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Beneficial Effects of the NMDA Antagonist Ketamine on
Decision Processes in Visual Search
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The ability of sensory-motor circuits to integrate sensory evidence over time is thought to underlie the process of decision-making in
perceptual discrimination. Recent work has suggested that the NMDA receptor contributes to mediating neural activity integration. To
test this hypothesis, we trained three female rhesus monkeys (Macaca mulatta) to perform a visual search task, in which they had to make
a saccadic eye movement to the location of a target stimulus presented among distracter stimuli of lower luminance. We manipulated
NMDA-receptor function by administering an intramuscular injection of the noncompetitive NMDA antagonist ketamine and assessed
visual search performance before and after manipulation. Ketamine was found to lengthen response latency in a dose-dependent fashion.
Surprisingly, it was also observed that response accuracy was significantly improved when lower doses were administered. These findings
suggest that NMDA receptors play a crucial role in the process of decision-making in perceptual discrimination. They also further support
the idea that multiple neural representations compete with one another through mutual inhibition, which may explain the speed-
accuracy trade-off rule that shapes discrimination behavior: lengthening integration time helps resolve small differences between choice

alternatives, thereby improving accuracy.

Introduction

The cognitive control of action entails a decision process by
which our brain is thought to temporally integrate the evidence
that supports available choice alternatives before making a
choice. This integration process is theoretically validated because
neural representations of the sensory evidence are inherently
variable and thus unreliable at any given instant (for review, see
Bogacz, 2007). Several mathematical models have postulated that
decisions are based on noisy evidence about the different sensory
signals, which is integrated over time until the representation of
one alternative reaches a criterion level (for review, see Smith and
Ratcliff, 2004).

Psychophysical observations that visual discrimination im-
proves with increasing stimulus duration support the view that
sensory evidence is accumulated over time (Bergen and Julesz,
1983; Saarinen, 1988; Shibuya and Bundesen, 1988; Britten et al.,
1992; Verghese and Nakayama, 1994; Ratcliff and Rouder, 2000;
Bodelon et al., 2007) (but see Kiani et al., 2008). Neurophysio-
logical studies of sensory-motor neurons in decision tasks cor-
roborate this interpretation. In visual search tasks, the activity of
sensory-motor neurons in the frontal eye field (FEF) (Thompson
et al., 1996; Bichot and Schall, 1999), lateral intraparietal area
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(LIP) (Thomas and Paré, 2007; Ogawa and Komatsu, 2009), and
superior colliculus (SC) (McPeek and Keller, 2002; Shen and
Paré, 2007) evolves over time to gradually signal the location of
the target selected for an eye movement. Similar observations
about the build-up of decision-related activity in these brain re-
gions have been reported using the random-dot motion discrim-
ination task (Horwitz and Newsome, 1999; Kim and Shadlen,
1999; Shadlen and Newsome, 2001; Roitman and Shadlen, 2002).
In keeping with the rise-to-threshold decision-making models,
neural activity in both tasks reflects the quality of the incoming
sensory information as well as the associated decision.

The recurrent excitatory connections between decision units
combined with the slow kinetics of the NMDA synaptic current
have been proposed as a candidate cellular mechanism underly-
ing the slow accumulation of sensory evidence (Wang, 2002).
Data supporting the former is extensive (for review, see Douglas
and Martin, 2007), but there is a lack of direct experimental evi-
dence to support the latter and other cellular mechanisms could
be at play (for review, see Durstewitz and Seamans, 2006) (Mongillo
etal, 2008). To elucidate the importance of the NMDA receptor in
decision processes, we impaired its integrity by administering ket-
amine, a noncompetitive antagonist of the NMDA receptor, while
monkeys performed a visual search task. If NMDA receptors are
involved in the process of neural activity integration underlying the
accumulation of sensory evidence, it is predicted that their blockade
would cause the integration process to slow down and become nois-
ier, thereby causing an increase in response latency and potentially a
decrease in response accuracy. Alternatively, inhibitory interactions
between decision units, as posited by certain models (Usher and
McClelland, 2001), would predict an increase in both response la-
tency and accuracy iflonger integration time enhanced differences in
signals between units.



9948 - J. Neurosci., July 21, 2010 - 30(29):9947-9953

A preliminary report of the following
data was previously presented (Kalwarowsky
et al., 2008).

Materials and Methods

Data were collected from three female rhesus
monkeys (Macaca mulatta; called G, H, and F;
5.0-7.0kg; 9—10years old). Allanimal care and
experimental protocols were approved by the
Queen’s University Animal Care Committee
and were in accordance with the Canadian
Council on Animal Care guidelines. The surgi-
cal procedure, stimulus presentation, and data
acquisition have been previously described in
detail (Shen and Paré, 2006). Monkeys were
housed in large enclosures (Clarence et al.,
2006) and received both antibiotics and anal-
gesic medications during the postsurgery re-
covery period, after which they were trained
with operant conditioning and positive reinforcement to perform fixa-
tion and saccade tasks for a liquid reward until satiation.

Experimental procedures. Before experiments were conducted and data
collected, animals were trained (at least 15 training sessions) to perform
well above chance level in the visual search task described below. Each
experimental session was composed of a control block of trials, during
which baseline performance was assessed, followed by a treatment block,
each consisting of 500—800 trials. Between the control block and the
treatment block, animals randomly received an intramuscular injection
of ketamine (Ketaset; 0.25, 0.5, 0.75, or 1 mg/kg diluted to 0.3 ml with
saline), 0.3 ml of saline solution (0.9% sodium chloride) as a vehicle
control, or no injection (to control for waning motivation as the animals
became more satiated). Although ketamine is a dissociative anesthetic,
doses =1.0 mg/kg have been reported not to cause debilitating effects on
behavior while reliably affecting saccade latency and metrics (Shiigi and
Casey, 1999; Condy et al., 2005; Stoet and Snyder, 2006; Brunamonti et
al., 2007). Data were collected from three sessions per treatment per
monkey, with the exception of one additional session collected from
monkey G with a ketamine dose of 1.0 mg/kg. Before this study,
each monkey had received a varying total amount of ketamine for anes-
thetic purposes: monkey G, 17.5 ml; monkey H, 8.3 ml; and monkey F,
8.1 ml.

Behavioral paradigm. Each visual search trial (Fig. 1 A) began with the
appearance of a fixation spot (0.5°) in the center of the screen and ani-
mals were required to foveate it within 1000 ms of its appearance. The
visual search display was then presented with the simultaneous disap-
pearance of the fixation spot. The search display consisted of eight stimuli
arranged concentrically at 10° of eccentricity with a diameter of 1°. Seven
distracters had fixed luminance (10.6 cd/m?) and one target had a lumi-
nance that varied randomly between 10.9, 11.2, 11.9, 13.4, 16.7, 20.4,
24.5,45.2, and 76.6 cd/m?. These stimulus luminance differences trans-
lated into percentage contrast differences of 2.7, 5.3, 10.9, 20.9, 36.5, 48.0,
56.7, 76.5, and 86.1%. The location of the target also varied randomly
between trials. Some data were collected in sessions in which the target
luminance levels 11.2 and 45.2 cd/m? were not presented to the animals.
Monkeys were given 500 ms to initiate a saccade within a computer-
defined window (2° X 2°) around the target stimulus and were required
to maintain fixation for 200—300 ms. If monkeys fixated on the target
after a single saccade, the trial was labeled as correct and the animal given
the maximal liquid reward. If the animal made more than one saccade
before fixating the target, the trial was labeled as incorrect and a smaller
reward was given. If the target was not found within 2000 ms of visual
array onset, no reward was given and the ensuing intertrial interval was
lengthened (2000-2500 vs 500—1000 ms).

Data analysis. To assess visual search performance, response accuracy
(the probability that the first saccade landed on target) and response
latency (the time between the onset of the search display and the initia-
tion of the first saccade) were calculated for each stimulus luminance
difference before and after each treatment.

Figure 1.
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Visual search task and behavior. A, Visual search task trial progression. The target is defined as the stimulus with
higher contrast (contrast increment task). The arrow represents a correct response in which a single saccade is made to the target.
B, Eye position traces from a single session (monkey G) during trials in which a saccade was directed to the search target before
(thin lines) and after (thick lines) a 0.5 mg/kg ketamine injection.

The effect of ketamine on response latency was quantified by calculat-
ing the percentage change in response latency. To do so, we took the
latency of the response in each trial of the treatment block, subtracted the
mean latency observed in the control block at the corresponding stimu-
lus luminance difference, and divided this difference by that same mean
control-block latency. Student’s # tests were used to determine whether
the response-latency distribution in the treatment block was significantly
different from zero ( p < 0.05).

For each animal and treatment, the psychometric function describing
how response accuracy varied with the stimulus luminance difference
was quantified with a best-fit Weibull function (Weibull, 1951): W(l) =
y—(y—8)-exp(—(ta) B), where I is stimulus luminance difference, o
is the time at which the function reaches 64% of its full growth, 3 is the
slope, 7y is the upper limit of the function (constrained to 1.0, i.e., perfect
discrimination), and & is the lower limit of the function (constrained to
0.125, i.e., chance discrimination). From this function, the discrimina-
tion threshold (i.e., the stimulus luminance difference at which the
Weibull function reached 64% of its maximum) was taken as a measure
of response accuracy. All Weibull functions had R? > 0.88 (mean, 0.99;
range, 0.88-1.0).

Changes in accuracy following ketamine injections were quantified by
calculating the percentage change in threshold discrimination: the dif-
ference between the thresholds computed in the treatment block and the
associated control block divided by that same control-block threshold.
The statistical significance of the differences in accuracy between control
and treatment blocks was determined using repeated x? tests (signifi-
cance level corrected to p < 0.0166) on the three intermediate levels of
stimulus luminance difference, which fell between the inflection points
of the Weibull functions (i.e., within its second and third quartile) and
which corresponded to percentage contrast differences of 20.9, 36.5, and
48.0%.

Results

We collected and analyzed a total of 49,650 trials for this study.
Figure 1 B shows representative eye position traces following the
onset of the visual search display before and after a 0.5 mg/kg
ketamine injection in monkey G. Ketamine both increased sac-
cade latency and decreased saccade amplitude. We also observed
significant postsaccadic drift in eye position, indicative of the
oculomotor neural integrator rendered leaky. To capture the
time course of each dose of ketamine, we computed saccade am-
plitude for 1 min intervals following ketamine injection, along
with the mean saccade amplitude for the entire control block.
Figure 2 A illustrates such data from the session depicted in Figure
1 B for monkey G. In this animal, saccade amplitude was consec-
utively significantly shorter from 2 to 19 min after the injection
(p <0.05, rank-sum test). The concomitant increase in response
latency showed a similar time course (Fig. 2 B), reaching a peak of
52.6% increase from the control block (232 vs 152 ms) within 10
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the lower limit of normal latency distribu-
tions (Paré and Munoz, 1996). The pre-
dicted response latencies from this simple
model are therefore overestimations, and
any increase in response latency found
with this stringent test is solid evidence for
slowing in perceptual processing. We
found a significant increase in response
latency at each ketamine dose and in each
animal, particularly, but not exclusively,

for the smallest stimulus luminance dif-
ferences (Fig. 4).

Response accuracy increased from
chance to maximal probability with in-
creasing stimulus luminance difference,
7 and the main effect of the low-dose ket-

amine injections was to shift the psycho-
metric function to the left (Fig. 2 D). This
increase in response accuracy was thus re-
(e flected in a decrease in discrimination
threshold, which in the example session
changed from 8.8 to 6.0 cd/m? and corre-
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Figure2. Representative effects of ketamine on visual search performance (monkey G, 0.5 mg/kg ketamine). A, Mean (==SE)

saccade amplitude for 1 min intervals following the injection of ketamine. The gray shaded area indicates the epoch during which
there was a significant decrease in saccade amplitude. The mean (including ==SE) saccade amplitude for the control block is
indicated by the horizontal line. B, Mean (==SE) response latency for each minute following the injection of ketamine. ¢, Mean
(==SE) response latency as a function of stimulus luminance difference before and after ketamine administration. D, Mean (- 95%
(l) response accuracy as a function of stimulus luminance difference before and after ketamine administration. Ketamine increased
the proportion of correct trials at intermediate stimulus luminance differences (see Materials and Methods) ( p << 0.05, x> test),
shifting the psychometric function to the left. Discrimination threshold was taken as the point at which the Weibull function

reached 64% of its maximum (dashed line).

min, followed by a more gradual decay; response latency was still
significantly increased at the end of this 40 min session. To cap-
ture the maximal effect of ketamine, our subsequent analyses
considered only data from trials during this interval, which was
also determined for the other two animals. In monkey F, saccade
amplitude was also found to be consecutively significantly
shorter from 2 to 19 min after ketamine injections, whereas it
became nonsignificant after 17 min in monkey H.

Response latency decreased with increasing stimulus lumi-
nance difference (Fig. 2C) and was significantly lengthened
following ketamine injections across stimulus luminance differ-
ences ( p < 0.0001, one-way ANOVA). Across animals, response
latency increased in a dose-dependent manner and was signifi-
cantly lengthened compared with the corresponding control la-
tency (Fig. 3A). It is possible that this effect of ketamine on
response latency is due to the slowing not only of perceptual
processing but also of movement programming (Saito and Isa,
2003). To control for potential motor-related effects, we com-
pared the response latency at each stimulus luminance difference
in treatment blocks to that measured at the highest stimulus lu-
minance difference (86.1% contrast difference), to which we
added the mean response latency measured in corresponding
control trials to account for the observed decrease in latency with
increasing stimulus luminance difference (Fig. 4, inset). With the
duration of perceptual processing assumed to be minimal when
contrast difference is maximal, most of the effect of ketamine on
response latency can then be assigned to slowing in response
programming. This is, however, not exactly the case because re-
sponse latency in control blocks was in excess of 120 ms, which is

sponded to a shift in percentage contrast
difference from 45.4 to 36.1%. In each an-
imal, we found a significant decrease in
discrimination threshold following low-
dose ketamine injections (Fig. 3B). As the
dose increased, this decrease was dimin-
ished in monkey G and it was eliminated
in monkey F. In the latter animal, the
highest ketamine dose tested (0.75 mg/kg)
led to a significant decrease in discrimina-
tion threshold, i.e., a response-accuracy
deterioration. In keeping with this rever-
sal, a single treatment with 1.0 mg/kg ketamine in monkey G led
to no significant change in response accuracy and more than
doubled response latency (data not shown). This dose of ket-
amine, however, seriously impaired the animal’s behavior (see
below), making it difficult to interpret the results of this single
session on their own. Some of the differences between each
animal’s responses to treatment may be related to differences
in ketamine sensitization between animals (see Materials and
Methods).

The improvement in response accuracy following low-dose
ketamine injections was associated with an increase in response
latency, as would be expected from a speed-accuracy trade-off.
Figure 5 illustrates this relationship for data obtained at the three
intermediate levels of stimulus luminance difference and with the
ketamine doses that yielded significantly lower discrimination
thresholds (n = 15) (Fig. 3B, filled bars). A speed-accuracy trade-
off is also evidenced between the two animals that were compre-
hensively tested (monkey F and G)—the longer the animal’s
response latency in control blocks, the lower her discrimination
threshold (Fig. 3). This was, however, generally not the case
within a given control block, once trials were segregated into
short and long response latency groups (i.e., median split). For
instance, the percentage change in response accuracy [mean *
95%; confidence interval (CI), —1.6 * 7.8%] for the 15 blocks
considered above (Fig. 5) was not significantly different from
zero (p = 0.70, t test), even though the percentage change in
response latency (13.1 = 2.0%) was highly significant ( p < 0.001,
f test). It is possible that the response latency distribution within
a block is not broad enough to translate into a difference in ac-
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curacy. In comparison, the change inre- A 4
sponse latency and accuracy between the
control and treatment blocks in Figure 5
averaged 22.1 * 8.6% and 22.5 * 8.5%,
respectively. These observations suggest
that a substantial increase in response la-
tency is a prerequisite to observing im-
proved accuracy. The low-dose ketamine
injections in this study may have extended
the latency distribution beyond what is
normally observed.

To control for the effects of the vehicle,

80

% change in response latency

Monkey G

60 -
40 +
20
0F

Shen et al. « NMDA and Visual Discrimination

Monkey F Monkey H

R

we also conducted experiments during B
which the animals received an injection of
saline solution. We found negligible and
inconsistent changes in response latency
and discrimination threshold across all
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animals (Fig. 3). Similar results were ob-
tained in the no-injection sessions, sug-
gesting that waning motivation over time
could not account for the effects of ket-
amine. As an additional measure of moti-
vation, we calculated the rate at which the
monkeys failed to fixate on the fixation
spot and maintain fixation until the
search display presentation (Table 1). For
sessions in which ketamine was not in-
jected, this rate was ~3% of trials in the
control block and ~6% of trials in the
subsequent treatment block, showing a
small decrease in motivation. When the
animals were injected with the lowest
doses of ketamine (0.25 mg/kg), they
broke fixation in comparable percentages
of trials. Although larger in magnitude,
the increase in these behavioral events
with increasing ketamine doses remained
moderate (on average, 9.7% across all ketamine sessions). Only
after the injection of 1.0 mg/kg ketamine in monkey G did we
observe an excessively large increase in the rate of fixation break
(37.9%), indicating that this dose of ketamine seriously af-
fected the animal’s overall behavior. In summary, the main
effects of ketamine on visual search performance, for injec-
tions <1 mg/kg, were unlikely to be due to the injection pro-
cedure or decreased motivation.

% change in discrimination threshold

Figure 3.

Discussion

We tested the hypothesis that the NMDA receptor plays a key role
in the integration of neural activity during decision making by
impairing their integrity using the NMDA antagonist ketamine
while monkeys performed a visual search task. We found that
low-dose ketamine injections led to an increase in response la-
tency, which suggests that the process of neural activity integra-
tion underlying the accumulation of sensory evidence was slowed
down. Contrary to the prediction that NMDA blockade would
also cause the integration process to be noisier, search accuracy
was found to improve. This differential effect of ketamine on
visual search performance can, however, be explained with a
competing accumulator model of neural activity integration, in
which distinct populations of sensory-motor neurons integrate
incoming sensory evidence about the choice alternatives and
compete with one another through reciprocal inhibition until
one population’s activity grows sufficiently to trigger a response

0 0
(no inj) (sal)

97.4%
] 0.25 mg/k I

0 0
(no inj) (sal)

025 05 075

025 05 0.75 0 0
(no inj) (sal)

Ketamine dose (mg/kg)

Changes in response latency and discrimination threshold following ketamine and control treatments. A, Percentage
(%95% (l) change in response latency for each animal and for each treatment, compared with corresponding control data
(monkey G, 151 == 0.4 ms; monkey F, 212 == 0.8 ms; monkey H, 178 == 0.7 ms). All percentage changes were significantly different
from0( p <<0.05, ttest). B, Percentage change in discrimination threshold for each animal and for each treatment, compared with
corresponding control data (monkey G, 8.0 cd/m ? or 43% contrast difference; monkey F, 6.0 cd/m 2 or 36.1%; monkey H, 9.2 cd/m
or 46.5%). Bars with black outlines indicate a significant difference in accuracy in at least one of the intermediate stimulus
luminance differences (see Materials and Methods) ( p << 0.05, Xz). Insets illustrate the shift in the psychometric function (axis
labelsasin Fig. 2 D) for three example sessions (monkeys Gand F, 0.25 mg/kg; monkey H, 0.5 mg/kg). Treatments with no injection
(noiinj) and saline injections (sal) are identified as treatments with 0 mg/kg ketamine dose.

(Usher and McClelland, 2001). Such a model not only explains how
NMDA blockade produces an increase in response latency, because
of the slowing down of the accumulation within each alternative
neural representation, but also some improvement in response ac-
curacy, because the reciprocal inhibition between neural represen-
tations can enhance any small difference over time.

The neural integration of sensory evidence has been proposed
to rest on NMDA-mediated recurrent activation (Wang, 2002).
Anatomically, this hypothesis is supported by the existence of
Tglutaminergic recurrent collaterals throughout the cortex
(Douglas and Martin, 2007), as well as in the SC (Moschovakis et
al., 1988). These cortical recurrent collaterals are prevalent in
layer III pyramidal neurons, which receive sensory inputs in
sensory-motor areas like LIP and FEF, as well as in layer V pyra-
midal neurons within the same cortical areas, which project to the
SC (Paré and Wurtz, 1997; Sommer and Wurtz, 2000). Our find-
ings provide the first evidence that NMDA receptors are involved
in the cellular mechanisms underlying the neural integration of
sensory evidence, which has been observed in many neurons of
the sensory-motor circuit involved in visual discrimination
(Schall and Hanes, 1993; Thompson et al., 1996; Horwitz and
Newsome, 1999; Kim and Shadlen, 1999; Shadlen and Newsome,
2001; McPeek and Keller, 2002; Shen and Paré, 2007; Thomas
and Paré, 2007; Ogawa and Komatsu, 2009).

Competition between alternative neural representations
could be subserved by local inhibitory networks combined with
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Figure4. Difference between the response latency in treatment trials and that predicted by
the sum of the mean response latency in the corresponding control session and at the highest
contrast difference (86.1%). Data from each animal is indicated by a different symbol (triangle,
monkey G; square, monkey F; circle, monkey H). Response latency differences were determined
to be statistically significant (solid symbols) if they exceeded by 2 SD the mean latency differ-
ence calculated in the saline sessions (black symbols and gray areas). Inset, Schematic of the
calculation of response latency difference (shaded area): RLD, = TL, — [CL, + (TLgg 10, —
(Lgg.105)], where RLD, is the response latency difference at X luminance difference; TL, and L,
are the mean response latencies at X luminance difference in the treatment and control blocks,
respectively; and TLg ;4, and CLgg 1, are the mean treatment and control block latencies at the
highest luminance difference. Inset example is from Figure 2C.
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Figure5. Response accuracy plotted as a function of mean response latency before (O) and
after (@) treatment with ketamine. Data are from the trials with intermediate levels of stimulus
luminance difference (20.9, 36.5, and 48.0% contrast differences) for which the ketamine dose
led to a significantly lower discrimination threshold (Fig. 3B). Black lines indicate significant
increases in response accuracy ( p << 0.05, x  tests). All data shown had significant increases in
response latency ( p << 0.05, rank sum tests). Average change in accuracy and latency was 0.11
(range, 0.004 - 0.24) and 34.7 ms (range, 6 — 82), respectively.

long-ranging horizontal connections, which have been identified
both in cortex (Gilbert and Wiesel, 1979) and in SC (Behan and
Kime, 1996). Such competition has been evidenced by the obser-
vations that distant neurons with nonoverlapping receptive fields
show negatively correlated discharges both in cortex (Vaadia et
al., 1995; Constantinidis et al., 2002; Cohen et al., 2010) and in SC
(Day and Par¢, 2005), consistent with the bias competition model
of selective visual attention (Desimone and Duncan, 1995). The
beneficial effect of ketamine on response accuracy diminished

J. Neurosci., July 21, 2010 - 30(29):9947-9953 « 9951

Table 1. Average percentage (and 95% Cl) of trials in which fixation was either not
initiated or maintained

Procedure Control Treatment

No injection 28(24-32) 5.5(5.0-5.9)
Vehicle (saline) 3.6(3.2-4.1) 6.0 (5.5-6.5)
Ketamine, 0.25 mg/kg 32(26-3.7) 53(43-6.3)
Ketamine, 0.5 mg/kg 2.8(24-3.2) 11.0(9.7-12.2)
Ketamine, 0.75 mg/kg 3.0(2.5-3.6) 13.1(11.4-14.8)

Data pooled across all three monkeys.

and disappeared with increasing doses, whereas response latency
continued to worsen. This would be expected if ketamine blocked
NMDA receptors in inhibitory interneurons (wide-arbor basket
cells) more effectively than those in excitatory (pyramidal) neu-
rons (Homayoun and Moghaddam, 2007; Seamans, 2008). Al-
though pyramidal neurons in the rat’s cortex have been shown to
increase their discharge rate following NMDA antagonist treat-
ments (Jackson etal., 2004), the late onset and modest magnitude
of this increase suggest that this factor had a negligible impact on
the rate of neural activity integration following the ketamine in-
jections in our study. With larger ketamine doses, therefore, the
neural representations of the alternatives become independent
accumulators and response accuracy potentially worsens.

Injecting ketamine intramuscularly may have affected NMDA
receptors in many neural circuits. For instance, we observed
drifts in eye position following ketamine injection (Fig. 1 B) con-
sistent with dysfunction in the oculomotor system (Mettens et al.,
1990). It is reasonable to argue that the observed increase in
response latency could have been due to the impairment of early
visual pathways, resulting in poor discrimination. Ketamine has
been shown to impair the responsiveness of a broad range of
neurons, including those in early visual pathways, such as in the
lateral geniculate nucleus (Kwon et al., 1992) and primary visual
cortex (Foxetal., 1990). Previous experiments have examined the
effect of lesions in the magnocellular and parvocellular channels
of the primate visual system (Schiller et al., 1990; Schiller, 1993).
Unlike the processing of shape, color, texture, or movement, the
processing of luminance difference remained intact following le-
sions in either channel at the level of the thalamus and extrastriate
cortex. Since lesioning of the early visual pathways does not im-
pair luminance discrimination, low doses of ketamine are un-
likely to be detrimental to the animals’ ability to discriminate the
stimuli in our search display. The improved response accuracy
observed at the lowest dose further argues against this unlikely
possibility.

Ketamine has a limited affinity for the NMDA receptor and, at
high doses, can interact with dopaminergic and serotonergic re-
ceptors (Javitt, 2004). We used very low doses of ketamine such
that cross-interactions, if any, were likely minimal. To build upon
these results, more specific antagonists such as dizocilpine (MK-
801), which has a tenfold affinity for the ion channel (Binns,
1999), could be used to ensure specificity. To examine more spe-
cific effects of NMDA receptor blockade on neural activity inte-
gration, such specific NMDA receptor antagonists would have to
be injected into FEF, LIP, and SC while monkeys perform visual
discrimination tasks and neuronal activity is recorded.

Alarge body of work has shown that the NMDA receptor plays
a role in the maintenance of working memory (Krystal et al.,
1994; Lisman et al., 1998) and multisensory integration (Binns
and Salt, 1996) as well as in long-term synaptic plasticity that may
substantiate long-term memory (Collingridge et al., 1983; Kerchner
and Nicoll, 2008). This study provides evidence that NMDA re-
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ceptors are also involved in the neural activity integration under-
lying the decision-making process involved in visual search and
perhaps other discrimination tasks. Blocking NMDA in this
pathway is presumed to lengthen the integration time of this
process and to benefit discrimination due to competition be-
tween the neural representations of the choice alternatives.
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