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Background: The amino acid glycine, modulates neuro- Introduction

transmission via actions at GLY-A receptor and GLY-B ) ) ) o
receptor. The latter are coagonist sites associated with h_e amino acid glycme_: modula_lt_es heurotransmission
N-Methyl-o-Aspartate (NMDA) glutamate receptors. The via actions at strychnine sensitive inhibitory glycine
central bioavailability of peripherally administered gly- receptor (GLY-A) and strychnine-insensitive excitatory
cine has not been adequately characterized in humans. (GLY-B) glycine receptors. The latter are co-agonist sites
Methods: Healthy human subjects were administered@ssociated witiN-methylo-aspartate (NMDA) receptors
either oral p-cycloserine (50 mg or placebo) and intrave- (Johnson and Ascher 1987; Kleckner and Dingeldine
nous glycine (saline, 100 mg/kg or 200 mg/kg) in random1988) and are distributed primarily in the cortex. Glycine
order over 4 test days under double-blind conditions.facilitates NMDA receptor neurotransmission via strych-
Cerebrospinal fluid was collected by lumbar puncture nine-insensitive sites (GLY-B) and has inhibitory effects
performed on the first test day was analyzed to determingnediated by brain stem and spinal cord strychnine-sensi-
amino acid levels. The acoustic startle response Wasive receptors (GLY-A). Differences in the affinity of
measured on the second test day. GLY-B (100-300 nmol) and GLY-A (90—-10pmol) for
Results: Intravenous glycine dose-dependently increasedylycine suggest that GLY-A receptors would be inopera-
both serum and CSF glycine and serine levels. Neitheple at the nmol range of glycine levels necessary for
glycine nor DCS produced any significant effects onactivation of GLY-B receptors (reviewed in D'Souza et al
behavior, cognition or the acoustic startle response. Ne|—1995)'

ther IV glycine nor DCS were associated with any toxicity. \ipa receptors mediate several important physiolog-

Conclusions: Thus, peripheral glycine administration jca| and pathological processes. Deficits in NMDA recep-
raised CSF glycine levels without producing any clearyo, fynction are hypothesized to contribute to the neuro-

central nervous system effects. Glycine antycloserine g4y of several neuropsychiatric disorders such as
did not worsen cognitive test performance and did not

induce behavioral symptoms on their own. The possibilit s.ch|zopr.1ren|,a, Alzheimer's disease and alcqhollsm (r.e-
that glycine andp-cycloserine enhanced cognitive test viewed in D'Souza et al 1995). For those disorders in
performance cannot be excluded given the psychometri/Nich deficits of NMDA receptor function are hypothe-

limitations of the test battery. Biol Psychiatry 2000;47: Sized, facilitation of NMDA receptor has been proposed as

450-462 ©2000 Society of Biological Psychiatry a therapeutic strategy. Direct stimulation of NMDA recep-

tors with glutamate or aspartate, agonists of the primary
Key Words: Glycine, b-cycloserine, strychnine-insensi- fecognition site, is associated with neurotoxicity and
tive, NMDA receptors, Cerebrospina| fluid, amino acids hence, is not clinically feasible. The NMDA-associated
GLY-B receptor may offer a safe and potentially feasible
target for facilitating NMDA receptor function without
associated neurotoxicity.
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humans remains debatable. Results from animal studiestance abuse disorders. A structured psychiatric interview for
evaluating the ability of glycine to cross the blood-brain DSM-IIIR (SCID-NP; Spitzer et al 1990) was conducted by a
barrier have been mixed (reviewed in D'Souza et al 1996){rained rater to exclude subjects who gave evidence of psychi-
We are aware of only one other report that suggested ngtic Of substance abuse disorder (including nicotine). The
change in CSF glycine levels after low doses of oralSUPIECtS history was confirmed by a telephone interview con-

. . . - ducted with an individual identified by the subject. In addition,
glycine (Troung 1988). Milacemide amgcycloserine are

h | h GLY.B . hat h d all subjects underwent an informal interview with the principal
the only other -B agonists that have uUndergone;,estigator. To rule out medical or neurologic disorders, sub-

extensive testing and use in humans. Milacemide, gects underwent a general physical and neurologic examination,
lipophilic glycine prodrug, dose-dependently increaseSundoscopy, laboratory tests (EKG, serum electrolytes, liver
CSF glycine levels. Milacemide has effects on otherfunction tests, complete blood count with differential, urine
neurotransmitter systems that might account for its effectsoxicology, pregnancy test for females). If subjects met all the
(reviewed in D'Souza et al 1995). Clinical studies with inclusion criteria and were deemed medically and psychiatrically
milacemide, in schizophrenia, Alzheimer's disease andit. they underwent baseline acoustic startle response testing and
epilepsy have been disappointing (reviewed in D'Souza epaseline neuropsychological testing. o

al 1995).p-Cycloserine is a high affinity, high efficacy At screening, hearing was assessed to evaluate eligibility for
partial agonist with moderate specificity for GLY-B re- startle testing. Thrgsholds of 500, 1000, .2000 and 4000 hertz
ceptors (Monahan 1989; Henderson 1990)he absence were evaluated using a Welch-Allyn audioscope. None of the

f alvei | ine facili f subjects needed to be excluded for hearing deficits. Subjects
of glycine, p-cycloserine facilitates NMDA receptor func- were instructed to abstain from consuming psychoactive medi-

tion to about 40-70% of the stimulation induced by cations, caffeinated beverages and alcoholic beverages for a
glycine alone (Hood 1989; McBain 1989; Watson 1990;period of 2 weeks before testing and throughout the testing
Henderson 1990). In the presence of glycinecy-  period (up to 4 weeks). Female subjects were also instructed to
closerine acts as an antagonist in that its activation of th@ractice some form of birth control approved by the investigator
GLY-B site is less, relative to glycine. Data from the during the entire period of testing. Pregnancy and drug use were
clinical use ofp-cycloserine at doses 0f1000 mg/day ruled out by performing appropriate laboratory tests at screening
suggests that it has excellent central bioavailability (Nairand on all test days. Subjects were required to fast from midnight
1956); peak CSF levels corresponds to 80—100% of peaRf the test day until after completion of the testing session.
serum concentrations (Holdiness 1985; Nair 1956; Con- _
zelman 1956). The central bioavailability ofcycloserine  Study Design
in animals has been confirmed by second messengedealthy subjects received 1) oral DCS (50 mg) followed by IV
responses produced by direct and systemic injection@ntravenous) placebo glycine (saline); 2) oral placebo DCS
(Mandell 1985; Emmett 1991). followed by IV glycine (100 mg/kg); 3) oral placebo DCS
The primary goal of this study was to attempt to followed by IV glycine (200 mg/kg); or 4) oral placebo DCS
evaluate the central nervous system bioavailability offollowed by IV placebo glycine (saline) over 4 test days, in a
intravenous (IV) glycine in humans by measuring g|yciner_andomlzec_i,_counterbalanced prder, under double-blind condi-
levels in the cerebrospinal fluid (CSF). The secondary goaf©"'s: A minimum of a 3-day interval between test days was
of the study was to compare the behavioral, cognitive an ;:g:ﬁeerd to minimize any carryover effect from one test day to
neurochemical effects of glycine tecycloserine, a partial '
agonist of the GLY-B receptor with proven central bio-
availability. The study was designed as the firstin a serie?ruqs
of steps to develop a method of facilitating NMDA Intravenous glycine was prepared by the research pharmacist by

receptor function via the GLY-B receptor. dissolving glycine powder (Ajinomoto USA Inc., Raleigh, NC)
in 0.9% normal saline to produce a bulk 20% solution. The

preparation underwent standard pyrogenicity and sterility testing.
. Working stock was transferred to evacuated containers and
Methods and Materials stored at—20°F until required for use. Doses of 100 mg/kg and
Subjects 200 mg/kg, were prepared from the bulk solution. The placebo
infusion consisted of normal saline (0.9%). A 50-mg dose of
Volunteers for participation in this study were recruited from the p-cycloserine from 250-mg capsules (Eli Lilly and Co., India-
community by public advertisements and were paid for theirnapolis, IN) and matching placebo capsules containing lactose

participation. The study was approved by the Institutional Re-were prepared by the research pharmacist.
view Boards of the VA Connecticut HealthCare System and Yale

University School of Medicine. Healthy subjects were selected_l_ . .

for participation after obtaining written informed consent and esting Sessions

after a screening process to exclude individuals with a history ofTesting began at 8:00 a.m (Table 1) . After insertion of an
psychiatric illness, medical or neurologic conditions, and sub-intravenous line, baseline measures were collected including
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Table 1. Flow Sheet of Testing Session

Fasting from midnight
—60 Insertion of intravenous line
Blood Work: complete blood count, serum chemistry, amino acids, hormones (prolactin, cortisol), metabolites
(methoxyhydroxyphenylglycol, homovanillic acid);cycloserine levels.
Measurement of vital signs
Behavioral ratings: Clinician Rated Analog Scale (CRAS), Panic Attack Symptoms Scale (PASS); cognitive
ratings: minimental state examination

00 Glycine/placebo infusion and administration of oral cycloserine/placebo
+30 Measurement of vital signs
Behavioral ratings: CRAS, PASS
+45 End of infusion
Blood work: serum chemistry
+60 Measurement of vital signs
Behavioral ratings: CRAS, PASS
+90 Blood work: complete blood count, serum chemistry, amino acids, hormones (prolactin, cortisol), metabolites

(MHPG, HVA), p-cycloserine levels.
Measurement of vital signs
Cognitive ratings: Hopkins verbal learning test (3 Trials), verbal fluency, Gordon box (Continuous
Performance Task)
Behavioral ratings: CRAS, PASS
+120 Cognitive ratings: Hopkins recall (free/cued/recognition),
+135 Measurement of vital signs
Blood work: complete blood count, serum chemistry, amino acids, hormones (prolactin, cortisol), metabolites
(MHPG, HVA), b-cycloserine levels.
Day 1 Only: lumbar puncture: CSF analyzed for cytology, glucose, protein, VDRL, amino acids,
cycloserine, HVA, MHPG.
Day 2: acoustic startle response
Day 3 and 4: no additional tests

+165 Cognitive ratings: MMSE (3 objects only, Immediatel0 Post-distraction)
Behavioral ratings: CRAS, PASS
+180 Measurement of vital signs:
+195 Blood work: complete blood count, serum chemistry, amino acids, hormones (prolactin, cortisol), metabolites

(MHPG, HVA), b-cycloserine levels.
Cognitive ratings: MMSE (3 objects only, immediate, post-distractiohQ) min recall)
Behavioral ratings: CRAS, PASS
+225 Measurement of vital signs

vital signs, blood samples for neurochemical data, behavioral andompare blood and CSF amino acid levels. Because there were
neuropsychological tests. At approximately 9:00 a.m., oral studyho other reports of serial CSF glycine estimations after IV
drug (DCS or placebo) was administered and the intravenouglycine administration, the-135 timepoint was chosen to collect
study drug (high dose, low dose glycine or normal saline) infusedCSF based on the prediction of highest CSF glycine levels after
over 45 min. The doses of glycine and route of administrationan intravenous infusion. On the second day, acoustic startle
were based on the few published reports of IV glycine adminis-response was measured in place of the lumbar puncture. Plasma
tration in humans (Naglak et al 1988; Kikuo et al 1980; Popa atand CSF were analyzed for all amino acids, DCS levels,
al 1975). Kikuo et al (1980) demonstrated that 4, 8 or 12 gmshormones (prolactin and cortisol) and neurotransmitter metabo-
glycine in a 20% solution given IV over 15-30 min produced alites (homovanillic acid and methoxyhydroxyphenylglycol).
growth hormone response without associated toxicity. Thus, thé&europsychological and behavioral data were collected. The
100 mg/kg and 200 mg/kg doses selected for this study argesting session ended at 1 p.m., approximately 225 min from the
equivalent to total glycine doses of 7 and 14 gms respectively irnitiation of the glycine infusion.

a 70-kg adult and are in the range of doses used by Kikuo et al
(1980). Blood for amino acid assay was sampled at 60 min befor
the initiation of the glycine infusion (baseline), and 135 and 195?_umbar Puncture (Only Day 1)

min after the initiation of the glycine infusion. In the first 10 Lumbar puncture was performed using the standard clinical
subjects only, in addition to the aforementioned time-points,protocol for this procedure. Before the procedure subjects under-
blood was sampled 45 and 90 min after the initiation of thewent fundoscopy to examine for signs of increased pressure.
glycine infusion. At 90 min from the initiation of the infusion, Subjects were instructed to lie on their sides tucking their knees
cognitive tests were administered. On the first test day, 135 mirup to their chests. After identification of bony landmarks, and
from the initiation of the glycine infusion a lumbar puncture to preparing the skin with betadine solution, local anesthesia was
collect CSF was performed; blood was drawn simultaneously tachieved using 2% lidocaine solution. A 20-guage lumbar
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puncture catheter was inserted into the intervertebral lumbathe analysis of latency, trials were rejected on the basis of failure
space. On entry into the cerebrospinal fluid space, openingo blink.
pressure was recorded and a volume of approximately 8 cc of At the time this study was initiated we were unaware of any
CSF was collected in aliquots of 1 cc. A specific order wasstudies of glycine effects on behavioral or cognitive test perfor-
adhered to in collecting CSF: the first 2 aliquots were for mance in healthy human subjects. Further, this study was
chemical (glucose and protein) and cytological analysis, the thirdleveloped as a prelude to eventually studying the interactive
for amino acid analysis, the fourth for HVA, the fifth for MHPG, effects of glycine and ketamine, given our data showing that
and the sixth for 5-HIAA. CSF samples were immediately placedketamine induced schizophrenia-like cognitive deficits in healthy
on ice and rapidly transferred to-a70°C freezer for storage. individuals. Our rationale was that if the cognitive measures were
After recording the closing CSF pressure, the catheter wasensitive to the effects of a noncompetitive NMDA antagonist,
removed and pressure applied to the site. Subjects were thgrerhaps the same measures would be sensitive to the effects of a
instructed to remain supine for the rest of the testing session. drug that could potentially facilitate NMDA receptor function.
This was assuming that the performance of subjects under
normal conditions was not at or near the ceiling of performance

Acoustic Startle Response (Only Day 2) on these measures. Thu_s, the behavioral, cognitive, neurochem-
ical and electrophysiological measures were selected on the basis

We chose to study the effects of glycine on the acoustic startlg e jinical data of glycine effects and the effects of ketamine
response given the preclinical and clinical evidence suggesting, healthy human subjects.

that noncompetitive NMDA receptor antagonists produce defi-

cits in prepulse inhibition (Krystal et al in press; Al-Amin and ) ]

Schwarzkopf 1996; Bakshi and Geyer 1995). GLY-B receptorBehavioral Ratings

antagonists have been shown to reverse isolation-induced deficitshe Brief Psychiatric Rating Scale (BPRS) is a well-validated

in prepulse inhibition (Bristow et al 1995) and disrupt prepulsescale that measures symptoms of schizophrenia (Overall and
|nh|b|t|0n (Furuya et al 1997) in pl’eclinica| Studies. The methodseorham 1962) It Contains subsca|es assessing Symptom and
employed here were derived from previous studies from oumehavior clusters including positive and negative symptoms,
group (Grillon et al 1992; Krystal et al 1997). Acoustic startle activation, emotional distress. Anger, anxiety, drowsiness, high,
response was recorded only in the first 16 subjects using &nd sadness were assessed by using clinician-rated analog scales
commercially available startle system (SR-Lab, San Diego In(CRASS). These scales were scored in mm from the left-hand
struments) in a sound-attenuated chamber only on the second teg§fie of a 100-mm line to a perpendicular mark made by a
day. Subjects were seated in a comfortable chair in the uprightlinician at a point corresponding to the apparent magnitude of
position. Orbicularis oculi electromyographic (EMG) activity the feeling state reported and exhibited by the subject (range: 0,
was recorded with 2 disc electrodes (Ag-AgCL) placed 1 cm«not at all”, to 100, “most ever”). The CRASS was administered
below and lateral to the external canthus of the right eye. Theso min before the administration of study medications, and 30,
ground electrode was placed on the forehead. Impedance wa®, 90, 165, and 195 min after initiation of the glycine infusion
kept below 9 K). EMG activity was filtered (1-500 Hz) (-60, +3, +60, +90, +165, +195-min time-points). Ratings
digitized for 250 msec from the onset of the acoustic stimuli, assessed the period after the previous assessment. Panic attack
rectified and stored off-line for analysis. Bursts (30 mseC) Ofsymptoms were measured using a 27 item Panic Attack Symp-
white noise with a near instantaneous rise time were presente@m Scale (PASS) that includes 13 DSM-III-R panic symptoms.

binaurally through headphones (Maico). Sets of acoustic stimulisymptoms are rated on a 4—point scale=(hot present to 4=
calibrated with a sound level meter (Realistic) of five intensitiessevere). Possible scores ranged from 27—108.

(90, 96, 102, 108, 114 dB) were delivered over a background of
75 dB white noise. Recording sessions began at 90 min from thf\| .

initiation of the glycine infusion and 180 sec after background europsychological Tests

noise onset. An initial startle pulse (102 dB) was delivered butGeneral aspects of cognitive function were assessed using the
not included in the data analysis. The initial pulse was followedMini-Mental State Examination (MMSE) (Folstein et al 1975).

by 7 blocks of acoustic stimuli. Each block was composed of 5The MMSE was modified to include an assessment of word
intensities presented in pseudo randomized format every 45—6fecall after a 10-min delay. For the memory assessment, separate
sec over 15-20 min. Recording sessions ended 15 sec aftgets of words, selected on the basis of their comparable frequency
delivery of the thirty-sixth acoustic stimulus with the background of use in the English Language and comparable difficulty
noise turned off. The digital EMG signal was smoothed by a(Kucera and Francis 1967), were presented at each time point.
rolling average of 5 successive points. Onset latency (the time tdhus, each word was presented once, but recall was assessed 3
the initiation of the blink reflex) and peak amplitude were times: immediately after presentation, after a distracting task
determined in the 21-95 sec after stimulus onset. Peak amplijpost-distraction), and after a 10 min delay (delayed recall). The
tudes were calculated by taking the average of the minimum andhodified MMSE was administered 60 min before and 165 after
maximum values recorded during the first 20 msec. The responsiaitiation of the glycine infusion. In addition recall was evaluated
criterion was set at 10 arbitrary units. Trials were rejectedusing the Hopkins Verbal Learning Test (HVLT) a word list
because of unstable EMG activity during the first 20 msec orlearning measure of verbal memory and hippocampal function
failure to reach peak amplitude within 95-msec onset latency. INBrandt 1991). The task includes immediate recall followed by
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10-min delayed recall trial, cued recall and a recognition trialdetected. Interassay CVs were consistently less than 5% (range
(range: 0-12 words recalled). To eliminate practice effects, &.5-5.0%; median value 3.6%). For clinical purposes, the accu-
different version of the HVLT was administered on each test dayracy and precision of quantitative amino acid analysis are
Verbal fluency task requires subjects to generate as mangonsidered adequate if results are within 20% of target values.
words as possible beginning with a specified letter during aThe laboratory performed consistently withint&% range.
1-min interval (normal range 15-25 words in 1 min). Equivalent Samples were analyzed far-cycloserine at the Infectious
versions of this task were administered on the 4 test days usinBisease Pharmacokinetics Laboratory at National Jewish Medi-
letters equated for frequency in English (Borkowski et al 1967).cal and Research Center. Analyses were performed using a
Vigilance and distractibility to visual stimuli, both attentional validated capillary electrophoresis (CE) assay on a Hewlett
tasks that involve the frontal lobes, were measured using #ackard (Wilmington, DE) Model 270A-HT capillary electro-
continuous performance task (Gordon 1983) in which subjectphoresis system with ultraviolet detection. The serum standard
attended to numbers presented sequentially on a screen. For therves for DCS ranged from 2.0-5040g/ml. The absolute
distractibility task 3 columns of numbers were presented but theecovery of DCS from serum approached 100%. The within day
subject had to disregard the lateral columns and respond only tprecision (%CV) of validation quality control (QC) samples was
those numbers appearing in the central column. For the vigilanc8.5-10.7%, and the overall validation precision was 5.7-12.3%.
task only 1 column was displayed. The subject pushed a button
to signal \_Nhen a“9” was _prece_de_q by a“l.” The range of scoresgiatistical Analysis
for the vigilance and distractibility task was minimum O to
maximum 30. Data were analyzed using SuperANOVA (Abacus Concepts Inc.,
To assess psychomotor function, the rate of finger tapping wa8erkley, CA) and the Statistical Package for the Social Sciences
assessed using a telegraph key apparatus (LaFayette InstrumdffSS Inc., Chicago, IL). Repeated measures data were initially
Co., LaFayette, IN; Halstead 1947). Subjects were instructed t§ubjected to a repeated measures analysis of variance
tap as rapidly as possible for 10 sec using their index finger(RMANOVA) with within-subjects factors of dose and time.
Subjects completed 5 successful trials, defined as within 10% ofunyh-Feldt adjustments were made to the degrees of freedom to
the mean of the remaining trials, with each hand, aIternatingadeSt for lack of sphericity. In the presentation, when drug, time
between dominant and non-dominant hands. Between every and the drug by time interactions were all significant, only the
tapping trials, a brief rest period was inserted. Subjects comdrUQ_ by time interactions were reported. Fo_r.data from measures
pleted up to 10 trials to produce 5 successful trials. The mea@dministered only once per test day (cognitive tasks), ANOVA
score of the 5 successful trials are reported. If consistency coul/ith within-subjects factor for dose were conducted. For data
not be established, the 5 highest scores are reported. Handednd&m measures that were administered only once (CSF amino
was reported using the cerebral dominance item of the Neurc@Cids on Day 1, and startle response on Day 2), ANOVA with
logical Evaluation Scale (Buchanan and Heinrichs 1989). Of the®&tween-subjects for dose were conducted. Unless otherwise

19 subjects who completed the test, 18 were right handed and gpecified all statistical analyses were one-tailed. Post-hoc anal-
showed mixed dominance. yses were conducted to examine glycine amdycloserine

effects by separately.

Neurochemical Analyses STARTLE RESPONSE. Startle amplitude, prepulse and onset

Plasma samples for hormonal analyses were run in duplicat&ere subjected to ANOVA with between-subjects factor for

pairs. Radioimmunoassay kits were used to determine plasm@ose. Data shown in Tables 2-5 are meassandard deviation.

levels of prolactin (Serono Diagnostics, Inc. Norwell, MA;

intra-assay and interassay coefficients of variation were 3% and

7%, respectively) and cortisol (Baxter Travenol Diagnostics, ReSults

Inc., Incstar Corp., Stillwater MN; intra-assay and interassay, .

coefficients of variation were 3% and 5%, respectively). PlasmaDemOgraphICS

and CSF free levels of HVA (Bacopoulos et al 1979) and MHPG Twenty-six subjects participated in the study. The mean

were measured by gas chromatography and mass spectrometige of the subjects was 32.4711.01 years (range: 20-56

using deuterated internal standards. years). Of the 26 subjects, 13 were female (age 29.3
Amino acids levels in plasma and CSF were analyzed using 30 4 years) and 13 male (age 34:311.6 years). Mean

Beckman amino-acid analyzer by Dr. P. Rinaldo at the Dept. Ofweight of the group was 164 35.89 Ibs (males: 1737
Biochemical Genetics, Yale School of Medicine. The analysis i335 1 Ibs; females: 153 37.2 Ibs). Two subjects were
buffers, the sample is mixed with ninhydrin and passed througf?li(.:k’ t3 Asian, .4h|;||ﬁpaglcdaqd gbc.alicaSIan' Tgytjent¥_8|x
a column. An in-line colorimeter measures the absorbance of thgt JECtS WETe Mg anded, 1 subject was ambidextrous.

amino acid-ninhydrin complex at 2 wavelengths. Amino acid | '€ average length of education was 16:21.7 years

peaks are identified base on their retention time (RT), relativel"@nge 12-20 years). Of the 26 subjects, only 20 subjects
retention time (RRT) to the internal standard, and characteristi€ompleted all 4 test-days, 21 completed 3 days, 22
position of elution in a highly consistent profile. Using this completed 2 test-days and 24 completed only the first test
method, levels of amino acids1 wmol/L can be readily day. Two subjects dropped out after Day 1 and 1 subject
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Table 2. Cognitive Testing Results

0.1 g/kg 0.2 g/kg

Test n Placebo Glycine Glycine D-Cycloserine Dos@
Vigilance
Omissions 23 4T 27+ .6 .36+ .6 A4+9 F(3,63)= .3,p = .8
Commissions 23 &7 0 1= .3 2% 4 F(3,63)= 2.4,p = .06
Distractibility
Omissions 23 2= 3.9 9+ 17 8+1.2 9+ 3 F(3,63)=1.8,p= .1
Commissions 23 & 2.8 A+ 6 2+.78 1+3 F(3,63)=1.4,p= .2
Verbal Fluency
Letter
Number correct 22 17444 175+4.1 17.8+ 3.9 18.1+ 4.1 F(3,63)= .3,p= .8
Perseverations 24 2+ .4 2+ .4 3+ .6 F(3,63)= .3,p= .9
Category
Number correct 20474 20.2+6.3 19.9+ 6.6 204+ 7.1 F(3,63)= .05,p = .99
Perseverations x .3 5x1 2+ .5 2+ 4 F(3,63)=1.9,p=.1
Finger tapping
Right hand* 19 52.8-8.3 55.3*+7 545+ 7.2 55+ 5.7 F(3,54)=3.1,p = .04
Left hand 473+ 6.4 489+t7.1 47.8+ 6.1 46.9* 6.3 F(3,54)=14,p=.3
Hopkins Verbal Learning Test
Immediate recall trial #1 22 8419 9+ 1.8 8.7+ 1.7 8.3+ 1.9 F(3,63)= .3,p = .2
Immediate recall trial #2 1081 11.2+1 11.4+ .8 111+ 11 F(3,63)= 1.5,p = .2
Immediate recall trial #3 11.315 11.6*+.7 11.7+ .8 11.6+ 15 F(3,63)=2,p=.1
Delayed recall 112213 11+ 1.6 11.2+1.3 10.9+ 2 F(3,63)= .9,p=.5
Cued recall 112213 11.1*+1.2 11.1+ 1.6 11+ 1.9 F(3,63)= .08,p = .97
Recognition recall 11.% 4 11.9+ 4 11.8+ .5 11.8+ 4 F(3,63)=.2,p=.9

All values shown are meant SD.

dropped out after Day 3. LP was unsuccessful in 1 subjecicondition, 5 subjects had the high glycine (200 mg/kg)
On the first test day (LP), 7 subjects had the placebaondition and 6 subjects hadcycloserine condition. Two
condition, 7 subjects had the low glycine (100 mg/kg)subjects had the LP done on Day 2 (high glycine condi-

Table 3. Glycine Effects on Behavioral Tests

Time Points (min)

Dose

=}

—60 —-30 30 60 90 165 195 240 Dose X Time
Total BPRS HG 8 18812 188+12 188+1 186+11 18.6+1.1 20.1+t45 195+28 189+1.1 F = 1.2(21,147)

LG 8 194+16 193+13 1891 188*.9 188+*.9 185+ .9 185+.9 186*x.9 p=.3
DCS 8 195+x1.7 19.3x1.8 194*=1.7 19.5*x17 19.6x16 19.6x18 194*+17 19x14
P 8 194+13 189+1.1 188+14 185+x1.1 185x1.1 185+x11 185+1.1 185*1.1
4-Key HG 8 4 4 4 4 4 4 4 4 F =1.0(21,147)
LG 8 4 4 4 4 4 4 4 4 p=.5
DCS 8 4 4 4 4 4 4 4 4
P 8 4 4 4 4 4 4 4 4
3-Key HG 8 34x.7 3.4 .7 347 3.3x.7 3.4 .7 3.9x1.8 3.8+x15 35x.9 F =0.9(21,147)
LG 8 33x.5 33x .5 34+ 5 33+ .5 33x .5 33+ .5 33 .5 31+4 p=.5
DCS 8 31x .4 3.1+ 4 3.1+ 4 31 4 3.1+ 4 3.1+ 4 3.1+ 4 3
P 8 33x.7 3.4 .7 3.3 .7 33x.7 3.3x.7 3.1 4 3.3x.7 3.3x.7
PASS HG 10 2751 NA 275+ 5 275x.7 27.8*+12 28.8+x43 28.0f1.6 NA F = 0.5(15,135)
LG 10 27.3x.9 NA 273x.7 272+ .4 271+.3 27.6*.8 2747 NA p=.9
DCS 10 27.4+- .8 NA 275x.9 278x1 276*x11 28125 274x .5 NA
P 10 271+ 3 NA 2713 272+ .4 272+ 4 274*x7 27 NA
CRAS HG 8 0 0 0 0 0 6.3-17.7 3.1£8.8 NA F =1.2(18,126)
LG 8 43*x91 46x94 1646 1335 14x39 0 0 NA p=.3
DCS 8 28t42 25+x71 39x74 36x71 33+x6.8 34%6.7 25*+71 NA
P 8 4+8.8 3188 1.6*4.6 0 0 0 0 NA

HG: high dose glycine; LG: low dose glycine; DCS-cycloserine; P: placebo; BPRS: Brief Psychiatric Rating Scale; 4-key: 4-key positive symptoms of the BPRS;
3-key: 3-key negative symptoms of the BPRS; PASS: Panic Attack Symptom Scale; CRAS: Clinician Rated Analog Scale. ANOVAs for dose, time and @ose by tim
interactions. NA= not applicable. All values shown are meanSD.
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Table 4. Glycine Effects on Plasma Hormones and Metabolites

Time points (min)

Dose n —60 45 90 135 195 Dose X Time
Plasma HG 6 7.3 13 6.6+ .6 71+x1 725 6.9+ .9 F=1.2(12,60)
prolactin LG 6 9.2+ 14 7.3+ .7 7.2+ 1. 72+ .7 8+ 1.7 p=.3
DCS 6 8+ 2 7.3* .6 71+ 1.3 7.8+ 2.1 8+ 2.2
P 6 7.8t 2.3 7.1+ 1.1 6.7+ 1.4 6.8+ 1.2 6.5+ 1.3
Plasma HG 8 1545 10.6* 3.8 11.5+ 5.5 13.1+ 3.4 11.5+ 3.8 F=1.6(12,84)
cortisol LG 8 17.1+5 9.9+ 3.3 9.1+ 3.1 9.9+ 25 8.7+ 25 p=.1
DCS 8 14.3+ 4.9 9.3+ 24 10.5= 2.5 13.2+ 8 144+ 7.5
P 8 14.6+ 6.4 9.1+ 4.1 8.3+ 2.4 10.2+ 3.9 6.8+ .9
Plasma growth HG 5 1518 .8+ .8 4.4+ 4.3 27+ 25 13+ 1 F =1.0(12,48)
hormone LG 5 9t .6 75 8+ .6 7=5 25+x24 p=.5
DCS 5 5+ 4 A4+ .1 23+238 25+ 2.8 5.8+ 7.9
P 5 .9+ 0.6 A4+ 0.1 3.9+59 3.2+ 53 1.9+ 1.7
Plasma HVA HG 9 11.7# 3.7 8.1+2.1 7.3+ 1.8 7.4 1.7 7.8t 1.7 F=1.2(12,96)
LG 9 11.8+ 4.2 8.5+ 2.1 79+ 15 7.6+ 1.6 8.1+ 1.7 p=.1
DCS 9 11.1+1.1 8.8+ 1.6 8.6+ 1.6 8.3+ 1.9 8.8+ 1.7
P 9 1351 4.4 9.5+ 2.3 8.7+ 1.4 9+ 1.9 8.7+ 1.9

HG: high dose glycine; LG: low dose glycine; DCS:cycloserine; P: placebo. All values shown are measD.

tion), 1 subject had the LP done on Day8dycloserine  Amino Acids
condition), and 1 subject had the LP done on Day 4 (high _--c~1s on PLASMA AMING ACIDS.  Intravenous

glycine condition). CSF data was obtained for an equalyycine dose-dependently increased plasma glycine levels,
number subjectsn(= 7) for each condition. One subject whereas neither oral DCS nor placebo had any effect

who admitted to a significant past history of alcohol Figure 1) . The repeated measures ANOVA revealed a
dependence after completing the study was excluded fro ignificant dose (placeba-cycloserine, 0.1 and 0.2 g/kg

the data set. Because there were no significant gend lycine) (F(3,60) = 56.849,p = .0001), time (60, 135
differences for age, weight or education and gender did noj 5 min) F(é 40) = 1(')2 8 'p _ '0001) ’and dose E)y tinie

seem to influence the outcome measures, data werg@,. - i-- E(6,120) = 48.457,p = .0001). The peak

collapsed across gender. . increases in plasma glycine levels produced by low and
Six subjects reported headache that typically began ﬁigh dose glycine both occurred at thel35 min time-

nours (2-18 hours) after the completion Of e MP&pgint and were 537+ 224 pmoliL and 775+ 304
punc Iurt(_e anh_ y%'C? y ast(:] a(;j/_?_( g ¢ &f[yz)‘ d ere wa mol/L, respectively compared to placebo 25089
no refationship between the conaition of study drug an pmol/L and p-cycloserine 260+128 wmol/L (normal

the occurrence of post-LP headache. range 120-553wmol/L). Plasma glycine levels remained
elevated throughout the testing period of 195 min with the
low and high dose glycine infusions. These peak levels are

Table 5. Glycine Effects on CSF Metabolites an underestimation of the true peak levels and are related

Dose n LP Dosep to the time-points when blood was sampled. Thus, in the
CSE MHPG _ HG 5 8.6 3.2 F-o04(320) lrst 8 subjects blood was sampled at additional time-

LG 7 7.4+ 1.4 p=.8 points (+45 and+90 min) (Figure 1). In these subjects,

DCs 7 7.3+2 high dose glycine infusion elevated plasma glycine levels

P 5 7.9+256 to 5093+ 823 umol/L, whereas low dose glycine infusion
CSFHVA 'L"GG 75 ;’712% ;g'g F B 1?;5(3'20) elevated plasma glycine levels to 1352 165 pmol/L

DCS 7 273+ 88 P (normal 120-553wmol/L ) at the +45 time-point.

P 5  111.9+ 168.1 Intravenous glycine dose-dependently increased plasma
CSF5HIAA  HG 5 20.4+ 14.9 F =0.4(3,18)  serine levels, whereas neither oral DCS nor placebo had

LG 6 23.8+11 p=.7 any effect (Figure 2) . The repeated measures ANOVA

Bcs g ;g;lf f'lgg revealed a trend toward a significant dos$€3,60) =

2.404,p = .0763), time E(2,40) = 6.578,p = .0034) and

HG: high dose glycine; LG: low dose glycine; DQSctycloserine; P: placebo; ; R : _ _
MHPG: methoxyhydroxyphenylglycol; HVA: homovanillic acid. All values shown dose by time |nteractiorF(6,120) 1'853’p '09)' The

are mean+ SD. peak increase in plasma serine levels produced by low and
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7000 7
6000 Figure 1. Effects on plasma glycine
= levels. Test days are depicted as fol-
g 5000 lows: placebo, 50 mg-cycloserine, 0.1
= g/kg glycine, 0.2 g/kg glycine. Data for
El the —60 + 135 and+ 195 time-points is
& 4000 from all 24 subjects. In the first 8
2 subjects plasma glycine was sampled at
S 3000 additional 2 time-points{45 and+90
[ min). These data are identified by an
[1+] . ..
£ 2000 asterisk. Because there were no statisti-
w . Y .
o . cally significant differences between
= S n=8 the 2 data sets(= 24 andn = 8) for
the —60, +135 and+195 time-points,
e — ‘_I:‘ only the data from then = 24 dataset
0- are shown at these time-points. Data are
M60 +45 +90 +135 +195 presented as mean valugsSEM. Sta-
i , tistical analyses are presented in the
ime (minutes)
text.
O Placebo O D-cycloserine B Low Glycine | High Glycine
high dose glycine both occurred at thel35 min time- EFFECTS ON CSF AMINO ACIDS. Intravenous glycine

point and were 148 37 umol/L and 182+ 54 umol/L), dose-dependently increased cerebrospinal fluid (CSF) gly-
respectively compared to placebo 12968 umol/L and  cine levels, whereas neither oral DCS nor placebo had any
D-cycloserine 110+24 umol/L (normal range 67-193 effect (Figure 3) . The ANOVA revealed a significant dose
pmol/L). In the first 8 subjects who had additional effect (3,21)= 15.105,p = .0001). CSF glycine levels
time-points a greater level of significance for the dose were 6.03+ 2.765 for placebo, 4.76- 1.074 for DCS,
time interaction F(12,84) = 32.32, p = .0001) was 11.575= 4.809 for low dose glycine and 21:26.989 for
achieved (Figure 2). high dose glycine (Figure 3). Although the dose interac-
No significant effects were seen on plasma levels of anytion of CSF serine levels was not statistically significant,
other amino acids. In the first 8 subjects who had blood0.2 g/kg glycine showed a statistical treng € .09)
sampled at additional time-points both doses of glycinetoward increasing CSF serine level§1,21)= 0.143p =
showed a statistical trend toward increasing plasma ala©9). Neither doses of glycine had any effect on the CSF

nine levels at the 45-min time-point. levels of any other amino acid.
350 1
n==8
300

Figure 2. Effects on plasma serine levels.
Test days are depicted as follows: pla-
250 1 cebo, 50 mgp-cycloserine, 0.1 g/kg gly-
cine, 0.2 g/kg glycine. Data for the 60
200 1 n=8* +135 and+195 time-points is from all
24 subjects. In the first 8 subjects plasma
serine was sampled at additional 2 time-
points (+45 and +90 min). These data
z 1+ are identified by an asterisk. Because
. there were no statistically significant dif-
: ferences between the 2 data sets<(24
andn = 8) for the —60, +135 and+195
time-points, only the data from the =
24 dataset are shown at these time-points.
Data are presented as mean values
Me0 +45 +90 +135 +195 SEM. Statistical analyses are presented in
time (minutes) the text.

150 1

100 1

Plasma Serine Levels umol/l

50 1

[J Placebo i D-cycloserine B Low Giycine M High Glycine
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CSF glycine levels (n= 24) CSF serine levels (n= 24)
25 - 35
Ly Figure 3. Effects on cerebrospinal
< 20 = fluid amino acid levels. Test days
g g are depicted as follows: (PLA)
3 T 29 =~ placebo, (DCS) 50 mgp-cy-
3 i l T closering, (LG) 0.1 g/kg glycine,
3 T r20 @ (HG) 0.2 g/kg glycine. Left panel
o 2 shows data on CSF glycine levels,
g L15 @&  and right panel shows data on CSF
> 10 %) .
5] uw  serine levels. Data are presented
He - 10 & asmeanvalues SEM. Statistical
(&) . , analyses are presented in the test.
5
0 T T T T 0
[ Placebo [ D-cycloserine [ Low glycine B High glycine

Only trace levels ob-cycloserine were detectable in the amino acid levels after a bolus administration of glycine.
CSF of subjects who received 50 mecycloserine on the This method obviates the need for performing a lumbar
LP day. puncture to determine CSF glycine levels in future studies
using intravenous glycine.

This study did not allow clarification of the mechanism
) ) ) o by which intravenous glycine entered the CSF. Preston et
Neither glycine noro-cycloserine had any significant 1 (19g9) have demonstrated the presence of a glycine
effects on any of the cognitive measures (Table 2). The5rrier on the blood side of the choroid plexus in animal
small number of subjects from whom complete acoustiGyygies. This glycine carrier may provide a mechanism for
startle data was obtained did not allow for any meaningfulyyycine transport across the blood-CSF barrier. Alterna-
analysis of either glycine ob-Cycloserine effects on tively, glycine may enter the CSF by passive diffusion or

prepulse inhibition or amplitude of the acoustic startley, first entering the brain and then being transferred to the
response. CSE.

Cognitive

One of the aims of conducting this study was to develop
Behavioral a method to facilitate NMDA receptor function via the
GLY-B receptor. Uptake of glycine into the CSF does not
necessarily mean uptake into the brain. Whereas this study
did not determine brain extracellular glycine levels, sev-
) eral preclinical studies demonstrate that peripherally ad-
Neurochemical ministered glycine increases C@Rdbrain glycine levels
Neither glycine norp-cycloserine had any significant (Richter 1971; Toth and Lajtha 1981, 1986; Moller et al
effects on any of the neurochemical measures (Table 4, 5personal communication). Future studies using brain Mag-
netic Resonance Spectroscopy will need to be done to
directly measure brain extracellular glycine levels in
humans after peripherally administered glycine. Finally,
Intravenous glycine reliably increased both plasma andiptake into the brain does not necessarily mean uptake
CSF glycine levels in a dose-dependent manner withouinto the neurotransmitter specific (synaptic) pool. As yet,
any toxicity. Thus, this study demonstrates that exogthe methodology for measuring synaptic glycine levels has
enously administered glycine can increase CSF glycin@ot been developed.
levels in humans. Because CSF was sampled only at a The increase in CSF serine levels after IV administra-
single timepoint, serial changes in CSF glycine levelstion of glycine may also have implications for NMDA
could not be estimated. Using these results it is noweceptor functionp-Serine is a potent agonist acting at
possible to predict peak CSF glycine levels from plasmaGLY-B receptors and can potentiate NMDA receptor

Neither glycine norp-cycloserine had any significant
effects on any of the behavioral measures (Table 3).

Discussion
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function. Serine is synthesized from glycine via theb-cycloserine doses between 1,000-2,500 mg per day.
combined action of the glycine cleavage enzyme systenRepeated dosing is known to result in accumulation
(GCS) and serine hydroxymethyltransferase (SHMT)(Storey and McLean 1957). It is conceivable that repeated
(Thureen et al 1995). Thus, it is conceivable that elevatedosing with 50 mgp-cycloserine employed in treatment
central serine levels observed in this study are a result aftudies also results in significant accumulation and result-
elevated central glycine levels due to synthesis of serinant increases in central DCS levels; however, this has not
from glycine. Several groups have shown the racemizatioyet been demonstrated.
of L-serine tob-serine in the brain (Dunlop and Neidle  Neither glycine nor DCS or had any statistically signif-
1997; Takahashi et al 1997). lwama et al (1997) havecant effects on any of the behavioral, cognitive, neuro-
suggested that GCS might be implicated in the biosyntheehemical or neurophysiological measures. Several expla-
sis or regulation of endogenonsserine in the mammalian nations may account for the lack of any statistically
brain. This provides a mechanism by which glycine couldsignificant effect of either glycine or DCS.
enhance braim-serine levels. In fact, peripheral adminis- One question raised by these data is whether GLY-B
tration (intraperitoneal) of glycine, has been shown toreceptors are saturated under physiologic conditions. The
increase both centralserine and glycine levels in rodents addition of exogenous glycine would be expected to have
(lwama et al 1997; Takahashi et al 1997). Thus, periphiittle effect if GLY-B receptors were saturated. GLY-B
erally administered glycine may modulate NMDA recep- receptors operate in the low micromolar range of glycine
tor function by increasing central glycine amdserine  and normal CSF glycine levels are 4—l6hol/L. Assum-
levels. ing that CSF glycine levels reflect synaptic glycine levels,
The presence of only trace levelsmtycloserine inthe then GLY-B receptors would be saturated under physio-
CSF 135 min after oral administration of 50-mmy  logical conditions; however, CSF glycine levels may not
cycloserine merits further discussion given that this dose iseflect synaptic glycine levels and the latter have not been
widely used in clinical trials for schizophrenia. This directly measured in healthy humans. Several preclinical
finding is unexpected given thai-cycloserine was re- studies have demonstrated that extracellular glycine levels
ported to have excellent central bioavailability (Nair et al are 2—11 times lower than CSF glycine concentrations, and
1956; Conzelman 1956). Several factors must be considhat these levels (3—pmol/L) are below the effective
ered when attempting to reconcile the findings of thislevel needed for maximal potentiation of NMDA receptors
study with the literature. First, we are unaware of any(Forsythe 1988; Lerma et al 1986; Globus et al 1991). In
published data of CSF DCS levels in healthy volunteerspatients with epilepsy, extracellular glycine levels in the
using a single dose of 50-mg. In healthy human subjects aortex measured by in vivo microdialysis during surgery
single oral dose of 250 mo-cycloserine achieved a peak were 1.19* 0.92 umol/L (Ronne-Engstrom et al 1992).
CSF concentration ((,,) of 12.8 mg/ml in 2 hours ({.,)  The presence of low extracellular glycine levels suggests
(Nair 1956). In this report, CSF DCS levels were 79% thatthat synaptic glycine levels are at subsaturating levels.
of serum levels, and others have reported peak CSF leveBeveral in vivo and in vitro studies have demonstrated that
to be 80-100% of peak serum concentrations (Holdinesglycine receptor agonists potentiate NMDA receptor me-
1985; Conzelman 1956). The peak serum DCS level in thisliated responses, suggesting that under physiological con-
study was 3.7 1.2 mg/dl. If CSF glycine levels are 80% ditions glycine sites are not saturated (reviewed in
of peak serum DCS levels as earlier studies have show)’'Souza et al 1995). For example Bergeron et al (1997)
then applying these estimates to the peak serum DC8cently demonstrated that exogenous glycine and glycine
concentrations observed in our study, CSF DCS levels ofiptake inhibitors potently regulate the NMDA component
2.9 £ 0.96 mg/dl would be predicted. These predictedof excitatory post-synaptic potentials in hippocampal
CSF DCS levels would be just around the threshold ofneurons. Finally, neural-specific glycine transporters
detection because the threshold for detecting DCS usin¢GLYT-1) co-localized with NMDA receptors (Smith et al
the assay employed in this study isp2y/dl with levels  1992) have been identified and cloned. These high-affinity
between 0-2ug/dl considered as trace. More recently 2 transporters are critical in regulating extracellular glycine
groups have reported that peak central DCS in mice antevels in the brain. In summary, 1) the isolation and
rats were only 17% of peak plasma DCS levels (Cremaloning of a neural specific transporter; 2) in vivo and in
1990; Wlaz 1994). Applying these estimates to serunvitro studies demonstrating potentiation of NMDA recep-
DCS levels observed in this study, the predicted CSF DC3or mediated responses with GLY-B receptor site agonists;
levels would be much lower than the threshold of detec-and 3) the demonstration of high and low affinity uptake
tion. Second, most of the existing data on the centrabystems for glycine suggest that synaptic glycine levels
bioavailability of b-cycloserine is from tuberculosis pa- may not be saturated under physiological conditions.
tients who received chronic, repeated administration ofThus, if the glycine site is not saturated under physiolog-
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ical conditions then alternative explanations may accountevy et al 1996, 1999; Leiderman et al 1996; Javitt 1992,
for the lack of any statistically significant effects of 1994; Goff et al 1999). Finally, at doses similar to those
glycine or DCS observed in this study. used in this study, IV glycine pretreatment reduced some
Perhaps the glycine doses used were insufficient t@f the behavioral and cognitive effects of ketamine in
produce facilitation of NMDA receptor function and healthy humans (D’'Souza et al 1997).
higher doses need to be studied. Alternatively, despite In summary, exogenously administered glycine dose-
increasing CSF glycine levels, GLY 1a transporters may belependently increased CSF glycine levels in healthy hu-
preventing the consequent increase in synaptic glycingnan subjects. The glycine doses used were not associated
levels by efficiently transporting glycine out of synapses.with any statistically significant effects on the behavioral,
Although glycine or p-cycloserine did not produce cognitive, neurophysiological or neurochemical measures.
improvements in cognitive test performance, neither drugother preclinical and clinical data suggest that glycine
worsened cognitive test performance. There are significardoes produce effects when tested in either disease states or
limitations to the cognitive test battery that may not havedisease models. Thus, glycine may have little effects under
permitted capturing the purported cognitive enhancingiormal NMDA receptor function but may have effects
effects of glycine orp-cycloserine. First, the cognitive when NMDA receptor function is compromised. In con-
tests used are mainly sensitive to enhanced performance fusion, IV glycine as a research tool is of little use in
individuals with pre-existing cognitive deficits, and may Studying normal NMDA receptor function, but may have
not detect enhanced performance in subjects with normaome application in the study of NMDA receptor deficit
functioning. Second, the cognitive tests have a ceilingstates.
beyond which better performance cannot be measured. In More recently, several selective and highly potent
fact, subjects were performing at or close to the ceiling ofinhibitors of the GLY-T1 transporter have been developed
normal range across several cognitive measures. Thu§Borden et al 1996, 1997; Javitt et al 1996). These
even though the cognitive test battery was adequatelgompounds have affinity for GLY-T1 in the micromolar
powered to exclude type Il errors, the performance ofrange and produce effects consistent with facilitation of
subjects at or near the ceiling of performance on many oNMDA receptor function via the GLY-B receptor. In some
the cognitive tests may have prevented the detection dihodels, GLY-T1 transporters have been shown to be
enhanced performance. 100-fold more potent than glycine itself (Javitt et al 1996).
Studies demonstrating cognition-enhancing effects ofl hus these agents may provide an alternative for facilitat-
glycine receptor agonists used designs where cognitivi’d NMDA receptor function.
functions were first compromised before administration of
glycine or glycine-B receptor agonists_ These studieshis work was supported in part by a National Alliance for Research in
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