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Schizophrenia may be related to dysfunctional glutamatergic activity, specifically hypofunction of the N-methyl-D-aspartate receptor

(NMDAR). In addition, it has been proposed that NMDAR hypofunction may paradoxically cause an increase in glutamate release and

hypermetabolism in corticolimbic regions. If a state of partial, chronic NMDAR blockade underlies schizophrenia, then schizophrenic

volunteers (SV) may have greater glutamate release and associated elevations in regional cerebral blood flow (rCBF) than normal

volunteers (NV), following drug-induced NMDAR antagonism. Therefore, we have given acute ketamine, a noncompetitive NMDAR

antagonist, to NV (n¼ 13) and medicated volunteers with schizophrenia (n¼ 10) in conjunction with serial positron emission

tomography blood flow studies. Drug administration caused marked rCBF elevations in frontal and cingulate regions in both groups.

Contrasts between NV and SV ketamine groups showed that SV had greater relative blood flow increases in the anterior cingulate than

NV. Maximum blood flow, and the area under the curve for blood flow in the anterior cingulate cortex, significantly correlated with

changes in psychosis ratings in SV and NV (maximum rCBF only). These changes are consistent with a relatively hypoactive thalamic

NMDAR and increased cortical glutamate neurotransmission at non-NMDARs in schizophrenia. We hypothesize that ketamine

antagonizes an NMDAR-dependent inhibitory system that is partially compromised in subjects with schizophrenia. The ketamine-induced

reduction of inhibition leads to a marked increase in glutamate release and hypermetabolism (elevated rCBF) in frontal and cingulate

cortical regions. The loss of inhibition and increased glutamate release may cause the distorted thoughts and diminished cognitive abilities

elicited by NMDAR blockade.
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INTRODUCTION

Based on the schizophrenia-like actions of phencyclidine in
humans (Pearlson, 1981), researchers have hypothesized
that an antagonism in glutamate transmission at the N-
methyl-D-aspartate receptor (NMDAR) may be causally
associated with schizophrenia (Olney et al, 1999; Tam-
minga, 1998; Javitt and Zukin, 1991). An antagonism at this
location could, in turn, cause regional hypermetabolism
(Rothman et al, 2003) from increased glutamate release
(Gluck et al, 2002; Theberge et al, 2002; Bartha et al, 1997;
Moghaddam et al, 1997; Moghaddam and Adams, 1998).
The mechanism for this phenomenon may be attributed to

disinhibition of inhibitory interneurons in the anterior
thalamus, basal forebrain, or frontal cortex (Farber, 2003;
Carter et al, 2004; Tomitaka et al, 2000). Loss of GABAergic
inhibition may lead to excessive glutamate release in frontal
and cingulate cortical regions. The resulting hyperglutama-
tergic state could promote stimulation of non-NMDA
glutamatergic receptors, for example, kainate and AMPA
(a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid).
If schizophrenia is due in part to reduced glutamate action
on an inhibitory neuron’s NMDAR and increased action at
cortical non-NMDARs, then drugs that block glutamate
binding at the NMDAR may cause greater physiological
changes in patients with schizophrenia than healthy
controls. Those changes may manifest in regional cerebral
blood flow (rCBF) patterns following ketamine administra-
tion.
Ketamine (2-chlorphenyl-2-methylamino-cyclohexanone)

is a phencyclidine congener that has psychotomimetic
properties in adult humans at subanesthetic doses (Mal-
hotra et al, 1996; Vollenweider et al, 1997a; Lahti et al,
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2001a; Newcomer et al, 1999; Zukin and Zukin, 1979). Since,
ketamine exacerbates psychotic symptoms in schizophrenia
and induces both psychotomimetic symptoms and cognitive
disturbances characteristic of schizophrenia, it has been
used as a model of the illness in both clinical and preclinical
paradigms (Lahti et al, 2001b; Duncan et al, 1999; Jentsch
et al, 1997). Ketamine is a non-competitive antagonist of the
NMDA glutamate receptor. It provides a means of assessing
the physiological consequences of NMDAR ionophore
blockade in normal volunteers (NV) and schizophrenic
volunteers (SV) in a safe and reliable manner (Carpenter Jr,
1999). As a surrogate measure of glutamate release (Roth-
man et al, 2003), rCBF should reflect neurotransmitter
turnover in the cortex following ketamine infusions.
We carried out an analysis of ketamine-induced brain

blood flow changes in persons with schizophrenia and
healthy controls to ascertain whether the anterior cingulate
cortex is more sensitive to NMDAR blockade in schizo-
phrenic volunteers than healthy controls. We hypothesized
that ketamine would cause greater behavioral and physio-
logical changes in schizophrenic volunteers. Behavioral
measures suggest that the two groups have similar
ketamine-induced psychosis changes (Lahti et al, 2001b).
However, this study with positron emission tomography
(PET) suggests that volunteers with schizophrenia have an
abnormally large cingulate blood-flow response to NMDAR
blockade.

METHODS

A total of 23 normal volunteers (NV) were recruited via
advertisements in local newspapers. Potential subjects were
screened by telephone, using a structured interview, in
order to exclude those with a medical or psychiatric
condition and those with a family history of major
psychiatric illness in a first-degree relative. Prospective
volunteers were then interviewed in person by a trained
research technician to exclude primary psychiatric diag-
noses using the Structured Clinical Interview Diagnosis
(SCID) (First et al, 1995). NV then conferred with a
psychiatrist who answered questions concerning the re-
search protocol. Only those normal volunteers who received
ketamine are considered in this report.
A total of 10 schizophrenia volunteers (SV) were recruited

from the voluntary inpatients residing on the Residential
Research Unit (RRU) of the Maryland Psychiatric Research
Center (MPRC). The RRU is a hospital ward where persons
with schizophrenia participate in research protocols that
require hospitalization. Prospective subjects are informed
about the research nature of the program and encouraged to
visit and inspect the facilities prior to admission. Patient
volunteers have active but stable symptoms and require
hospitalization. The diagnosis of schizophrenia was made
by two experienced research clinicians using DSM-III-R
criteria based on detailed history and mental state
examination and all available historical information,
gleaned from extensive contact with previous treatment
facilities and family members. We evaluated schizophrenic
volunteers with the SCID (First et al, 1995), the Schedule for
the Deficit Syndrome (Kirkpatrick et al, 1989), the MPRC
Involuntary Movement Scale, the Cannon-Spoor Premorbid

Adjustment Scale (Cannon-Spoor et al, 1982), and the
Prognostic Scale (Strauss and Carpenter Jr, 1974). Data
from some of these patients were previously published
(Lahti et al, 1995a).
All participants received a physical examination, EKG and

laboratory analysis of plasma and urine samples, including
HIV testing and an illicit drug screen. All subjects denied
previous ketamine use when they were specifically asked.
Subjects were not eligible for inclusion in this study if they
suffered from any significant medical condition (including
high blood pressure) or had recently used drugs or
excessive alcohol. Additional exclusion criteria for the NV
included any history of axis I or II psychiatric disorder or
any first degree relative with a diagnosis of schizophrenia.
NV were paid for their participation in this study. The
demographic details of the volunteers are given in Table 1.
Familial education levels were significantly different be-
tween groups (the t-statistic for the difference in means is
2.57, with df¼ 21, po0.02). All SV were taking clinically
effective doses of haloperidol, 10–20mg per day, during this
study. No atypical neuroleptics were administered.
The NV described in this report are the same volunteer

subjects described in a previous publication (Holcomb et al,
2001).

Consent Process

The physical and psychological effects of ketamine were
fully explained to each volunteer during the consent process
and were described in detail on the written consent form.
Every volunteer was fully informed about the nature of the
study and the potential risks associated with it. The consent
process for the SV involved additional safeguards. A
clinician selected those patients deemed to be competent
and capable of appreciating the risks of the study. An
independent designated State of Maryland Mental Health
Administration employee confirmed that the volunteer was
able to understand the nature of the research. When
available, family members or caregivers were involved in
the consent process. Patients were given detailed verbal
descriptions of the procedures and risks that accompanied
the study. They were informed that adverse effects could
include temporary worsening of psychosis. At the end of the
informed consent process, patients were required to
demonstrate their understanding of the protocol by listing
its key features and risks. The quality of the consent
procedures was monitored by a designated RRU ombud-

Table 1 Subject Characteristics

Gender
NV-Ketamine

9 men, 4 woman
SV-Ketamine

9 men, 1 woman

Age 31.175.0 36.374.4

Years of education 17.273.0 11.471.8

Familial educational 14.873.4 10.671.7

Duration of illness 18.575.3

Age of first psychotic symptoms 17.373.0

Age of first hospitalization 20.675.2

Mean7SD.
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sperson who worked closely with the patients throughout
the duration of the research project.
The protocol for this study was reviewed, approved, and

monitored by both the University of Maryland Human
Volunteers Committee and the Johns Hopkins Joint
Committee on Clinical Investigation.

Ketamine Administration

Prior to the image acquisition reported here, each volunteer
was given ketamine (0.3mg/kg). and assessed under
research conditions without imaging. All subjects were
familiar with the psychological effects of ketamine before
the PET phase of the study. During PET scanning 13 NV
and 10 volunteers with schizophrenia were administered
ketamine (0.3mg/kg).

Mental State Evaluation

The Brief Psychiatric Rating Scale (BPRS) (Overall and
Gorham, 1962) was administered to subjects when they
received ketamine both in the laboratory and in the scanner.
Ratings were made before and repeatedly after drug
administration. In the laboratory, the first post-drug rating
was at 20min. During the imaging procedure, the first post-
drug BPRS was done 7-9min after drug administration.

Scan Technique

Subjects were scanned using a GE 4096þ PET camera in
conjunction with the bolus water method, 62.5mCi of 15-
oxygen water per tracer injection. Volunteers were posi-
tioned in the scanner using a thermoplastic facemask, with
the most inferior plane placed 20mm above the cantho-
meatal axis. Once the subjects were comfortable, three
baseline scans (BL) were obtained at 10-min intervals.
Subjects rested in the scanner with their eyes open. Scan
data were acquired for 60 s, starting 20 s after tracer
infusion. Seven minutes prior to the fourth scan, ketamine
(0.3mg/kg) was infused into an antecubital vein over 60 s.
The first postinjection scan was acquired 6min after the
completion of the ketamine (or saline) infusion. Additional
scans were obtained at 10-min intervals: 16, 26, and 36min
postinjection.

Image and Statistical Analysis

The methods used to analyze the scan data were described
in detail in a previous publication (Holcomb et al, 2001).
Blood flow data were normalized with respect to anatomical
and mean flow rates for the whole brain (50ml/100 gm/
min), according to the algorithms applied by SPM99
software (Friston et al, 1994, 1996). In summary, three
steps were used to analyze the differences between the
ketamine-induced blood flow activation patterns in the two
groups (SV-ketamine, NV-ketamine). (1) Ketamine-acti-
vated Volumes of Interest (VOIs) were identified with a
voxel-based subtraction analysis (further defined below).
(2) VOIs were compared across groups and over time with
an analysis of variance (ANOVA). (3) Cmax (maximum rCBF
response), Tmax (time to reach the maximum rCBF
response), and AUC (area under the curve) values were
calculated for each VOI.

Ketamine-activated VOIs were identified using SPM 99
software (Friston et al, 1994, 1996) to contrast the averaged
BL scans with each of four post-ketamine scans (6, 16, 26,
and 36min) in the NV-ketamine group. Positive and
negative contrasts were generated using a significance level
of po0.05, corrected for multiple comparisons. VOIs were
first identified in the 6-min vs baseline contrast. Maxima
obtained at subsequent time points (16, 26, and 36min)
were considered to be distinct if they were located more
than one full width half maximum (FWHM) away from a
previously identified VOI. This was done sequentially with
respect to time: 16min before 26min, and 26min before
36min. Other candidate VOIs were selected from the double
subtractions generated from each of the four time points. The
double subtractions were: (Ketamine�Baseline, SV�NV) and
(Ketamine�Baseline, NV�SV). Regions that were significant
at po0.001, uncorrected, were subject to further analysis.
The average signal from each of these points, in both groups,
was grown to a 3� 3� 3mm VOI. This procedure generated
individual values for each subject, for each VOI, at baseline
and at the four post-drug time points.
The VOI created from the subtraction analyses described

above were then compared across the groups and over time
with a 3 (SV-ketamine, NV-ketamine, NV-saline) by 5 (BL,
6, 16, 26, and 36min scans) repeated measures ANOVA with
Greenehouse-Geisser correction and a quadratic contrast. A
separate ANOVA was conducted for each VOI. These
analyses were used to determine if the ketamine-activated
VOIs have a significantly different pattern of change over
time between the two groups.
The WinNonlin program (Pharsight Corp., Mountain

View, CA) was used to identify the Cmax, Tmax, and AUC for
each subject for each VOI. Independent t-tests were used to
assess differences between the NV (ketamine) and the SV
(ketamine) groups on the Tmax, Cmax, and AUC values for
each VOI. The Cmax and the AUC for each VOI were
correlated with the change in the BPRS score of each subject
after ketamine (20min), obtained during the behavioral
studies prior to the scanning.

RESULTS

Ketamine-Induced rCBF Effects

Ketamine increased rCBF within medial frontal structures,
principally in the anterior cingulate and medial frontal
cortex, but also in the right inferior frontal region (Table 2).
Figure 1 depicts areas of increased CBF, by region, across
time at the four post-ketamine time points in the normal
and the schizophrenia volunteers. Relative to the whole
brain, CBF diminished as previously described (Holcomb
et al, 2001), in SV and NV groups. No significant difference
in group cerebellar rCBF was observed. Maximal rCBF
changes following ketamine occurred at 6min and were
largely resolved by 36min.

Ketamine-Induced rCBF Changes: NV Vs SV

As predicted, there was a significant difference between the
SV-Ketamine (SV-K) and NV-Ketamine (NV-K) in the
anterior cingulate (8, 38, 14) VOI (F(1,21)¼ 8.12, p¼ 0.01).
The difference between SV-K and NV-K in the inferior
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frontal cortex (44, 34, �16) VOI approached statistical
significance (F(1,21)¼ 3.85, p¼ 0.063) (Table 2 and Figure 2).

rCBF Correlations with Behavioral Response

Behavioral data were collected in the laboratory prior to
scanning. Each subject received ketamine and placebo in

resting conditions. Ratings obtained during PET scans were
not used because of the extensive intrusions associated with
the imaging procedure between radioisotope injections. The
Cmax and the AUC were correlated with the change in BPRS
score in response to ketamine (Table 3). In the volunteers
with schizophrenia, the Cmax and total BPRS score
correlated with rCBF in the two maxima located in the
anterior cingulate cortex (8, 38, 14 and �6, 40, �4). AUC
only correlated with total BPRS at one of these points
(�6, 40, �4). Cmax correlated with the psychosis subscale in
the medial frontal cortex (10, 54, 18). In the NV ketamine
group, the correlations between rCBF (Cmax at coordinates
10, 52, 16) and the Psychosis subscale of the BPRS were
positive and significant (r¼ 0.57, df¼ 12, p¼ 0.041) (Hol-
comb et al, 2001). There were no group differences in
overall ketamine-induced psychosis changes. Furthermore,
there were no correlations between medication status or
demographic variables and ketamine-induced psychosis
change. Although familial education levels differed signifi-
cantly between groups, there was no association between
this demographic measure and drug-related rCBF changes.

DISCUSSION

Previously we applied a kinetic analysis of ketamine action
to sequential rCBF scans in healthy humans with the
purpose of characterizing the drug’s regional dynamic
action (Holcomb et al, 2001). That analytic strategy
provided a quantitative regional and time demonstration
of rCBF actions of ketamine in healthy volunteers. Here we
have used the same kinetic analysis to compare the rCBF
response to ketamine between normal and schizophrenic
volunteers. As predicted, the anterior cingulate showed a
greater response to ketamine in schizophrenic than NV.
These data suggest that the glutamatergic system of SV may
be more sensitive to NMDAR antagonism than NV.
Results revealed a limited number of relative regional

blood flow activations/reductions after a single bolus dose
of ketamine. Relative to the whole brain, blood flow changes
in NV were limited to increases in the ACC, medial frontal

Table 2 Region by Group Differences in rCBF Response to
Ketamine

Location Coordinates Comparison F df p

Medial frontal cortex (10, 54, 18) Overall 4.294 2,30 o0.001

BA 32, 9, and 10 SVK4NVK 1.019 1,21 0.324

Anterior cingulate cortex (8, 38, 14) Overall 3.875 2,30 0.001

BA 32, 24, and 10 SVK4NVK 8.12 1,21 0.010

Anterior cingulate cortex (�6, 40, �4) Overall 2.40 2,30 0.023

BA 32 and 24 SVK4NVK 0.087 1,21 0.771

Inferior frontal cortex (44, 34, �16) Overall 3.35 2,30 0.004

BA 11, 25, and 47 SVK4NVK 3.85 1,21 0.063

Cerebellum (�12, �70, �20) Overall 4.80 2,30 o0.001

SVKoNVK 1.43 1,21 0.245

Cerebellum (2, �54, �20) Overall 6.34 2,30 o0.001

SVKoNVK 3.85 1,21 0.063

Cerebellum (24, �64, �20) Overall 4.48 2,30 o0.001

SVKoNVK 1.16 1,21 0.295

Talairach coordinates and Brodmann areas (BA) are listed for ketamine-induced
rCBF changes.

Figure 1 Ketamine elicited increases in ventral anterior cingulate CBF, in schizophrenic and healthy volunteers.
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cortex (MFC), and right inferior frontal cortex (IFC), and
reductions in the cerebellum. In response to bolus
ketamine, the schizophrenia group showed a similar
response but with a greater magnitude and duration of
elevated ACC and IFC blood flow than the healthy group.
Both groups, however, exhibited significant correlations
between regional blood flow changes and ketamine-elicited
subjective experience.

This PET study draws attention to three observations: (1)
ketamine induces hypermetabolism in anterior cingulate
and prefrontal cortical regions; (2) the drug-induced
behavioral response is correlated with the metabolic (rCBF)
changes in medial frontal and anterior cingulate cortex; and
(3) SV exhibit greater relative blood flow increases in
cingulate cortex than healthy subjects. Two previous studies
have reported on the first two findings in normal volunteers

Figure 2 Relative increases in rCBF with respect to time, following bolus ketamine administration.

Table 3 Correlations between Behavioral Rating Changes and rCBF Changes in the Schizophrenic Volunteer Group

Talairach coordinates Location Total BPRS Psychosis subscale

(A) SV ketamine group: Cmax

10, 54, 18 Medial frontal cortex r¼ 0.499, p¼ 0.142 r¼ 0.719, p¼ 0.019

8, 38, 14 Anterior cingulate cortex r¼ 0.784, p¼ 0.007 r¼ 0.512, p¼ 0.130

�6, 40, �4 Anterior cingulate cortex r¼ 0.757, p¼ 0.011 r¼ 0.336, p¼ 0.342

44, 34, �16 Inferior frontal cortex r¼ 0.332, p¼ 0.348 r¼ 0.233, p¼ 0.517

(B) SV ketamine group: AUC

10, 54, 18 Medial frontal cortex r¼ 0.212, p¼ 0.557 r¼ 0.553, p¼ 0.097

8, 38, 14 Anterior cingulate cortex r¼ 0.410, p¼ 0.239 r¼ 0.212, p¼ 0.557

�6, 40, �4 Anterior cingulate cortex r¼ 0.837, p¼ 0.003 r¼ 0.235, p¼ 0.513

44, 34, �16 Inferior frontal cortex r¼ 0.379, p¼ 0.280 r¼ 0.221, p¼ 0.539
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(Breier et al, 1997; Vollenweider et al, 1997b). This
discussion interprets previous findings and those associated
with the group comparison in light of recent research on
glutamate pharmacology and the NMDAR.
The physiological basis for ketamine-induced frontal/

cingulate hypermetabolism may be the cause of the drug’s
psychotomimetic behavioral effects. Ketamine-induced
changes in mental status (Lahti et al, 1995b; Krystal et al,
1994) and brain metabolism (Vollenweider et al, 1997b;
Holcomb et al, 2001; Breier et al, 1997; Lahti et al, 1995a)
have been hypothesized to reflect antagonism of NMDARs
located on inhibitory interneurons (probably GABAergic) in
the anterior thalamus. That antagonism, in turn, may cause
increased glutamate-dependent excitation in downstream
cortical regions like the ACC (Farber, 2003; Newcomer et al,
1999; Krystal et al, 1994, 2003; Konradi and Heckers, 2003).
In support of this idea, preclinical studies have revealed that
NMDAR antagonism results in (1) increased frontal
extracellular glutamate (Moghaddam et al, 1997; Lorrain
et al, 2003; Takahata and Moghaddam, 2003) and acetylcho-
line levels (Giovannini et al, 1994), and (2) increased
spontaneous firing rate of neurons in the frontal cortex
(Moghaddam and Jackson, 2003; Homayoun et al, 2004).
The resulting excessive and disorganized activity of
the frontal and cingulate regions could, in turn, diminish
the brain’s capacity to ‘make sense’ of the environment.
This pharmacologically driven hyperactivity in the
fronto-cingulate system is best accounted for by the large
changes in glutamate release that accompany NMDAR
antagonism.
Supporting evidence for frontal and cingulate glutamate

release following NMDAR blockade in humans is found in
neurochemical (magnetic resonance spectroscopy; MRS)
and metabolic studies that reveal a strong stoichiometric
relationship between the dynamics of the glutamate/
glutamine cycle and brain metabolism and blood flow
(Patel et al, 2003; Shulman et al, 2002; Rothman et al, 2003;
Behar and Rothman, 2001; Shen et al, 1999). A recent MRS
study showed increased ACC glutamatergic turnover with
ketamine administration in healthy human subjects (Row-
land et al, 2005). It is important to note that studies using
interventions to reduce glutamate efflux (Anand et al, 2000)
and mitigate glutamate action at non-NMDARs (Moghad-
dam and Adams, 1998; Carter et al, 2004) have shown
promise in ameliorating some of the symptoms elicited by
NMDAR antagonism.
The SV group demonstrated a significantly greater

anterior cingulate blood flow response to bolus ketamine
than the NV group. This observation is consistent with the
hypothesis that schizophrenia is partly caused by hypofunc-
tional NMDARs. If the anterior thalamus of SV contain
relatively hypoactive NMDARs on inhibitory interneurons,
then ketamine may generate a more sustained disinhibition
of those GABAergic components (Farber et al, 2002; Sharp
et al, 2001). Such a scenario might, in turn, promote a
prolonged and vigorous medial frontal and anterior
cingulate response to anterior thalamic glutamatergic input.
Since GABAergic inhibitory interneurons may be more
sensitive to NMDAR antagonism than pyramidal cells
(Grunze et al, 1996), the loss of local circuit inhibition
may have important consequences to frontal metabolic
activity and information processing.

Several study weaknesses are acknowledged. The keta-
mine-induced response is measured against a baseline and
not against a placebo infusion. Optimally each subject
should be assessed against himself in a drug/placebo-paired
design. This was not feasible in light of our goal to use
repeat injections of a radiotracer, over an extended time
period within the same day, in each volunteer. This
omission prevented a direct assessment of placebo vs
drug-induced blood flow changes in the each subject, in
both groups. Previously published data from this laboratory
indicate that haloperidol treatment diminishes anterior
cingulate metabolism when compared to the untreated
condition (Holcomb et al, 1996). Consequently, it is
extremely unlikely that these neuroleptic-treated SZ
volunteers would have a significantly greater resting
anterior cingulate blood flow than NV. Preclinical
animal studies give no indication that chronic (Duncan
et al, 2003) haloperidol treatment is likely to make the
anterior cingulate more responsive to ketamine. It is,
instead, more likely to diminish the brain’s hypermetabolic
response.
Haloperidol’s impact on the SV group’s physiological

response to ketamine is not clearly known at this time.
Animal studies have provided some insights on this matter.
Duncan et al (1998) has shown that haloperidol does not
diminish ketamine-induced medial frontal hypermetabo-
lism. Consistent with that report, Adams and Moghaddam
(2001) have demonstrated that haloperidol does not
ameliorate the hyperglutamatergic effects of phencyclidine.
In contrast with haloperidol, clozapine has been shown to
diminish the metabolic effects of ketamine (Duncan et al,
1998) and to partially reverse the cognitive impairments
(Jentsch et al, 1997) and cortical hyper-responsivity to PCP
(Arvanov and Wang, 1999) caused by prolonged phency-
clidine administration. In volunteers with schizophrenia, a
similar pattern of evidence has emerged. Haloperidol did
not diminish the patient volunteers’ subjective responses to
ketamine (Lahti et al, 1995b), whereas clozapine signifi-
cantly diminished the patients’ psychotomimetic responses
to ketamine (Malhotra et al, 1997).
Other studies of ketamine’s behavioral and physiological

effects have used prolonged infusions. In this study,
ketamine bolus administration was used to assess the time
course of drug action. It is not clear to what extent the bolus
infusion causes a qualitatively different behavioral and
neurophysiological responses from the continuous infusion
(Newcomer et al, 1999; Krystal et al, 1994). The transient
nature of the bolus infusion’s effects will, however, reduce
the likelihood of seeing sustained drug action in the two
groups. It also compromises our ability to make strong
inferences from other studies that have used continuous
infusions. Nonetheless, the cingulate cortex changes de-
scribed here are consistent with the NMDAR antagonist
models developed by other groups (Moghaddam, 2003).
Future studies combining magnetic resonance spectro-

scopy, metabolic imaging (through PET), and functional
MRI will be able to assess the relationships between the
effects of ketamine on glutamatergic activity, brain blood
flow, and behavioral changes. As therapeutic agents become
available to test the role of NMDAR hypofunction in
schizophrenia, it may become possible to use those tools to
explicate the precise mechanisms of this illness.
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