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ABSTRACT 
Chronic (14 day) but not acute (1 day) treatment of mice with 
clinically active antidepressants produces a significant (-1.8-4.3 
fold) reduction in the potency of glycine to inhibit [3H]-5,7- 
dichlorkynurenic acid (5,7-DCKA) binding to strychnine-insensi- 
tive glycine receptors in neocortical membranes. Moreover, these 
effects were not observed following chronic treatment with a 
variety of nonantidepressant drugs such as D-deprenyl, chlor- 
promazine, salbutamol, scopolamine and chlordiazepoxide. The 
time course and dose-response relationships for this effect were 
examined after treatment with two representative antidepressant 
drugs (imipramine and citalopram) and electriconvulsive shock 
(ECS). Increases in the ICs0 of glycine to inhibit [3H]-5,7-DCKA 
binding were observed after treatment for 7 days with ECS, 10 
days with citalopram and 14 days with imipramine, respectively, 
and were no longer apparent by the 10th day after cessation of 

treatment. These findings indicate that the antidepressant-in- 
duced reduction in the lCso of glycine to inhibit [3H]-5,7-DCKA 
binding is: 1) a slowly developing, adaptive phenomenon; 2) 
remarkably persistent after cessation of treatment; and 3) a 
significantly better predictor of antidepressant activity (22 of 23 
drugs) than either beta adrenoceptor down-regulation (1 5 of 23 
drugs) or efficacy in the forced swim test (1 3 of 23 drugs) [P < 
.01 vs. each measure, Fisher’s Exact Test]. The ability of anti- 
depressants drawn from every principal therapeutic class to 
effect adaptive changes in the N-methyl-D-aspartate receptor 
complex is consistent with the hypothesis that this ligand-gated 
ion channel serves as a final common pathway of antidepressant 
action and indicates that glutamatergic pathways may be in- 
volved in the pathophysiology of depression. 

Clinically effective antidepressants include drugs with a re- 
markable structural diversity as well as nonpharmacological 
interventions such as ECS (Hollister and Csernansky, 1990; 
Baldessarini, 1983). These therapies produce a variety of in 
uitro effects that have not been causally related to antidepres- 
sant efficacy (Oswald et al., 1972; Segal et al., 1974; Maj et al., 
1984). Moreover, chronic antidepressant treatment, which is 
required for clinical improvement across therapies (reviewed in 
Hollister and Csernansky, 1990; Baldessarini, 1983), has not 
been demonstrated to effect consistent changes in any single 
described transmitter system (Segal et al., 1974; Maj et al., 1984; 
Sugrue, 1985; Hollister, 1986; Caldecott-Hazard et d, 1991). 
Among the most commonly observed of these phenomena is 
the down-regulation of forebrain beta adrenoceptors which 
attends chronic, but not acute administration of many antide- 
pressant treatments to rodents (Banerjee et al., 1977; Sarai et 
ul., 1978; Wolfe et al., 1978; Bergstrom and Kellar, 1979). 
Although beta adrenoceptor down-regulation is produced by 
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ECS, tricyclics and monoamine uptake inhibitors, it has been 
notably unsuccessful in detecting the selective serotonin reup- 
take inhibitors and the so-called “atypical” antidepressants 
which often do not alter the bioavailability of aminergic neu- 
rotransmitters (Vetulani, 1991). Moreover, the failure to evince 
consistent changes in noradrenergic, dopaminergic, serotoner- 
gic, GABAergic and peptidergic neurotransmitter systems fol- 
lowing chronic antidepressant treatment has led to the hypoth- 
esis that perturbation of these transmitter systems alone cannot 
account for either antidepressant activity across therapies or 
provide a coherent biochemical basis of depressive symptoma- 
tology (Vetulani, 1991; Stone, 1983). 

The NMDA subtype of the glutamate receptor is one of 
several mediating excitatory amino acid synaptic transmis- 
sions. By analogy to other ligand-gated ion channels, the 
“NMDA receptor complex” is likely constituted as a heteroo- 
ligomer (Meguro et al., 1992; Kutsuwada et al., 1992) with 
multiple, allosterically coupled recognition sites for glutamate, 
glycine, polyamines and use-dependent channel blockers (re- 
viewed in Williams et al., 1991; Carter, 1992). However, the 
NMDA receptor complex differs from other ligand-gated ion 
channels in several respects, including an apparent requirement 
for the binding of both an agonist (e.g. ,  glutamate) to its 

ABBREVIATIONS: ECS, electroconvulsive shock; NMDA, N-methyl-o-aspartate; 5,7-DCKA, 5,7-dichlorokynurenic acid; HTS, HEPES-Tris buffer; 
MED, minumum effective dose; MAOls, monoamine oxidase inhibitors. 
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and water. All procedures were conducted according to National Insti- 
tutes of Health Animal Care and Use Committee guidelines. 

Time course studies. Animals were treated for 1, 4 or 7 days with 
ECS (140 V, 14 mA, a.c., 210 msec duration). This treatment reliably 
induced full clonic-tonic convulsions lasting approximately 1 to 2 min 
throughout treatment. Ear clips were applied to sham-treated mice but 
no current was passed. Imipramine HCl (15 mg/kg), citalopram (20 
mg/kg) or vehicle (saline) were administered i.p. (0.5 ml) for 1,4,7,10, 
14 or 21 days. Animals were decapitated 24 hr after the last treatment 
as described below. In a separate study, mice received 7 daily ECS 
treatments or 14 daily drug treatments and were then decapitated 1,4, 
10 or 15 days after the last treatment and the brains were dissected as 
described below. 

Dose-response studies. Imipramine HCl was administered for 14 
days at 2.5, 5, 15 or 30 mg/kg i.p. Citalopram was administered for 14 
days at  5, 15, 20 and 40 mg/kg i.p. Controls received an identical 
volume of saline (0.1-0.2 ml/mouse). 

Pharmacological specificity studies. Chronic regimens consisted 
of drug administration once daiIy for 14 days except for amitriptyline 
and pargyline which were administered as divided doses twice daily. 
ECS was administered once daily as described above. Acute regimens 
consisted of administering drugs or ECS once. 

Tissue collection. Except as noted above, all animals were decap- 
itated 24 hr after the last treatment, their brains removed and neocor- 
tices were dissected as described previously (Nowak et al., 1993) and 
placed immediately on aluminum foil over solid CO,. The frozen tissue 
was stored at -70°C for 1 to 2 weeks before assay. 

[SH]-5,7-DCKA binding to strychnine-insensitive glycine 
receptors. Neocortical samples were thawed individually in 50 vol- 
umes of ice-cold 5 mM HEPES/4.5 mM TRIS (HTS) buffer (pH 7.8). 
The tissue was homogenized with a Brinkmann Polytron (setting 6, 
20-30 sec) and then centrifuged at  20,000 x g for 20 min. The super- 
natant was discarded and the tissue resuspended in HTS containing 1 
mM EDTA and centrifuged at 20,000 X g for 20 min. The pellet was 
resuspended a second time in fresh HTS-EDTA and centrifuged. The 
pellet was reconstituted in 5 to 10 volumes of fresh HTS and stored at 
-70°C for at least 2 days before assay. The tissue was resuspended in 
50 volumes of fresh HTS and centrifuged at 20,000 X g for 20 min 
immediately before assay. The final tissue pellet was suspended in 50 
mM HEPES-KOH buffer (pH 8.0). This washing procedure was per- 
formed to eliminate endogenous substances (e.g., glycine and gluta- 
mate) that could interfere with the radioligand binding procedures. 
I3H]-5,7-DCKA binding was assayed in 50 mM HEPES-KOH buffer 
by incubating membranes (-0.1 mg of protein) for 90 min at 0-4°C 
with 20 nM [3H]-5,7-DCKA (16.3 Ci/mmol; DuPont-New England 
Nuclear, Boston, MA) with drug and/or buffer added to a final volume 
of 1 ml. Nonspecific binding was defined by using 100 pM of glycine. 
Five concentrations (lo-’ to lo-* M) of glycine were used to construct 
displacement curves. Incubations were terminated in a refrigerated 
centrifuge (20 min at 20,000 x g).  Pellets were superficially washed 
once with 1 ml of 50 mM HEPES-KOH buffer, dissolved in tissue 
solubilizer (TS-1, Amersham Corp., Des Plaines, IL) and neutralized 
with glacial acetic acid. Scintillation cocktail (4 ml of Cytoscint, ICN 
Biomedicals, Inc., Irvine, CA) was added to this mixture and the 
radioactivity was measured in a Beckman (Fullerton, CA) LS 5801 
liquid scintillation counter. Assays were performed in duplicate. Protein 
content was determined by using the Pierce (Rockford, IL) bicin- 
chonnic acid method. 

Materials. Fluoxetine and nisoxetine were donated by Eli Lilly & 
Co. (Indianapolis, IN). Sertraline and citalopram were donated by 
Pfizer, Inc. (Groton, CT) and Lundbeck & Co. (Copenhagen, Denmark), 
respectively. Chlordiazepoxide was the gift of Hoffmann-La Roche 
(Nutley, NJ). Chlorprothixene was purchased from Sigma Chemical 
Co. (St. Louis, MO). All other drugs were obtained from RBI, Inc. 
(Natick, MA). Other materials were from standard commercial sources. 

Data analysis and statistics. Samples were assayed individually 
and the data for each subject were reduced initially by using iterative 
curve fitting routines to yield specific binding and Hill coefficients 
(GraphPAD/InPlot Version 3.15. San Diego, CA). Treatment group 

transmitter recognition site and the binding of glycine to a 
strychnine-insensitive receptor for channel activation (Kleck- 
ner and Dingledine, 1988; Carter, 1992). 

Recently, both in uiuo and ex uiuo findings indicate that the 
NMDA receptor complex may be a locus of antidepressant 
action. Thus, functional antagonists of the NMDA receptor 
complex including a competitive NMDA antagonist (2-amino- 
7-phosphonoheptanoic acid) (Watkins and Olverman, 1987), a 
glycine partial agonist (1-aminocyclopropanecarboxylic acid) 
(Marvizon et al., 1989; Watson and Lanthorn, 1990) and a use 
dependent channel blocker (dizocilpine) (Wong et al., 1986) are 
as efficacious as tricyclic antidepressants in preclinical tests 
predictive of antidepressant activity (Trullas and Skolnick, 
1990; Trullas et al., 1991; Skolnick et al., 1992; Maj et al., 1992). 
Like antidepressants, dizocilpine and the NMDA receptor an- 
tagonist CGP-37849 also diminish the behavioral deficits pro- 
duced by learned helplessness and chronic, mild stress-induced 
reductions in sucrose consumption, putative animal models of 
depression (Meloni et al., 1993; Papp and Moryl, 1993). More- 
over, a chronic regimen of either l-aminocyclopropanecarbox- 
ylic acid or MK-801 produces a reduction in the density (“down- 
regulation”) of cortical beta adrenoceptors in mice comparable 
to that produced by the prototypic tricyclic antidepressant, 
imipramine (Paul et al., 1992). Finally, chronic but not acute 
administration of imipramine and ECS alters the ligand bind- 
ing properties of both glycine and glutamate recognition sites 
on the NMDA receptor complex (Nowak et al., 1993; Paul et 
al., 1993). These effects were manifested as a reduction in both 
the potency of glycine to inhibit the binding of [3H]-5,7-DCKA 
(Baron et al., 1991) to strychnine-insensitive glycine receptors 
and the percentage of high affinity glycine sites inhibiting the 
binding of the NMDA antagonist [3H]CGP-39653 (Sills et al., 
1991). 

If adaptation of the NMDA receptor complex is critically 
involved in antidepressant action, then it should be a feature 
common to chronic but not acute administration across thera- 
pies and independent of the chemical structure or in uitro 
actions of the antidepressant. In order to explore this hypoth- 
esis, we examined the potency of glycine at strychnine-insen- 
sitive glycine receptors by using [3H]-5,7-DCKA after acute 
and chronic antidepressant administration. We now report that 
chronic, but not acute treatment of mice with clinically effective 
antidepressants (including representatives from every principal 
therapeutic class) produce -1.8- to 4.3-fold reductions in the 
potency of glycine to inhibit [3H]-5,7-DCKA binding to strych- 
nine-insensitive glycine receptors. This effect was observed 
after chronic treatment with 16 of 17 (94%) antidepressant 
agents. Similar effects were not manifested by chronic treat- 
ment with compounds that typically produce false positives in 
either the forced swim test or cortical beta adrenoceptor down- 
regulation. Moreover, antidepressant-induced adaptive changes 
in the ligand binding properties of the NMDA receptor complex 
require 7 to 14 days of treatment and persist for 5 to 10 days 
after the cessation of treatment. These findings support the 
hypothesis (Nowak et al., 1993; Paul et al., 1993) that adapta- 
tion of the NMDA receptor complex may be a prerequisite for 
antidepressant action, and suggest that this ligand-gated ion 
channel may be involved in the pathophysiology of depression. 

Methods 
Animals. Male National Institutes of Health Swiss-Webster mice 

(20-25 g, HSD, Frederick, MD) were housed in groups of 5 to 10 under 
a 12-hr light/dark cycle (lights on at T O O  A.M.) with free access to food 
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differences were assessed by using analysis of variance followed by 
Fisher's Least Significant Difference comparisons (Systat 5.0, Evans- 
ton, IL) or Fisher's exact test (Genstat 3.0, Research Triangle Park, 
NC). Data were deemed significant when P < .05. 

Time course and dose-response for citalopram. Citalo- 
pram (20 mg/kg) required at  least 10 days treatment to produce 
a significant increase in the I C , ~  of glycine to inhibit [3H]-5,7- 
DCKA binding (200% of control, fig. 3). Continuing treatment 
for 14 or 21 days did not result in a further increase in the ICN 
of glycine (fig. 3). When administered for 14 days, citalopram Results 

Time course and dose-response for imipramine. Re- 
peated administration of imipramine (15 mg/kg/day) resulted 
in a gradual increase in the IC, of glycine to inhibit [3H]-5,7- 
DCKA binding, with the first statistically significant elevation 
being manifest after 14 days of treatment (264% of control, fig. 
1). Continuation of treatment with imipramine for 21 days 
further enhanced this effect to 330% of control (fig. 1). The 
increased IC5, of glycine produced by 14 days of treatment with 
imipramine was present at  both 1 and 5 days after cessation of 
treatment, but was no longer apparent 10 days later (fig. 1). 
When administered for 14 days, imipramine (2.5-30 mg/kg) 
significantly increased the Ic50 for glycine to displace [3H]-5,7- 
DCKA at 15 and 30 mg/kg with a MED of 10 mg/kg (fig. 2). 
Chronic imipramine treatment (2.5-30 mg/kg) did not affect 
basal [3H]-5,7-DCKA binding (data not shown). 
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Fig. 1. Time course of imipramine-induced increases in the ICx, of glycine 
to inhibit [3H]5,7-DCKA binding. Mice were treated with imipramine (15 
mg/kg i.p.) for 1 to 21 days and sacrificed 24 hr after the last treatment 
(A) or treated for 14 days and sacrificed 1 to 15 days after cessation of 
treatment (B). Data are expressed as the percentage of basal (control) 
ICSO values and represent the mean f S.E.M. of 4 to 15 animals per 
group. In cortices from saline-treated mice, basal [3H]-5,7-DCKA binding 
was 1229 f 85 fmol/mg of protein and the ICx, value of glycine was 
0.39 f 0.04 r M  (n = 15 animals). *P < .05 vs. saline-treated animals. 
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Fig. 2. Dose-response relationship of imipramine-induced increases in 
the ICx, of glycine to inhibit [3H]-5,7-DCKA binding. Mice were treated 
with imipramine (2.5-30 mg/kg i.p.) for 14 days and sacrificed 24 hr after 
the last treatment. Data are expressed as the percentage of basal 
(control) ICs0 values and represent the mean -+ S.E.M. of 5 to 14 animals 
per group. In cortices from saline-treated mice, basal [3H]-5,7-DCKA 
binding was 1431 k 163 fmol/mg of protein and the value of glycine 
was 0.31 k 0.05 gM (n = 14 animals). 'P < .05 vs. saline-treated animals. 

(5-40 mg/kg) elicited significant increases in the IC,,, of glycine 
with a MED of 10 mg/kg (fig. 4). Citalopram treatment did not 
significantly affect the basal [3H] -5,7-DCKA binding under any 
condition (data not shown). 

Time course for effects of ECS. ECS induced an increase 
in the IC5, value of glycine to inhibit [3H]-5,7-DCKA binding 
by the 7th day of treatment (by 370%, fig. 5). This effect 
persisted through the 10th day of withdrawal from the treat- 
ment (fig. 5). ECS treatment did not significantly affect specific 
[3H]-5,7-DCKA binding (data not shown). 

Pharmacological specificity studies. Chronic, but not 
acute treatment of mice with antidepressants significantly re- 
duced (-1.8- to 4.3-fold) the potency of glycine to inhibit [3H] 
-5,7-DCKA to strychnine-insensitive glycine receptors in cer- 
ebral cortical membranes (fig. 6; table 1). Among the clinically 
effective therapies tested, only pargyline treatment (10 mg/kg 
twice daily for 14 days) did not result in a statistically signifi- 
cant increase in the IC,, of glycine (140 * 15%) (table 1). In 
contrast to the effects observed with clinically active antide- 
pressants, chronic administration of the inactive (D)-enan- 
tiomer of L-deprenyl did not effect a significant change in the 
potency of glycine (table 1). Similarly, although the antide- 
pressant phenothiazine chlorprothixene (Ravn et al. 1980) pro- 
duced a robust (3.7-fold) increase in the Ic50 of glycine to 
inhibit [3H]-5,7-DCKA binding, the structurally related phe- 
nothiazine, chlorpromazine (which does not possess antide- 
pressant activity), was inactive in this measure. Moreover, a 
reduction in the potency of glycine to inhibit [3H]-5,7-DCKA 
binding was not observed after chronic treatment with a regi- 
men of salbutamol sufficient to produce a significant down- 
regulation of cortical beta adrenoceptors (table 1, legend). Both 
the antihistamine, chlorpheniramine, and the anticholinergic, 
scopolamine, reduce immobility in the forced swim test (Borsini 
and Meli, 1988), but did not significantly affect the potency of 
glycine to inhibit [3H]-5,7-DCKA binding. Acute administra- 
tion of representatives from each class of antidepressant failed 
to alter the potency of glycine to inhibit [3H]-5,7-DCKA bind- 
ing (table 2). Moreover, in preliminary in uitro studies, incu- 
bation with antidepressant drugs at  concentrations up to 10 
r M  was without effect on [3H]-5,7-DCKA binding (data not 
shown). 

Chronic administration of three of the antidepressants tested 
in these studies (desipramine, amitriptyline and chlorprothix- 
ene) also reduced basal [3H]-5,7-DCKA binding by 28 to 34% 
(table 1). This effect did not obtain for the majority of antide- 
pressants tested, or was it observed after chronic administration 
of compounds without antidepressant activity such as D-de- 
prenyl or chlorpromazine (table 1). 

Discussion 

Manifestation of the therapeutic response to antidepressant 
treatment typically requires 3 to 6 weeks (Klein and Davis, 
1969), and the remission of depressive symptoms persists up to 
several months after discontinuation of treatment (see Hollis- 
ter, 1986; Heninger and Charney, 1987, for reviews). These 
clinical observations have focussed studies of the mechanism 
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Fig. 3. Time course of citalopram-induced increases in the 
lCSO of glycine to inhibit 13H]-5,7-DCKA bindipg. Mice were 
treated with citalopram (20 mg/kg i.p.) for 1 to 21 days and 
sacrificed 24 hr after the last treatment (A) or treated for 
14 days and sacrificed 1 to 15 days after cessation of 
treatment (6). Data are expressed as the percentage of 
basal (control) ICm values and represent the mean -+ S.E.M. 
of 7 to 19 animals per group. In cortices from salinetreated 
mice, specific [3H]-5,7-DCKA binding was 1402 -+ 108 fmol/ 
mg of protein and the lCso of glycine was 0.45 f 0.07 pM 
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Fig. 4. Dose-response relationship of citalopram-induced increases in 
the ICw of glycine to inhibit [3H]-5,7-DCKA binding. Mice were treated 
with imipramine (5-40 mg/kg i.p.) for 14 days and sacrificed 24 hr after 
the last treatment. Data are expressed as the percentage of basal 
(control) lCso values and represent the mean k S.E.M. of 6 to 13 animals 
per group. In cortices from saline-treated mice, basal [3H]-5,7-DCKA 
binding was 1705 f 249 fmol/mg of protein and the lCso value for glycine 
was 0.32 k 0.04 pM (n = 13 animals). 'P < .05 vs. control. 

of antidepressant action on various adaptive responses to anti- 
depressants (Oswald et al., 1972; Segal et al., 1974). For exam- 
ple, monoaminergic receptor adaptation, such as beta adreno- 
ceptor, 5-hydroxytryptamine2 or dopamine D1 receptor down- 
regulation has been observed following chronic administration 
of a wide range of clinically active antidepressant therapies 
including various pharmacotherapies, ECS or rapid eye move- 
ment sleep deprivation (Sarai et al., 1978; Wolfe et al., 1978; 
Bergstrom and Kellar, 1979; Klimek and Nielsen, 1987; re- 
viewed in Hollister, 1986). Consequently, current theories un- 
derlying the therapeutic response to antidepressant treatments 
are generally based on adaptation of one or more monoami- 
nergic receptor systems (reviewed in Stone, 1983; Maj et al., 

P 400 
I? / 

1984). However, none of the adaptive phenomena examined to 
date are uniformly produced by all antidepressant treatments 
(see Hollister, 1986; Heninger and Charney, 1987, for reviews). 
Moreover, the adaptation of monoaminergic systems disappears 
rapidly, in some cases lasting only 24 hr after withdrawal of 
treatment (Heninger and Charney, 1987; Hollister and Cser- 
nansky, 1990). 

Recently, we and others have demonstrated that functional 
antagonists of the NMDA receptor complex are active in pre- 
clinical screens predictive of antidepressant activity in humans 
(TrullaS and Skolnick, 1990; Trullas et al., 1991; Skolnick et 
al., 1992; Maj et al., 1992; Papp and Moryl, 1993; Meloni et al., 
1993) and produce beta adrenoceptor down-regulation after 
chronic treatment (Paul et al., 1992). Furthermore, chronic but 
not acute treatment with imipramine as well as ECS alters the 
radioligand binding properties at several loci on the NMDA 
receptor complex. Thus, these treatments reduce the potency 
of glycine to inhibit [3H] -5,7-DCKA binding to strychnine- 
insensitive glycine receptors and decrease the proportion of 
high affinity, glycine displaceable [3H]CGP 39653 binding sites 
to the NMDA receptor (Nowak et al., 1993; Paul et al., 1993). 
In addition, chronic imipramine treatment reduces basal [3H] 
MK-801 binding by -50% under nonequilibrium conditions 
(Nowak et al., 1993). These effects appear to be confined to 
neocortex (Nowak et al., 1993) and do not appear to be species- 
specific (Paul et al., 1993). Taken together, these findings are 
consistent with the hypothesis that the NMDA receptor com- 
plex is critically involved in the mechanism of antidepressant 
action and the pathophysiology of depression (Trullas and 
Skolnick, 1990; Nowak et al., 1993; Paul et al., 1993). 

By using two representative antidepressant drugs, the pro- 
totypical tricyclic, imipramine and the selective serotonin up- 
take inhibitor, citalopram, it has been demonstrated that these 
compounds increase the of glycine to inhibit [3H]-5,7- 
DCKA binding in a dose-dependent fashion. Moreover, these 
drugs required prolonged (10-14 days) treatment to effect sig- 
nificant reductions in the potency of glycine in this measure, 
indicative of an adaptive response. Although a nonpharmacol- 
ogical antidepressant treatment (ECS) also required chronic 

Fig. 5. Time course for ECS-induced increases in the 1CSO 
of glycine to inhibit [3H]-5,7-DCKA binding. Mice were 
treated with ECS for 1 to 7 days and sacrificed 24 hr after 
the last treatment (A) or treated for 7 days and sacrificed 
1 to 15 davs after cessation of treatment (6). Data are 
expressed as the percentage of basal (control)'lC, values 
and represent the mean f S.E.M. of four to eight animals 
per group. In cortices from sham-ECS mice, basal [3H]- 
5.7-DCKA binding was 1249 f 103 fmol/mg of protein and 
the ICw of glyci& was 0.31 f 0.04 pM' ( n =  14 animals). 

3 6 0 3 6 9 12 15 *P < .05 vs. control. 
Days of Treatment  Days of Withdrawal 
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Fig. 6. Effect of chronic treatment with fluoxetine and doxepin on [3H]- 
5,7-DCKA binding. Mice were injected with fluoxetine (20 mg/kg/day), 
doxepin (15 mg/kg/day) or saline for 14 days. [3H]-5,7-DCKA binding 
was assayed in well-washed cortical membranes from these membranes 
as described under "Methods." Values represent the mean f S.E.M. of 
seven animals per treatment group. In this series of experiments, the 
ICm of glycine was 0.32 f 0.06 pM; Hill slopes were 0.64,0.75 and 0.68 
for saline-, doxepin- and fluoxetine-treated animals, respectively. Values 
for doxepin and fluoxetine are as in table 1. (3, saline; 0, fluoxetine; A, 
doxepin. 

administration, these effects were achieved more rapidly (7 
days us. 10-14 days) than those of either imipramine or cital- 
opram. Finally, the effects of these antidepressant treatments 
are remarkably persistent, requiring 10 to 15 days to return to 
control values after cessation of treatment. These findings are 
consistent with clinical observations that antidepressants must 
be administered chronically to achieve therapeutic results 
(Klein and Davis, 1969; Oswald et al., 1972), and that the 
beneficial effects of these treatments persist after discontin- 
uation of treatment (reviewed in Hollister, 1986; Heninger and 
Charney, 1987). In addition, the rapid adaptive change in the 
ligand binding properties of the NMDA receptor complex pro- 
duced by ECS is consistent with the rapid remission of depres- 
sive symptoms during ECS treatment compared with drug 
therapies (Fink, 1984). 

Differences in the efficacies (that is, the maximum reduction 
in the apparent affinity of glycine to inhibit [3H]-5,7-DCKA 
binding) were observed among the three treatments examined 
in detail, with ECS > imipramine > citalopram. Because ECS 
has been consistently reported to result in higher rates of relief 
of depressive symptoms (>80% of treated patients) than phar- 
macological therapies such as imipramine or citalopram (typi- 
cally 60-70% of treated patients) (Fink, 1984), it is possible the 
observed differences in efficacy among these treatments may 
be related to observed differences in clinical efficacy. However, 
chronic treatment with antidepressants can also effect other 
adaptive changes in the ligand binding properties of the NMDA 
receptor complex (Nowak et al., 1993; Paul et al. 1993). Thus, 
chronic treatment with imipramine and ECS produce a signif- 
icant reduction (Nowak et al., 1993; Paul et d, 1993) in a 
population of high affinity glycine sites which allosterically 
inhibit the binding of 13H]CGP-39653, a competitive NMDA 
antagonist (Sills et al., 1991). Although we were unable to 
compare the dose- and time-dependence of antidepressant- 
induced changes by using this measure due to the instability of 
[3H]CGP-39653, we have observed that citalopram (15 mg/kg/ 
day for 14 days) appears to be more efficacious than other 
antidepressant treatments in reducing the proportion of high 

TABLE 1 
Effect of chronic treatment with antidepressant and 
nonantidepressant dNgS on ['H+5,7-DCKA binding to 
mouse cortex 
The drug doses and electroshock regimen used were based on the r m e d  
abilities of these regimens to either reduce cortical beta adrenoceptor density (Em) 
following chronic treatment (Hollister, 1986; Caldecott-Hazard et a/. ,1991) or exhibit 
efficacy in the f o r d  swim test (Borsini and Meli, 1988) that has predictive validity 
for clinically effective antidepressants (Porsolt et a/., 1977). For those dNgS which 
have no effects on either beta adrenoceptor density or the forced swim test 
(alaproclate, miansetin, fluoxetine, citalopram, chlorprothixene and chlorpromazine) 
doses were chosen on the basis of characteristi effects on other neurotransmitter 
systems reported in the literature. Animals were injected i.p. for 14 days at the 
indicated dosss or received ECS for 7 days. Values in parentheses are the doses 
in mg/kg/day. Data represent the mean * S.E.M. of 5 to 11 animals per group, 
except alaprodate (n = 3). In saline and sham ECS mouse cortex, basal [3H]-5,7- 
DCKA binding was 1295 * 48 fmd/mg of protein (n = 71 from 10 experiments); 
the lCao and slope factor for glycine in these mice was 0.32 k 0.02 pM (range Of 
the mean values from 10 expriments: 0.25-0.38 cM) and 0.74 & 0.03 (range: 
0.57-1.05), respectively. In an independent series of experiments, we determined 
the ability of salbutamol (2 mg/kg for 14 days) to down-regulate cortical beta 
adrenoceptors. This regimen reduced the B, of [3H]dihydroalprenolol by -20% 
(saline: 168 f 10 fmol/mg of protein, salbutamd: 135 f 5 h d / m g  of protein [n = 
9/group] P c .05 compared to saline-treated animals), which is comparable to the 
reduction in 6, obsetved in this mouse strain following chronic treatment with 
imipramine (Paul et a/. , 1992). 

Sm ICE4 8indii Treatment 

Tricyclics 
lmipramine (1 5) 
Desipramine (1 0) 
Amitriptyline (1 5) 
Doxepin (1 5) 

Pargyline (20) 
Tranylcypromine (2) 
Clorgyline (5) 
L-Deprenyl(2) 
0-Deprenyl(2) 

Alaproclate (20) 
Mianserin (1 5) 
Fluoxetine (20) 
Nisoxetine (30) 
Citalopram (20) 
Bupropion (40) 
Sertraline (25) 

Chlorprothixene (2) 
Chlorpromazine (2) 
Salbutamol(2) 
Chlordiazepoxide (1 0) 
Chlorpheniramine (30) 

MAOls 

Atypicals 

Other 

Scopblamine (0.5) 
ECS 

46 control 

91 218 
72 f 7* 
71 f 6' 
67 f 8 

93 f 3 
101 f 8  
89 f 7 

110 f 10 
101 f 5  

108 f 16 
83f11  

103 +- 12 
104 k 7 
91 f 1 6  
80f  13 
77f  12 

66 k 7* 
90 k 8 
94 -+ 7 

101 k 9  
83 -+ 6 

108 k 7 
97 + 17 

% M r d  

260 k 7' 
288 & 53' 
272 k 53' 
302 -+ 60' 

140 f 15 
320 f 41' 
327 f 73' 
183 f 13' 
81 f 1 3  

238 f 38' 
327 f 43' 
197 f 31* 
202 f 29' 
176 f 26* 
323 f 57* 
346 f 81' 

371 f 52' 
128 -+ 32 
82 f 10' 

100 f 19 
127 f 19 
155 f 24 
433 f 110' -. - .. 

P < .05 vs. ICao in control mice (Dunnett's t test). 

affinity glycine sites inhibiting [3H]CGP-39653 (unpublished 
observations). These latter observations indicate there is not a 
simple relationship between antidepressant efficacy and adap- 
tive changes in ligand binding properties to the NMDA receptor 
complex despite the finding that such changes are manifested 
after chronic treatment with antidepressants from every prin- 
cipal therapeutic class. Imipramine and citalopram possess 
similar MEDs for reducing the potency of glycine to inhibit 
[3H]-5,7-DCKA binding (figs. 2 and 4). Although in clinical 
application citalopram is more potent than imipramine (ther- 
apeutic doses of imipramine range from 100-200 mg/day and 
for citalopram from 20-60 mg/day), the clinical characteristics 
of these two treatments do not differ greatly (Milne and Goa, 
1991). The dose-response curves of both agents are steep (figs. 
2 and 4) and there is a large experimental error in the drug- 
treated groups. These observations are consistent with the 
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TABLE 2 
Effect of acute treatment with selected antidepressants on glycine 
inhibition of [3H]-5,7-DCKA binding to mouse cortex 
Data represent the mean i S.E.M. of five to seven animals per group. Animals 
were treated once as described under “Methods” and were sacrificed 24 hr later. 
In saline and sham ECS-treated mouse cortex, basal [3H]-5,7-DCKA binding was 
1259 f 76 frnol/mg of protein (range: 940-1370 fmol/mg of protein). The lCso 
values for glycine displacement of r3H]-5,7-DCKA in these experiments was 0.41 
f 0.06 pM (range: 0.21-0.53 pM) with a slope factor of 0.84 2 0.1 (range: 0.74- 
1.01). Control values represent the mean f S.E.M. of 26 subjects from four 
separate experiments. No significant effects of treatment were observed on either 
the specific binding of [3H]-5.7-DCKA or the ICw of glycine. 

Vol. 269 

TABLE 3 
Effect of chronic treatment with antidepressants and 
nonantidepressants on [3H]-5,7-DCKA binding to mouse cortex: 
Comparison with biochemical and behavioral actions 
The drug doses and electroshock regimen used were based on the reported 
abilities of these regimens to either reduce cortical beta adrenoceptor density (6,) 
following chronic treatment (Hollister, 1986; Caldecott-Hazard eta/. , 1991) or exhibit 
efficacy in the forced swim test (Porsolt er a/. , 1977; Borsini and Meli, 1988) that 
has predictive validity for clinically effective antidepressants. For those drugs which 
have no effects on either beta adrenoceptor density or the forced swim test 
(alaproclate, mianserin, fluoxetine, citalopram. chlorprothixene and chlorpromazine) 
doses were chosen on the basis of characteristic effects on other neurotransmitter 
systems reported in the literature. The data in column two represent the presence 
of a statistically significant (P c .05) increase in the lCso of glycine to inhibit [3H]- 
5,7-DCKA binding to mouse cortical membranes. See table 1 for details. 

Treatment Specmc 
Bindina 

~~~ 

lmipramine (1 5)s 
Amitriptyline (1 5) 
Doxepin (1 5) 
Pargyline (20) 
Clorgyline (5) 
Citalopram (20) 
Sertraline (25) 
ECS 

% control 

103 f 10 
103 f 6 
102 f 7 
102 f 7 
100 f 8 

106 f 6 
97 f 12 

98 f 14 

% Corrlrol 

129 f 20 
118 f 21 
131 f 18 
105 f 7 
192 f 46 
119 f 24 
133 f 28 
89 f 27 

’ Data from Nowak eta/. (1993) presented for comparison. 

possibility that there is a progressive increase in the proportion 
of the subjects responsive to drug treatment rather than a 
continuous shift in the potency of glycine among all subjects. 
This hypothesis would require larger experimental groups than 
were used in the present study, but is consonant with recent 
clinical observations suggesting that antidepressant drug ther- 
apy tends to exhibit an “all-or-nothing” response in clinical 
trials (Katz et al., 1987) as well as the presence of a large 
proportion of the patient population (30-40%) that fails to 
obtain any therapeutic effects from a given antidepressant 
treatment (Hollister, 1986). 

The 17 antidepressants used in this study to test the phar- 
macological specificity of NMDA receptor adaptation have 
demonstrated efficacy in controlled, double blind studies (Hol- 
lister and Csernansky, 1990; Baldessarini, 1983) and include 
tricyclics, monoamine oxidase inhibitors, selective serotonin 
reuptake inhibitors, the so-called atypical agents and ECS. The 
ability of chronic treatment with these antidepressants to pro- 
duce an adapative change in the ligand binding properties of 
the NMDA receptor complex is a somewhat more robust pre- 
dictor of clinical efficacy (16 of 17, 94%) than either changes 
in beta adrenoceptor density (12 of 17) or efficacy in the forced 
swim test (12 of 17, 71%; P < .08, Fisher’s exact test) (table 3). 
These latter measures are perhaps the most widely used bio- 
chemical and behavioral predictors of antidepressant activity, 
respectively (Caldecott-Hazard et al., 1991; Porsolt et al., 1977; 
Borsini and Meli, 1988). In addition to compounds with anti- 
depressant efficacy in double blind clinical trials, a limited 
number of substances considered “false positives” or “nega- 
tives” in either the forced swim test or beta adrenoceptor down- 
regulation was examined for their effects on ligand binding to 
the NMDA receptor complex. If this group of compounds is 
also considered, an increase in the ICso of glycine was a signif- 
icantly better predictor of antidepressant action (22 of 23,96%) 
than either the forced swim test (13 of 23, 57%; P < .002 
Fisher’s exact test) or reductions in beta adrenoceptor density 
(15 of 23; 65%; P < .01, Fisher’s exact test) (table 3). Whereas 
a more detailed survey of compounds will be required to fully 
assess this neurochemical measure as a means of predicting 
antidepressant action, the present findings indicate adaptation 
of the NMDA receptor complex in response to chronic antide- 
pressant treatment exhibits pharmacological specificity. For 

Treatment 

Tricyclics 
lmipramine 
Desipramine 
Amitriptyline 
Doxepin 

Pargyline 
Tranylcypromine 
Clorgyline 
L-Deprenyl 
D-Deprenyl 

Alaproclate 
Mianserin 
Fluoxetine 
Nisoxetine 
Citalopram 
Bupropion 
Sertraline 

Chlorprothixene 
Chlorpromazine 
Salbutamol 
Chlordiazepoxide 
Chlorpheniramine 
Scopolamine 
ECS 

MAOls 

Atypicals 

Other 

Yes 
Yes 
Yes 
Yes 

No 
Yes 
Yes 
Yes 
No 

Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

Yes 
No 
No 
No 
No 
No 
Yes 

Yes 
Yes 
Yes 
Yes 

Yes 
Yes 
No 
Yes 

? 

No 
No 
No 
Yes 
No 
Yes 
Yes 

No 
No 
No 
No 
Yes? 
Yes 
Yes 

Yes Yes 
Yes Yes 
Yes Yes 
Yes Yes 

Yes Yes 
Yes Yes 
Yes Yes 
Yes Yes 

? No 

No Yes 
No Yes 
No Yes 
Yes Yesd 
No Yes 
Yes Yes 
Yes Yes 

No Yes 
No No 

No No 
? No 
? No 

Yes Yes 

Yes* ? 

’ FST, treatment significantly reduces immobility in the mouse forced swim test 
(FST). Data reviewed in Borsini and Meli, 1988. ’ -1 0-AR, treatment significantly reduces the density (Em-) of forebrain beta 
adrenoceptors. Data reviewed in references (Hollister, 1986; Caldecott-Hazard et 
a/. 1991). 

Clinical Activity, treatment possesses antidepressant properties in clinical trials. 
Data reviewed in Hollister and Csernansky (1990) and Baldessarini (1983). Only 
data from double-blind, placebocontrolled studies was accepted as evidence of 
clinical activity. Data for imipramine is from Nowak et a/. (1993) and is presented 
here for comparison. 

Ray Fuller, personal communication. Although clinically active as an antide- 
pressant in double blind trials, nisoxetine was withdrawn due to a relatively high 
incidence of adverse side effects. 

example, chronic administration of the inactive (D)-isomer of 
L-deprenyl did not effect significant changes in the potency of 
glycine to inhibit [3H]-5,7-DCKA binding (tables 1 and 3). 
Moreover, chlorpromazine, the nonantidepressant cogener of 
chlorprothixene, was ineffective in this measure following 
chronic administration. Finally, chronic treatment with salbu- 
tamol, which to date has not been demonstrated to produce 
antidepressant actions in double-blind clinical trials (but like 
other beta adrenoceptor agonists reduces the density of cortical 
beta adrenoceptors (Beer et al., 1987) (table 1 legend) did not 
diminish the potency of glycine to inhibit [3H]-5,7-DCKA 
binding. Although the potential for obtaining false positives in 
this measure cannot be excluded completely, the ability to 
predict antidepressant activity by a reduction in the potency of 
glycine to inhibit [3H]-5,7-DCKA binding together with the 
failure of nonantidepressant compounds to produce an adap- 
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tation of the NMDA receptor complex suggests a high degree 
of specificity for clinically active antidepressant treatments. 

The doses of antidepressants selected for these studies were 
primarily based on reports demonstrating either a reduction in 
cortical beta adrenoceptor density following chronic treatment 
(reviewed in Hollister, 1986; Caldecott-Hazard et al., 1991) or 
efficacy in the forced swim test (Porsolt et al., 1977; reviewed 
in Borsini and Meli, 1988). Among the clinically effective 
antidepressants tested, only pargyline failed to significantly 
reduce the potency of glycine to inhibit [3H]-5,7-DCKA binding 
(table 1). Because the reduction in the potency of glycine to 
inhibit [3H]-5,7-DCKA binding is both dose- and time-depend- 
ent following chronic treatment with other antidepressants 
(figs. 1-5, above), it is possible that either the dose of pargyline 
or the duration of treatment used was insufficient to alter this 
parameter. However, previous studies have demonstrated that, 
in addition to reducing the potency of glycine to displace [3H]- 
5,7-DCKA binding, chronic treatment with both imipramine 
and ECS also produce a significant reduction in the proportion 
of high affinity, glycine-displaceable [3H]CGP-39653 binding 
sites in cerebral cortex (Nowak et al., 1993; Paul et al., 1993). 
Thus, the effects of chronic treatment with pargyline were also 
examined in this measure. In contrast to its modest effects on 
the IC, of glycine to displace t3H]-5,7-DCKA, pargyline pro- 
duced a more robust reduction in the proportion of high affinity, 
glycine-displaceable [3H]CGP-39653 binding sites than imip- 
ramine. Thus, pargyline administration reduced the percentage 
of high affinity, glycine displaceable sites from 71 & 5% (saline- 
treated) to 44 +. 4% (P < .05) compared to 54 -t 3% (P < .05) 
after a 14-day regimen of imipramine (Nowak et al., 1993). 
Despite an incomplete understanding of the relationship be- 
tween these two neurochemical measures, the present findings 
are consistent with the hypothesis that antidepressant-induced 
changes in the NMDA receptor complex reflect an alteration 
in the strychnine-insensitive glycine receptor and its ability to 
allosterically modulate other sites on the NMDA receptor com- 
plex (Nowak et al., 1993; Paul et al., 1993). This hypothesis is 
also consistent with the small (-30%) but statistically signifi- 
cant reductions in basal t3H] -5,7-DCKA binding observed after 
chronic but not acute treatment with desipramine, amitripty- 
line and chlorprothixene (tables 1 and 2). Whether the inability 
of other antidepressants to produce similar reductions in basal 
t3H]-5,7-DCKA binding reflects pharmacokinetic or pharma- 
codynamic differences among these agents is currently under 
investigation. 

Despite the ability of a wide variety of antidepressant treat- 
ments to produce significant reductions in the potency of 
glycine to inhibit [3H]-5,7-DCKA binding, the impact of these 
changes on the operation of NMDA receptor coupled cation 
channels would be marginal if strychnine-insensitive glycine 
receptors were saturated. Whereas glycine concentrations in 
extracellular and cerebrospinal fluids are more than sufficient 
to saturate these receptors (reviewed in Kemp and Leeson, 
1993), several lines of evidence indicate this may not be ob- 
tained in situ (reviewed in Thomson, 1990). For example, 
glycine has been shown to potentiate the actions of NMDA in 
both neocortical slices (Thomson et al., 1989) and thalamic 
neurons (Salt, 1989). Moreover, administration of glycine or D- 
serine (a high affinity ligand at strychnine-insensitive glycine 
receptors) elevates cerebellar cyclic GMP levels, effects which 
can be blocked by NMDA antagonists (Wood et al., 1989; 
Danysz et al. 1989; Rao et al., 1990). These findings, taken 
together with the presence of a high capacity, low affinity 
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uptake system for glycine in the central nervous system (Tml- 
las et al., 1991), indicate antidepressant-induced reductions in 
the potency of glycine could have a significant impact on the 
operation of NMDA receptor-coupled cation channels. In view 
of the essential role of glycine in the operation of NMDA 
receptor-coupled cation channels (Kleckner and Dingledine, 
1988; Carter, 1992), the present findings suggest that chronic 
antidepressant treatment could impair operation of the NMDA 
receptor complex within circumscribed areas of the central 
nervous system (Nowak et al., 1993). Consistent with this 
hypothesis, we have demonstrated previously that chronic imip- 
ramine treatment results in a 50% reduction in basal nonequi- 
librium t3H]MK-801 binding to the NMDA receptor-coupled 
ionophore with no change in the maximum response to either 
glycine or glutamate (Nowak et al., 1993). Similarly, this treat- 
ment also reduces the proportion of high affinity, glycine dis- 
placeable [3H]CGP-39653 binding to the glutamate recognition 
site (Nowak et al., 1993; Paul et al., 1993). Studies are currently 
in progress to determine whether antidepressant-induced ad- 
aptation of the NMDA receptor complex in uitro will be re- 
flected by electrophysiological or behavioral adaptation in uiuo. 

The mechanism by which antidepressant treatments effect 
adaptive changes in ligand binding to the NMDA receptor 
complex is unknown. Reynolds and Miller (1988) and Kitamura 
et al. (1991) have reported that certain tri- and tetracyclic 
antidepressants inhibit [3H]MK-801 binding to the rodent 
brain. Although it is possible that the adaptation produced by 
antidepressants such as desipramine might be achieved by a 
direct interaction with the NMDA receptor complex, the rela- 
tively low affinities of other antidepressants (e.g., mianserin) 
to inhibit [3H]MK-801 binding makes this an unlikely mecha- 
nism to account for the effects observed across treatments in 
the present study. Moreover, this explanation cannot be rec- 
onciled with the observation that ECS, a nonpharmacological 
therapy, was the most efficacious treatment in these studies. 

While further neurochemical, electrophysiological and be- 
havioral studies will be required to fully appreciate the func- 
tional significance of these changes on the NMDA receptor 
complex, these data represent the first description of a consist- 
ent, selective adaptation of a neurotransmitter-associated 
receptor produced by all major classes of antidepressant ther- 
apy. By comparison, 15 years after the demonstration that 
chronic antidepressant treatment results in down-regulation of 
forebrain beta adrenoceptors (Wolfe et al., 1978), the physio- 
logical and behavioral consequences of this phenomenon re- 
main unknown (Vetulani, 1991; Stone, 1983). The present data, 
coupled with reports that functional NMDA antagonists are 
active in the forced swim test (Trullas and Skolnick, 1990; 
Trullas et al., 1991; Skolnick et al. 1992; Maj et al., 1992), 
learned helplessness and chronic mild stress models of depres- 
sion (Meloni et al., 1993; Papp and Moryl, 1993) and reduce 
cortical beta adrenoceptor density (Paul et al., 1992), suggest 
the NMDA receptor complex may be a final common pathway 
for antidepressant action. Thus, these observations provide 
both new avenues for the identification and development of 
novel antidepressant therapies as well as a novel heuristic 
model for the study of depressive disorders. 
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