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Abstract 

Glutamate agonists have been shown to stimulate the release of dopamine in the striatum, while the NMDA receptor antagonist 
MK-801 has been shown to cause an increase in extracellular dopamine in the hippocampus. The effects of MK-801 treatment on 
dopamine receptor gene expression in the hippocampus are largely unknown. To begin to address this question, we treated rats with 0.3, 
1.0, and 3.0 mg/kg of MK-801 daily for 1 week, and measured the mRNAs encoding all five of the dopamine receptors in the 
hippocampus. MK-801 caused changes in dopamine D,, D,, D,, and D4 receptor gene expression in a complex manner that suggests that 
dopamine receptor gene expression in the hippocampus may be differentially regulated by glutamate, via the NMDA receptor. These 
findings may have implications both for understanding the pathophysiology and modifying treatment of schizophrenia. 

Kewords: Glutamate; Dentate gyms; Dizocilpine: In situ hybridization; Schizophrenia 

1. Introduction 

Dopamine is the neurotransmitter most often implicated 
in the pathogenesis of schizophrenia (Snyder, 1976; See- 
man et al., 1976). Amphetamine can cause psychotic 
symptoms, such as delusions and hallucinations, in normal 
adults, and antipsychotic medications are dopamine recep- 
tors antagonists, leading some to theorize that excessive 
dopaminergic tone contributes to the symptoms of 
schizophrenia. Unfortunately, the dopamine hypothesis of 
schizophrenia is inadequate, as complete dopaminergic 
blockade is only partially antipsychotic, provides limited 
therapeutic benefits, and does not explain the negative 
(deficit) symptoms of schizophrenia. Because of these 
limitations in explaining symptom production and treat- 
ment in schizophrenia, other candidate neurotransmitters 
have been proposed, including glutamate. 

Glutamate receptors have been considered as possible 
substrates of psychotic symptom production and/or modu- 
lation in schizophrenia. There are four families of gluta- 
mate receptors, including the three ionotropic receptor 
families: a-amino-3-methylisoxazole-4-propionic acid 
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(AMPA), kainate, and N-methyl-D-aspartate (NMDA) 
(Hollmann and Heinemann, 1994). Manipulation of the 
NMDA receptors, in particular, can result in psychotic 
symptoms. Specifically, the dissociative anaesthetics. 
which are NMDA receptor antagonists, can produce a 
syndrome in otherwise normal humans that resembles both 
the positive and negative symptoms of schizophrenia 
(Domino and Luby, 1973; Javitt and Zukin, 1991; Krystal 
et al., 1994). Dissociative anaesthetics also can exacerbate 
psychotic symptoms in schizophrenics (Luby et al., 1962; 
Itil et al., 1967). On the other hand, facilitation of gluta- 
mate function may have therapeutic benefits. Glycine and 
D-cycloserine, both agonists for the strychnine-insensitive 
glycine binding site on the NMDA receptor, have been 
reported to improve the negative symptoms of schizophre- 
nia (Javitt et al., 1994; Goff et al., 1995). 

Postmortem studies have also examined possible gluta- 
mate receptor involvement in schizophrenia. NMDA and 
kainate binding sites are increased in the frontal and 
temporal cortices of schizophrenics (Nishikawa et al., 1983; 
Deakin et al., 1989; Ishimaru et al., 19941, and stimulated 
glutamate release from synaptosomes from the brains of 
schizophrenics is decreased in the presence of NMDA or 
kainate (Sherman et al., 1991). These data have been 
interpreted to suggest that schizophrenia may be associated 
with decreased glutamatergic activity, mediated by NMDA 
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or kainate receptors. Given that the manipulation of both 
dopaminergic and glutamatergic systems in the brain can 
produce psychotic symptoms, the potential interaction of 
these two systems might represent an important mediator 
of the symptoms of schizophrenia. 

Theories have been generated that implicate both gluta- 
mate and dopamine in the pathogenesis of schizophrenia 
(Carlsson and Carlsson, 1990; Grace, 1993). Modifications 
of the dopamine hypothesis of schizophrenia have been 
advanced that propose differential expression of dopamin- 
ergic tone within discrete circuits; specifically, an increase 
in striatal tone and a decrease in frontal cortical tone have 
been suggested (Davis et al., 1991). This differential 
dopaminergic tone has been theorized to be linked by 
glutamatergic projections from the prefrontal cortex to the 
striatum (Carlsson and Carlsson, 1990; Grace, 1993). 

Manipulation of glutamate systems has been shown to 
modulate dopamine in specific regions of the brain. Gluta- 
mate receptor agonists, including N-methyl-D-aspartate 
(NMDA), have been shown to stimulate striatal dopamine 
release (e.g. Giorguieff et al., 1977; Roberts and Sharif, 
1978) which can be attenuated by competitive antagonists 
(e.g. Araneda and Bustos, 1989; Clow and Jhamandas, 
1989). These data suggest that glutamatergic corticostriatal 
terminals synapse on the midbrain dopaminergic fibers 
projecting to the striatum, facilitating dopamine release via 
stimulation of NMDA receptors. This results in a circuit 
with outflow to the thalamus via the globus pallidus, or 
what has been proposed as the cortico-striato-pallido- 
thalamic circuit (Carlsson and Carlsson, 1990). 

Much effort has focused on the cortico-striato-pallido- 
thalamic circuit, but positron emission tomography studies 
examining striatal function in schizophrenia have not con- 
firmed that alterations of metabolic activity in the striatum 
are involved in symptom production (Tamminga et al., 
1992; Wolkin et al., 1994). Though Wolkin et al. (1994) 
did not compare the hippocampi of schizophrenics and 
normal controls, Tamminga et al. (1992) did find hip- 
pocampal hypometabolism in schizophrenics, suggesting 
that the hippocampus may be involved in the production of 
schizophrenic symptomatology. 

Data from other studies have also implicated the hip- 
pocampus in the pathogenesis of schizophrenia. 
Schizophrenics tend to display impairment in hippocampal 
functions like memory (Kolb and Whishaw, 1983; Gruze- 
lier et al., 1988) and have significant neuroanatomical 
changes in the hippocampus (e.g. Kovelman and Scheibel, 
1984; Bogerts et al., 1985; Altschuler et al., 1990; Benes et 
al., 1991; Akbarian et al., 1993; Squires et al., 1993). 
Several studies have demonstrated significant changes in 
the glutamatergic system in the hippocampi of 
schizophrenics (Kerwin et al., 1988, 1990; Deakin et al., 
1989; Harrison et al., 1991; Eastwood et al., 1995). The 
hippocampus may be a reasonable region in which to 
examine the interaction of glutamate and dopamine, partic- 
ularly given that converging lines of evidence implicate 

this neuroanatomical region and these neurotransmitters in 
schizophrenia. 

There are several studies that support the possible inter- 
action of dopamine and glutamate in the hippocampus. The 
hippocampus has a rich dopaminergic innervation (Scatton 
et al., 1980; Ferraro et al., 1991; Gasbarri et al., 1994; 
Goldsmith and Joyce, 1994) and utilizes glutamate as its 
primary intrinsic neurotransmitter. NMDA decreases 
dopamine release in the hippocampus (Whitton et al., 
1994), while the noncompetitive NMDA receptor antago- 
nist MK-801 causes an increase in extracellular dopamine, 
and the dopamine metabolite HVA, in hippocampus (Whit- 
ton et al., 1992). Little is known about dopamine-gluta- 
mate interactions at the receptor level in the hippocampus. 
Given that the relationship of these two neurotransmitters 
within the hippocampus may be of considerable signifi- 
cance, we have begun to address the interaction of 
dopamine and glutamate in the hippocampal formation, by 
investigating the effects of MK-801 on dopamine receptor 
gene expression. 

2. Materials and methods 

Adult, male Sprague-Dawley rats (250 g) were housed 
three to five to a cage, with food and water ad libitum. 
Animals were injected subcutaneously with either 0.3 
mg/kg, 1 .O mg/kg, 3.0 mg/kg of MK-801, or sterile 
H,O vehicle for 7 days (n = 7-10 animals per dose). 24 h 
after the last injection, the animals were killed, and their 
brains were immediately removed, and frozen in isopen- 
tane. The brains were stored at -80°C until sectioned. 

Each brain was thawed for 30 min to a temperature of 
- 15°C and mounted for cryostat sectioning. Using a 
defined atlas (Paxinos and Watson, 1982) 15 mm sections 
were obtained throughout each brain, and thaw-mounted 
on polylysine-subbed microscope slides. The slides were 
desiccated and stored at -80°C until used for in situ 
hybridization. 

Riboprobes were synthesized from linearized plasmid 
DNA, as has been previously described (Meador-Woodruff 
et al., 1991, 1992, 1994). The D, insert is 530 base pairs, 
while the D, insert is 495 base pairs (Meador-Woodruff et 
al., 199 1). The D, and D4 riboprobe are synthesized from 
326 bp and 447 bp inserts, respectively (Meador-Woodruff 
et al., 1992), and the D, insert is 650 bp (Meador-Woodruff 
et al., 1994). 

7.5 ~1 of [35S]UTP was added to 5.0 ~1 5 X transcrip- 
tion buffer, 2.0 ~1 0.1 M dithiothreitol (DTT), 1 .O ~1 each 
of 10 mM ATP, CTP, and GTP, 4.5 ~1 H,O, 1.0 ~1 
linearized plasmid DNA, 1.0 ~1 RNase inhibitor, and 1 .O 
~1 RNA polymerase enzyme and incubated for 1.5-2 h at 
37°C. 1.0 ~1 DNase (RNase free) (1 mg/ml) was then 
added, and the mixture was incubated for 15 min at room 
temperature. The reaction mixture was sieved through a 1 
ml syringe containing G-50 Sephadex equilibrated in Tris 
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buffer (100 mM Tris-HCl, 12.5 mM EDTA, 150 mM 
NaCl, and 0.2% SDS, pH 8.0), and 100 ~1 fractions were 
eluted. 

Four slides per animals were removed from - 80°C 
storage and placed in 4% (w/v> formaldehyde at room 
temperature for 1 h. The slides were then washed in 2 X 

SSC (300 mM NaC1/30 mM sodium citrate, pH 7.2) three 
times and placed in proteinase K (I pg /ml in 50 mM 
EDTA/ 100 mM Tris-HCl, pH 8.0) for 30 min at 37°C. 
The slides were then washed in double distilled (dd) H,O 
for 1 min before being placed in 0.1 M triethanolamine, 
pH 8.0/acetic anhydride. 400: 1 (v/v), on a stir plate, for 

10 min. The final wash was in 2 X SSC buffer for 5 mitt, 
followed by dehydration through graded alcohols and air 
drying. A cover slip with 30 ~1 of radiolabelled probe (lo6 
dpm)/75% formamide buffer/O.01 M dithiothreitol was 
placed on each slide. Slides were placed in a covered tray 
with filter paper saturated with 75% formamide, and incu- 
bated at 55°C overnight. 

The next day the cover slips were removed and the 
slides were placed in 2 X SSC for 5 min, followed by 
RNase (200 pg/ml in 10 mM Tris-HCI, pH 8.0/0.5 M 
NaCl) at 37°C for 30 min. The slides then underwent the 
following washes: 2 X SSC at room temperature for 10 

Fig. 1. Distribution of the five dopamine D, _ s receptors visualized in the hippocampal formation. The ventral aspect of the granule cell layer of the dentate 
gyms (DG) was the only structure labelled by the D, probe, while the other four dopamine receptor subtypes were visualized in the entire extent of the 
granule cell layer of the dentate gyrus, as well as in the pyramidal cell layer of all the subfields of the hippocampus. The thalamus (Th) and the 
caudate-putamen (CPU) are also labelled by the D, probe. 
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min; 1 X SSC for 10 mitt at room temperature; 0.5 X SSC 
at 55°C for 60 mm; and 0.5 X SSC for 10 min at room 
temperature. The slides were dehydrated in graded ethanol 
solutions and air dried. They were placed in X ray cas- 
settes and apposed to Kodak XAR-5 film for 2-4 weeks. 
The film was developed and used for quantitative, Macin- 
tosh-based computer image analysis (with NIH Image 
1.56), as previously described (Meador-Woodruff et al., 
1991). Tissue background was subtracted from total gray 
scale values of labelling in the hippocampal formation, 
which included the granule cell layer of the dentate gyms 
and the pyramidal cell layer of the four subfield (CAl-4) 
of the hippocampus. The gray scale values were converted 
into optical density. The average optical density values for 
each region of each animal was generated from eight 
measures (left and right sides) of the four slides selected 
per animal. Comparisons of the average optical densities of 
the hippocampal structures were examined using one way 
(D,) and two way CD,--D,) analysis of variance, and 
post-hoc analyses were made using a Bonferroni/Dunn 
correction. 

3. Results 

The distribution of dopamine receptor mRNAs in the 
hippocampal formation (Fig. 1) was similar to that re- 
ported in previous studies (Meador-Woodruff et al., 1991, 
1992). Labelling for dopamine D, receptors was observed 
in the ventral aspect in the granule cell layer of the dentate 
gyrus. The other four mRNAs were located in the granule 
cell layer of the dentate gyrus and the pyramidal cell layer 
of all subfields of hippocampus. Dopamine receptors in the 
hippocampus are thought to be postsynaptic, based on 
immunocytochemical and autoradiographic evidence (Scat- 
ton et al., 1980; Swanson, 1982; Goldsmith and Joyce, 
1994), so we are detecting the transcripts encoding post- 
synaptic receptors. MK-801 regulated dopamine receptor 
gene expression in a dose-dependent, anatomically distinct, 
and receptor-specific manner. 

3.1. D, receptor mRNA 

MK-801 caused a decrease in dopamine D, receptor 
mRNA in dentate gyrus (F(3,31) = 7.23, P < O.OOl), the 
only region of the hippocampal formation in which 
dopamine D, receptor mRNA was visualized (Fig. 21. 
Post-hoc analysis revealed that the lowest dose (0.3 mg/kg) 
caused a significant decrease in dopamine D, receptor 
mRNA relative to control animals (P < O.OOS), but the 
differences between the controls and the middle and high- 
est dose animals was not significant. 

3.2. D, receptor mRNA 

There was a main effect for dose (F(3,130) = 17.19, 
P < O.OOOl>, and for region (F(4,130) = 6.59, P < 

D4 

0.00 
DC CA4 CA3 CA2 CA1 

Fig. 2. D, and D4 receptor gene expression, expressed as optical density, 
in the hippocampal formation after treatment with MK-801. MK-801 had 
the effect of decreasing the expression of these transcripts at several of 
the doses used in this study. D, was visualized only in the dentate gyms; 
MK-801 significantly decreased the expression of D, mRNA at 0.3 
mg/kg, but not at the other two higher doses. MK-801 treatment 
significantly decreased the expression of D4 mRNA at 0.3 and I.0 
mg/kg, but not at the highest dose. 

O.OOOl), but no dose x region interaction (F(12,130) = 
0.47, P = n.s.) (Fig. 3). Post-hoc analysis revealed that the 
lowest dose (0.3 mg/kg) and middle dose (1.0 mg/kg) 
caused a significant increase in dopamine D, receptor 
mRNA relative to control animals (P < 0.0001 for both), 
but the values from the animals treated with the highest 
dose were not significantly different from control animals. 
Post-hoc analysis of regional variability of this transcript 
revealed that the main effect for region was due to the 
values in the dentate gyrus being greater than those in both 
CA1 (P < 0.001) and CA4 (P < O.OOOl>. 

3.3. D, receptor mRNA 

There was a main effect for dose (F(3,150) = 21.88, 
P < 0.0001) and for region (F(4,150) = 2.49, P < 0.05), 
but no interaction between dose and region (F(12,150) = 
0.18, P = n.s.) (Fig. 3). Post-hoc analysis revealed that the 
middle dose (1.0 mg/kg) caused a significant increase in 
dopamine D, receptor mRNA relative to control animals 
(P < O.OOOl), but the values for the animals treated with 
the lowest and highest doses were not significantly differ- 
ent from control animals. Post-hoc analysis of regional 
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variability of this transcript revealed that the main effect 
for region was due to the values in the dentate gyms being 
greater than those in CA4 (P < 0.005). 

3.4. D4 receptor mRNA 

As in the case of dopamine Dz and D, receptors, for D, 
mRNA there was a main effect for dose (F(3,160) = 
169.28, P < O.OOOl>, and for region (F(4,160) = 5.49, 
P < O.OOOS), but no interaction between dose and region 
(F( 12,160) = 0.26, P = n.s.) (Fig. 2). In this case, how- 
ever, D, mRNA was downregulated, compared to the 
upregulation of Dz and D,. Post-hoc analysis revealed that 
this downregulation was significant for both the lowest 
dose (P < 0.0001) and middle dose (P < 0.0001) groups, 
but not for the highest dose. Post-hoc analysis of regional 
variability of this transcript revealed that the main effect 
for region was due to the values in the dentate gyrus being 
greater than those in both CA3 (P < 0.005) and CA4 
(P < 0.0001) and CA2 being greater than CA4 (P < 
0.005). 
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Fig. 3. Dz and D, receptor mRNA expression, expressed as optical 
density, in the hippocampal formation after treatment with MK-801. 
MK-801 generally increased expression of these two transcripts at the 
lower doses used in this study, opposite of what was observed for D, and 
D4 receptor mRNA. MK-801 significantly increased the expression of Dz 
mRNA at 0.3 and 1.0 mg/kg, but not at the highest dose, and signifi- 
cantly increased D, mRNA levels at I .O mg/kg, but not at the other two 
doses. 

Ds 
0.25 

??O.Omglkg 
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Fig. 4. D, receptor expression. expressed as optical density, in the 
hippocampal formation after treatment with MK-801. This transcript was 
not altered by MK-801 treatment at any dose. 

3.5. D, receptor mRNA 

There was a main effect for region (F(4,160) = 96.84, 
P < O.OOOl), but unlike the other four transcripts, there 
was no main effect for dose (F(4,160) = 1.26, P = n.s.) 
(Fig. 4). There was no dose X region interaction 
(F( 12,160) = 0.73, P = n.s.). Post-hoc analysis revealed 
considerable heterogeneity in the distribution of this tran- 
script, with CA1 and CA2 both greater than CA3, CA4, 
and dentate gyms (all P < O.OOOl), and dentate gyrus 
greater than both CA3 ( P < 0.005) and CA4 ( P < 0.000 I). 

4. Discussion 

The regulation of hippocampal dopamine receptor 
mRNA by the noncompetitive NMDA receptor antagonist 
MK-801 displays three distinct patterns. 
1. 

2. 

3. 

of 

Both dopamine D, and Dd receptor mRNA decreased 
with the lowest dose, but were not changed by the 
highest dose treatment. Middle dose caused a decrease 
in DA transcript only. 
On the other hand, dopamine D2 and D, receptor 
mRNA both increased with middle dose MK-801 treat- 
ment. changing in an opposite, complementary manner 
to D, and DA transcripts. As seen with D, and Dj 
mRNA, however, the highest dose MK-801 did not 
change D? nor D, receptor gene expression. 
Dopamine D, receptor gene expression was not regu- 
lated by MK-801. 
There have been few in vivo studies of the interaction 
glutamate and dopamine in the rat hippocampus (Whit- 

ton et al., 1994, 1992; Smialowski, 1990). NMDA has 
been demonstrated to decrease dopamine release in the 
hippocampus, while the competitive glutamate antagonist 
o-2-amino-5-phosphonoproprionic acid (D-AP~) had no ef- 
fect (Whitton et al., 1994). The non-competitive glutamate 
antagonist MK-801 causes an increase in extracellular 
dopamine and the dopamine metabolite HVA in hippocam- 
pus (Whitton et al.. 1992). To our knowledge the present 



262 D.J. Heal)), J.H. Meador-Woodruff/ Europeun Journal of Pharmacology 306 (1996) 257-264 

study is the first to study the effect of MK-801 treatment 
on dopamine receptor gene expression in the hippocampal 
formation. The decrease in D, and D4 mRNA we found 
with MK-801 treatment is consistent with an increase in 
extracellular dopamine, in turn, leading to a downregula- 
tion of postsynaptic dopamine receptors. 

The increases that we observed for dopamine D, and 
D, receptor mRNA are more difficult to explain. The 
changes in these two receptor mRNAs might be expected 
to parallel the changes that we observed for D, and DJ 
mRNA levels, considering dopamine is the endogenous 
ligand for all four. One speculative explanation is that 
there are two populations of cells in the hippocampal 
formation with dopamine D, and D4 receptors colocalized 
in one pool and D, and D, receptors in another. The 
observed D1/D4 effect would be a direct effect of MK-801 
on dopamine release, with subsequent receptor down-regu- 
lation, while the D,/D, effect would be mediated through 
an alternate pathway. This functional parcelization might 
theoretically be similar to the compartmentalization of 
outflow found in the striatum (Gerfen, 1992), but much 
research remains to confirm this model. It is also surpris- 
ing that neither members of the dopamine D,-like nor 
D,-like receptor families were regulated in similar ways. 
For example, since these families are distinguished by their 
pharmacological profiles, we expected dopamine D, and 
D, receptors to be regulated similarly. Further, it might 
also be expected that the dopamine D,-like receptors CD,, 
D,, and D4) might be similarly regulated. That this was 
not the case suggests that glutamate regulates dopamine 
gene expression via complex pathways. 

The U shape of the dose-response curve for D,-D4 also 
implies a more complex regulation of gene expression in 
this experimental paradigm. Intravenous MK-801, at doses 
greater than 0.1 mg/kg, differentially alters burst firing in 
neurons in subdivisions of the VTA that project to either 
the striatum or the frontal cortex, possibly altering 
dopamine release (Murase et al., 1993). Our highest dose 
of MK-801 may unmask this phenomenon, and counteract 
the other mechanism(s) that may be mediating the regula- 
tion of dopamine receptor gene expression at lower doses. 
Additionally, MK-801 has been demonstrated to have mi- 
cromolar affinity for the dopamine transporter (Clarke and 
Reuben, 19951, so perhaps the highest dose of MK-801 
that we used may show a blunting of the effects observed 
when using lower doses due to this mechanism. Another 
possibility is that the lack of a change in D,-D, mRNA 
may represent a toxic effect of the highest dose of MK-801 
treatment on the projections connecting the nucleus accum- 
bens and the hippocampus. The loss of hippocampal-accu- 
mbens projections may remove some modulation of the 
ventral tegmental area projections to the hippocampal for- 
mation (Goldsmith and Joyce, 1994), altering the effect of 
the highest dose of MK-801 on dopamine receptor gene 
expression. This possibility is supported by the observation 
that only high dose MK-801 affects D,-D, mRNA levels 

in the nucleus accumbens (Healy and Meador-Woodruff, 
19961. 

These data demonstrate that the regulation of dopamine 
receptor gene expression by an NMDA antagonist in the 
hippocampal formation is mediated by a complex mecha- 
nism, and may be a model to examine the interaction of 
glutamate and dopamine in this important structure. Con- 
verging lines of evidence suggest that this interaction of 
glutamate and dopamine in the hippocampus may be of 
some relevance to the pathogenesis of schizophrenia. Sev- 
eral groups (Kovelman and Scheibel, 1984; Bogerts et al.. 
1985; Altschuler et al., 1990; Benes et al., 1991; Kerwin 
and Murray, 1992; Akbarian et al., 1993; Squires et al., 
1993) have demonstrated the possible involvement of the 
hippocampal formation in schizophrenia. Theories of 
schizophrenia have included a functional role for the hip- 
pocampus in the generation of psychotic symptoms (Wein- 
berger, 1987; Kerwin and Murray, 1992; Krieckhaus et al., 
1992). Krieckhaus et al. (1992) have suggested that CA1 
hyperactivity may be a cause for some of the positive 
symptoms of schizophrenia, and DZ antagonists decrease 
hippocampal neuronal firing, thereby ameliorating the 
symptoms. Deakin et al. (19891, Carlsson and Carlsson 
(19901, Kerwin et al. (1990), Harrison et al. (19911, Sher- 
man et al. (1991), and Ishimaru et al. (1994) have postu- 
lated aberrant glutamate function, particularly in the tem- 
poral lobe, as a possible mechanism for schizophrenia. Our 
data begin to provide evidence linking these lines of 
evidence by demonstrating that glutamatergic antagonism 
can cause changes in dopamine receptor gene expression 
in the hippocampal formation. 

Acknowledgements 

Dr. Healy was supported by an NIMH Training Grant 
(MH1.5794). Dr. Meador-Woodruff was supported by 
grants from NIMH (MH00818 and MH53327). Additional 
support was provided by the Department of Psychiatry and 
the Mental Health Research Institute at the University of 
Michigan. This paper was selected as one of the winners of 
the 1996 American Psychiatric Association/Lilly Resident 
Research Award. 

References 

Akbarian, S., A. Viiiuela, J.J. Kim, S.G. Potkin, W.E. Bunney and E.G. 
Jones, 1993, Distorted distribution of nicotinamide-adenine dinucleo- 
tide phosphate-diaphorase neurons in temporal lobe of schizophrenics 
implies anomalous cortical development. Arch. Gen. Psychiatry 50, 
178. 

Altschuler, L.L., M.F. Casanova. T.E. Goldberg and J.E. Kleinman, 1990, 
The hippocampus and parahippocampus in schizophrenic, suicide, and 
control brains, Arch. Gen. Psychiatry 47, 1029. 

Araneda, R. and G. Bustos, 1989, Modulation of dendritic release of 
dopamine by N-methyl-Baspartate receptors in rat substantia nigra, J. 
Neurochem. 52, 962. 



D.J. Hea1.v. J.H. Meador-Woodruff/ European Journal of Phurmacoln,y~ 306 (19%) 257-264 263 

Benes, F.M., I. Sorensen and E. Bird, 1991, Reduced neuronal size in 
posterior hippocampus of schizophrenic patients, Schizophr. Bull. 17. 
597. 

Bogerts, B., E. Meertz and R. Schonfeldt-Bausch, 1985, Basal ganglia 
and limbic system pathology in schizophrenia: A morphometric study 
of brain volume and shrinkage, Arch. Gen. Psychiatry 42, 784. 

Carlsson, M. and A. Carlsson, 1990, interactions between glutamatergic 
and monoaminergic systems within the basal ganglia-implications for 
schizophrenia and Parkinson’s disease, Trends Neurosci. 13 272. 

Clarke, P.B.S. and M. Reuben, 1995, Inhibition by dizocilpine (MK-801) 
of striatal dopamine release induced by MPTP and MPP+: possible 
action at the dopamine transporter, Br. J. Pharmacol. 114. 3 15 

Clow. D.W. and K. Jhamandas, 1989, Characterization of L-glutamate 
action on the release of endogenous dopamine from rat caudate-puta- 
men. J. Pharmacol. Exp. Ther. 248, 722. 

Davis. K.L.. R.S. Kahn. G. Ko and M. Davidson, 1991, Dopamine in 
schizophrenia: a review and reconceptualization, Am. J. Psychiatry 
148. 1474. 

Deakin, J.F.. P. Slater, M.D. Simpson. A.C. Gilchrist, W.J. Skan, M.C. 
Royston. G.P. Reynolds and A.J. Cross. 1989. Frontal cortical and left 
temporal glutamatergic dysfunction in schizophrenia, J. Neurochem. 
52, 1781. 

Domino, E.F. and E.D. Luby, 1973, Abnormal mental states induced by 
phencyclidine as a model of schizophrenia, in: Psychopathology and 
Psychopharmacology, eds. J.O. Cole, A.M. Freedman and A.J. Fried- 
hoff (Johns Hopkins University Press, Baltimore, MD) p. 37. 

Eastwood, S.L., B. McDonald, P.W.J. Bumet, J.P. Beckwith, R.W. 
Kerwin and P.J. Harrison, 1995. Decreased expression of mRNAs 
encoding non-NMDA glutamate receptors GluRl and GluR2 in me- 
dial temporal lobe neurons in schizophrenia, Mol. Brain Res. 29, 21 I, 

Ferraro. G., N. Vella, P. Sardo, G. Caravaglios, M. Sabatino and V. La 
Grutta, 199 I, Dopdminergic control of feline hippocampal epilepsy: A 
nigrohippocampal pathway, Neurosci. Lett. 123, 41. 

Gasbarri. A.. C. Verney, R. Innocenzi, E. Campana and C. Pacitti, 1994. 
Mesolimbic dopaminergic neurons innervating the hippocampal for- 
mation in the rat: a combined retrograde tracing and immunohisto- 
chemical study. Brain Res. 668. 71. 

Gerfen. C.R.. 1992. The neostriatal mosaic: multiple levels of compart- 
mental organization, J. Neural Transm. Suppl. 36, 43. 

Giorguieff, M.. M.L. Kernel and J. Glowinski, 1977, Presynaptic effect of 
L-glutamic acid on the release of dopamine in rat striatal slices, 
Neurosci. Lett. 6. 73. 

Gaff, D.C., G. Tsai, D.S. Manoach and J.T. Coyle, 1995, Dose-finding 
trial of Dcycloserine added to neuroleptics for negative symptoms in 
schizophrenia, Am. J. Psychiatry 152, 1213. 

Goldsmith, S.K. and J.N. Joyce. 1994, Dopamine D2 receptor expression 
in hippocampus and parahippocampal cortex of rat, cat, and human in 
relation to tyrosine hydroxylase-immunoreactive fibers, Hippocampus 
4, 354. 

Grace, A.A.. 1993. Cortical regulation of subcortical systems and its 
possible relevance to schizophrenia, J. Neural Trans. 9 1, I I I. 

Gmzelier. J.. K. Seymour, L. Wilson, A. Jolley and S. Hirsch, 1988, 
Impairments on neuropsychologic tests of temporohippocampal and 
frontohippocampal functions and word fluency in remitting 
schizophrenia and affective disorders, Arch. Gen. Psychiatry 45. 623. 

Harrison. P.J.. D. McLaughlin and R.W. Kerwin, 1991, Decreased hip- 
pocampal expression of a glutamate receptor gene in schizophrenia, 
Lancet 337. 450. 

Healy, D.J. and J.H. Meador-Woodruff, 1996, Differential regulation, by 
MK-801, of dopamine receptor gene expression in rat nigrostriatal 
and mesocorticolimbic systems, Brain Res. 708, 38. 

Hollmann, M. and S. Heinemann, 1994, Cloned glutamate receptors, 
Annu Rev. Neurosci. 17. 31. 

Ishimaru. M.. A. Kurumaji and M. Toru, 1994, Increases in strychnine-in- 
sensitive glycine binding sites in cerebral cortex of chronic 
schizophrenics: evidence for glutamate hypothesis, Biol. Psychiatry 
35, 84. 

Itil. T., A. Keskiner, N. Kiremitci and J.M.C. Holden. 1967, Effect of 
phencyclidine in chronic schizophrenia, Can. J. Psychiatry 12, 209. 

Javitt, D.C. and S.R. Zukin, 1991. Recent advances in the phencyclidine 
model of schizophrenia, Am. J. Psychiatry 148. 1301. 

Javitt. D.C., 1. Zylberman, S.R. Zukin. U. Heresco-Levy and J.P. Linden- 
mayer, 1994, Amelioration of negative symptoms in schizophrenia by 
glycine, Am. J. Psychiatry I5 I. 1234. 

Kerwin, R.W. and R.M. Murray, 1992, A developmental perspective on 
the pathology and neurochemistry of the temporal lobe in schizophre- 
nia, Schizophr. Res. 7, I. 

Kerwin, R., S. Patel. B. Meldrum, C. Czudek and G.P. Reynolds, 1988. 
Assymetrical loss of glutamate receptor subtype in left hippocampus 
in schizophrenia. Lancet 33 I, 583. 

Kerwin. R., S. Pate1 and B. Meldrum. 1990. Quantitative autoradio- 
graphic analysis of glutamate binding sites in the hippocampal forma- 
tion in normal and schizophrenic brain postmortem, Neuroscience 39. 
25. 

Kolb. B. and 1.Q. Whishaw, 1983. Performance of schizophrenic patients 
on tests sensitive to left or right frontal. temporal, or parietal function 
in neurological patients, J. Nerv. Ment. Dis. 171, 435. 

Kovelman. J.A. and A.B. Scheibel. 1984. A neurohistological correlate of 
schizophrenia, Biol. Psychiatry 19. 1601. 

Krieckhaus, E.E.. J.W. Donahoe, and M.A. Morgan, 1992, Paranoid 
schizophrenia may be caused by dopamine hyperactivity of CAI 
hippocampus. Biol. Psychiatry 3 I. 560-570. 

Krystdl, J.H.. L.P. Karper, J.P. Seibyl, G.K. Freeman, R. Delaney, J.D. 
Bremner, G.R. Heninger, M.B. Bowers. Jr. and D.S. Charney. 1994. 
Subanesthetic effects of the noncompetitive NMDA antagonist, ke- 
tamine. in humans. Psychotomimetic, perceptual. cognitive and neu- 
roendocrine responses. Arch. Gen. Psychiatry 5 I, 199. 

Luby, E.D., J.S. Gottlieb. B.D. Cohen. G. Rosenbaum and E.F. Domino. 
1962. Model psychoses and schizophrenia, Am. J. Psychiatry 119, 61. 

Meador-Woodruff, J.H., A. Mansour, D.J. Healy. R. Kuehn, Q.-Y. Zhou. 
J.R. Bunzow, H. Akil, 0. Civelli and S.J. Watson. 1991. Comparison 
of the distributions of DI and D2 dopamine receptor mRNAs in rat 
brain, Neuropsychopharnuacology 5, 23 I. 

Meador-Woodruff. J.H.. S. Damask and S.J. Watson. 1992, Differential 
expression of autoreceptors in ascending dopamine systems of human 
brain, Proc. Natl. Acad. Sci. USA 91. 8297. 

Meador-Woodruff, J.H., A. Mansour, D.K. Grandy, S. Damask, 0. 
Civelli and S.J. Watson, 1994. Distribution of D5 dopamine receptor 
mRNA in rat brain, Neurosci. Lett. 135. 209. 

Murase. S., J.M. Mathe. J. Grenhoff and T.H. Svensson. 1993, Effects of 
dizocilpine (MK-801) on rat midbrain dopamine cell activity: differ- 
ential actions on firing pattern related to anatomical Iocaliaation. J. 
Neural Transm. Gen. Sect. 91. 13. 

Nishikawa, T., M. Takashima and M. Toru. 1983. Increased [‘Hlkainic 
acid binding in the prefrontal cortex in schizophrenia. Neurosci. Lett. 
30. 245. 

Paxinos. G. and C. Watson. 1982. The Rat Brain in Stereotaxic Coordi- 
nates (Academic Press. New York). 

Roberts. P.J. and N.A. Sharif. 1978, Effects of L-glutamate and related 
amino-acids upon the release of ‘H-dopamine from rat atriatal slices, 
Brain Rea. 157, 391. 

Scatton, B.. H. Simon, M. Le Moal and S. Bischoff. 1980, Origin of 
dopaminergic innervation of the rat hippocampal formation. Neurosci. 
Lett. 18. 12.5. 

Seeman. P.. T. Lee, M. Chau-Wong and K. Wong, 1976, Antipsychotic 
drug doses and neuroleptic/dopamine receptors, Nature 26 I, 7 17. 

Sherman. A.D., T.S. Hegwood. S. Baruah and R. Waziri, 1991, Deficient 
NMDA-mediated glutamate release from synaptosomes of 
schizophrenics, Biol. Psychiatry 30. I I9 I 

Smialowaki, A., 1990. Inhibition of low calcium induced epileptiform 
discharges in the hippocampus by dopamine Dl receptor agonist, SKF 
38393, Brain Res. 528, 148. 

Snyder, S., 1976. The dopamine hypothesis in schizophrenia: focus on the 
dopamine receptor, Am. J. Psychiatry 133, 197. 



264 D.J. Healy, J.H. Meador-Woodruff/ European Journal qf Pharmacology 306 (19%) 257-264 

Squires, R.F., A. Lajtha, E. Saedrup and M. Palkovits, 1993, Reduced 
[3H]flunitrazepam binding in cingulate cortex and hippocampus of 
postmortem schizophrenic brains: Is selective loss of glutamatergic 
neurons associated with major psychoses?, Neurochem. Res. 18, 2 19. 

Swanson, L.W., 1982, The projections of the ventral tegmental area and 
adjacent regions, a combined fluorescent retrograde tracer and im- 
munofluorescence study in the rat, Brain. Res. Bull. 9, 321. 

Tamminga, C.A., C.K. Thaker, R. Buchanan, B. Kirkpatrick, L.D. Alphs, 
T.N. Chase and W.T. Carpenter, 1992, Limbic system abnormalities 
identified in schizophrenia using positron emission tomography with 
fluorodeoxyglucose and neocortical alterations with deficit syndrome, 
Arch. Gen. Psychiatry 49, 522. 

Weinberger, D.R., 1987, Implications of normal brain development for 
the pathogenesis of schizophrenia, Arch. Gen. Psychiatry 44, 660. 

Whitton, P.S., C.S. Biggs, B.R. Pearce, and L.J. Fowler, 1992, Regional 
effects of MK-801 on dopamine and its metabolites studied by in vivo 
microdialysis, Neurosci. Lett. 42, 5. 

Whitton, P.S., S. Maione, C.S. Biggs and L.J. Fowler, 1993, N-Methyl- 
Baspartate receptors modulate extracellular dopamine concentration 
and metabolism in rat hippocampus and striatum in vivo, Brain Res. 
635. 312. 

Wolkin, A., M. Sanfilipo, B. Angrist, E. Duncan, S. Wieland, A.P. Wolf. 
J.D. Brodie, T.B. Cooper, E. Laska and J.P. Rotrosen, 1994, Acute 
Bamphetamine challenge in schizophrenia: Effects on cerebral glu- 
cose utilization and clinical symptomatology, Biol. Psychiatry 36, 
317. 


