964; Mishkin, 1964; Goldman and Rosvold, 

saline Rat (0.1) Rat (0.5) Hal (0.1) SCH (0.1) 
TREATMENT (mg/kg) 

Figure 5. Effect of dopamine receptor antagonists haloperidol (Hal), 
raclopride (Rat), and SCH-23390 (SCH) on performance of rats on spatial 
delayed alternation as assessed by the percent correct choice (mean ? 
SEM) reached. Each animal received 10 trials/d with an intertrial interval 
of 10 sec. The rats were trained until the criterion of 80% correct choices 
on two consecutive days was reached. The doses (mg/kg, i.p.) are indicated 
in parentheses. None of the antagonists produced a significant change in 
spatial delayed alternation performance compared with the saline-treated 
rats. 

saline/Ket Rac(O.l)/Ket Rac(O.S)/Ket Hal(O.l)/Ket SCH(O.l)/Ket 

TREATMENT (mg/kg) 

1970; Butters et al., 1972; Passingham, 1975; Brito et al., 1982; 
Wilcott and Xuemei, 1990; Freeman and Stanton, 1992). 

The present finding that MK-801 and ketamine impaired spatial 
delayed alternation performance strongly implicates excitatory 
amino acid neurotransmission at the NMDA receptor in the 
capacity to perform working memory-related tasks. This finding is 
in line with clinical studies showing that ketamine and phencycli- 
dine impair the ability of individuals to use internalized represen- 
tations for problem-solving strategies (Ghoneim et al., 1985; Javitt 
and Zukin, 1991; Krystal et al., 1994). In addition, studies in the 
rodent have indicated that ketamine and other NMDA antago- 
nists disrupt the performance of behavioral paradigms that in- 
volve spatial memory, attention, and learning. These include pas- 
sive avoidance learning, prepulse inhibition of acoustic startle 
response, the Morris water maze, and the eight-arm radial maze 
(Morris et al., 1986; Parada-Turska and Turski, 1990; Shapiro and 
Caramano, 1990; Wesierska et al., 1990; Uchihashi et al., 1994). 

Additional studies have reported that ketamine attenuates sen- 
sory perception (Oye et al., 1992). This may indicate that the 
impairment of spatial delayed alternation by NMDA antagonists 
is not an impairment of working memory per se but, rather, is 
produced by a general reduction or distortion of sensory input 
that would affect the performance of any spatial-related task. 

Table 1. Effect of various drugs on the running time of rats during 
spatial delayed performance in a T-maze 

Running 
Experiment time (set) 
No. Treatment (mgkg) n mean t SEM 

1 Saline 15 2.15 t 0.09 
2 Ketamme (30) 10 2.34 t 0.12 
3 MK-801 (0.5) 6 1.95 k 0.10 
4 Haloperidol (0.1) 5 2.20 f 0.14 
5 Raclopride (0.5) 5 2.48 + 0.37 
6 SCH-23390 (0.1) 7 2.28 t 0.14 
7 Haloperidol (0.1) + Ketamine (30) 5 2.47 + 0.12 
8 Raclopride (0.5) + Ketamine (30) 9 2.09 + 0.07 
9 SCH-23390 (0.1) + Ketamine (30) 8 2.50 C 0.13 

The time (WC) the animal took to run between the main arm and the end of one of 
the goal arms was recorded in all animals during spatial delayed alternation perfor- 
mance. All time measures are mean ? SEM. None of the drug treatments produced 
a significant effect on running time compared with the saline-treated control group. 
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However, the doses of ketamine and MK-801 that impaired the 
spatial delayed alternation performance did not disturb the per- 
formance of the spatial discrimination task, a paradigm that used 
the same T-maze as the spatial delayed alternation but did not 
involve a delay or alternation. This finding suggests that the 
NMDA antagonist-induced impairment of spatial delayed alter- 
nation cannot be attributed primarily to reduced sensory percep- 
tion; rather, a disruption in sensory integration and associative 
functions might have occurred. 

Possible mechanisms of actions of ketamine 
Ketamine has been reported to have direct and indirect actions on 
several neurotransmitter systems other than excitatory amino 
acids. For example, ketamine is an acetylcholinesterase inhibitor 
(Cohen et al., 1974) and has affinities for the c~ and p opiate 
receptors (Smith et al., 1980) and monoamine transporters (Smith 
et al., 1981). Thus, it can be suggested that the ability of ketamine 
to impair spatial delayed alternation is attributable to the action 
of this drug on sites other than the NMDA receptor. However, the 
affinity of ketamine for these other sites is orders of magnitude 
lower than its affinity for the NMDA receptor (Thomson et al., 
1985). Although non-NMDA actions of ketamine may account for 
the anesthetic doses (200-400 mg/kg) of this drug, it is unlikely 
that the lower subanesthetic doses used here (lo-30 mg/kg) would 
have considerable actions on non-NMDA sites. The fact that the 
more selective NMDA antagonist MK-801 had similar effects as 
ketamine further supports the idea that blockade of NMDA 
receptors was the primary mechanism by which ketamine exerted 
its disruptive effect on spatial delayed alternation performance. 
Nevertheless, the role of other receptor sites in the behavioral 
effects of ketamine or MK-801 cannot be disregarded (Clin- 
eschmidt et al., 1982; Lapin and Rogawski, 1992; Loscher and 
Honack, 1992). 

Selective activation of dopamine release in the PFC by ket- 
amine, as well as reversal of the behavioral deficits of ketamine by 
dopamine antagonists, suggests that enhancement of dopaminer- 
gic neurotransmission by ketamine plays a role in the performance 
decrement of spatial delayed alternation. It is noteworthy that 
previous studies have indicated that other noncompetitive NMDA 
antagonists including MK-801 and phencyclidine also preferen- 
tially activate dopamine neurotransmission in the PFC (Rao et al., 
1989; Wedzony et al., 1993; Hondo et al., 1994). One mechanism 
by which these antagonists may increase dopamine release in the 
PFC is by altering the firing rate and pattern of mesocortical 
dopamine neurons. Electrophysiological studies have reported 
that NMDA antagonists increase the firing rate of dopamine 
neurons in the midbrain (French, 1994). However, it is not clear 
whether these drugs have preferential stimulatory effects on me- 
socortical dopamine neurons versus nigrostriatal dopamine neu- 
rons that project to the striatum (which presumably were not 
activated by ketamine). Ketamine may also activate feedback 
loops or local mechanisms that control the release of dopamine in 
the PFC. For example, blockade of NMDA receptors may reduce 
the activity of GABA neurons that normally inhibit dopamine 
release. Attenuation of GABAergic inhibition, in turn, would 
increase the release of dopamine. 

Ketamine and MK-801 administration generally are associated 
with behavioral symptoms such as hyperlocomotion and stereo- 
typy (Koek et al., 1989; Irifune et al., 1991; Uchihashi et al., 1992), 
which might affect the performance of the animal in the spatial 
delayed alternation task. However, the lack of a significant differ- 
ence in the running time between the ketamine- and saline- 

treated groups in the present study and the fact that performance 
in the spatial discrimination task was not affected by ketamine or 
MK-801 negate the possibility of interference by locomotor activ- 
ity in the spatial delayed alternation performance of the animals. 

Spatial delayed alternation and the role of dopamine 
Several lines of research have suggested that dopamine has a 
critical role in the associative functions of the PFC. In particular, 
selective lesions of dopamine afferents to the PFC, in the rat or 
the primate, disrupt the performance of delayed response-related 
tasks (Brozoski et al., 1979; Simon et al., 1980; Stam et al., 1989; 
Roberts et al., 1994). Hence, these studies have concluded that a 
reduction in dopaminergic neurotransmission in the PFC impairs 
the proper functioning of this region, 

In the present study, it was found that pretreatment with the 
dopamine antagonist haloperidol, which has affinities for D2, 
D4>Dl dopamine receptors, and raclopride, a D2>D3 dopamine 
receptor antagonist (Hyttel et al., 1983; Christensen et al., 1984; 
Kohler et al., 1985; de Paulis et al., 1986; Hall et al., 1986; Memo 
et al., 1986; Chipkin et al., 1988; Sokoloff et al., 1990) but not the 
Dl receptor antagonist SCH-23390 (Iorio et al., 1983) reversed 
the deficit in spatial delayed alternation produced by ketamine. 
These findings suggest that hyperactivation of dopamine receptors 
(presumably at the D2 and/or D4 receptor) was involved, at least 
in part, in the NMDA antagonist-induced impairment of spatial 
delayed alternation. This idea is supported by the microdialysis 
data indicating that the dose of ketamine that led to a profound 
deficit in spatial delayed alternation preferentially increased the 
release of dopamine in the PFC. Similarly, systemic injection of 
MK-801, at similar doses used in the present study, has been 
reported to increase dopamine release in the PFC (Wedzony et 
al., 1993). Collectively, these data suggest that an activation of 
dopamine neurotransmission in the PFC also impairs its function 
(Murphy et al., 1994). 

The dopamine antagonists, when administered alone, did not 
impair the spatial delayed alternation performance. In fact, ad- 
ministration of SCH-23390 indicated a trend toward improving 
the performance of this task. This is in contrast with previous 
reports showing that intracerebral injection of selective Dl recep- 
tor antagonists SCH-23390 or SCH-39166 impairs delayed alter- 
nation (Sawaguchi and Goldman-Rakic, 1994). However, recent 
reports indicated that lower doses of Dl antagonists do not 
produce these results and even may improve PFC function (Wil- 
liams and Goldman-Rakic, 1995), suggesting that the deficit 
caused by higher doses of SCH-23390 or SCH-39166 is attribut- 
able to nonspecific or local anesthetic properties of these drugs. 
Nevertheless, the fact that blockade of dopamine receptors (at 
Dl, D2, D3, and D4 sites) did not impair spatial delayed alterna- 
tion performance at the doses used here suggests that tonic 
activation of these dopamine receptors does not contribute to the 
working memory-related cognitive functions of the PFC. 

These latter findings are in contrast with neurochemical lesion 
studies concluding that a reduction in dopaminergic neurotrans- 
mission in the PFC impairs its associative functions (Brozoski et 
al., 1979; Simon et al., 1980; Stam et al., 1989; Roberts et al., 
1994). This paradox in the role of dopamine in the PFC may be 
attributable to several mechanisms. (1) Profound reduction in 
dopamine neurotransmission, as opposed to selective decreases at 
specific receptors, is required to impair PFC function. (2) There 
may be as yet unidentified dopamine receptors that play an 
important role in associative functions of the PFC for which the 
antagonists used here do not have an affinity. This is supported by 
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electrophysiological studies indicating that in the PFC the 
postsynaptic response to dopamine is not effectively blocked by 
known dopamine antagonists (Shi and Bunney, 1994). (3) The 
long-term reduction of dopamine neurotransmission produced by 
the neurochemical lesions of dopamine afferents results in adap- 
tive alterations in other neuronal systems, for example, glutama- 
tergic, which in turn impair PFC function. Dopamine terminals in 
the PFC synapse on dendritic spines, which also receive conver- 
gent synaptic input from excitatory, glutamatergic afferents (Smi- 
ley et al., 1992; Smiley and Goldman-Rakic, 1993). This synaptic 
“triad” has been postulated to represent an anatomical substrate 
for local modulation of excitatory inputs by dopamine. Thus, 
long-term reduction of this modulation (i.e., after neurochemical 
lesions of dopamine terminals) may produce, in turn, compensa- 
tory changes in glutamatergic neurotransmission at these sites. In 
fact, long-term blockade of dopamine receptors has been shown 
to alter the expression of several subtypes of excitatory amino acid 
receptors (Fitzgerald et al., 1995). 

Conclusions 
In the present study, it was demonstrated that the NMDA recep- 
tor antagonists ketamine and MK-801 impaired the performance 
of a spatial delayed alternation task without affecting the perfor- 
mance of a spatial discrimination task, suggesting that tonic acti- 
vation of NMDA receptors contributes to the cognitive functions 
associated with the PFC. In contrast, several dopamine receptor 
antagonists with affinities at Dl, D2, D3, and D4 dopamine 
receptors did not affect the spatial delayed alternation, suggesting 
that tonic activation of the these dopamine receptors does not 
contribute to working memory-related functions of the PFC. 
However, the dopamine receptor antagonists haloperidol and 
raclopride reversed the deficit produced by ketamine. This find- 
ing, taken together with the microdialysis data presented here that 
ketamine induced a preferential increase in the release of dopa- 
mine in the PFC, strongly implies that activation of dopamine 
neurotransmission played a role in the impairment of spatial 
delayed alternation produced by NMDA antagonists. Hence, con- 
sidering the previous neurochemical lesion studies, it appears that 
both acute excess and chronic deficiency in dopamine neurotrans- 
mission disrupt the associative functions of the PFC. 
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