
Glutamate, the Dominant Excitatory Transmitter in 
Neuroendoaine Regulation 

Glutamate has been h d t o  play an mqcctdyimportant rolein 
r c g u l a t i o n i n t k h ~ a s d c d i n c o n v c r g i n g a p c r i m c n t s w i t h ~ -  
tural hmmoqm&cmistry, ooptical physiology with a calcium-sawirk dye, and 
intradhdac electrical recording. That were large amounts of glutamate in boutom 
making synaptic contact with ncuroendocrinc neurons in the arcuatq paraventricular, 
and supraoptic nuclei. Almost all medial hypothalamic neurons rapodd to ghm- 
mate and to the glutamate agonists quisqualate and kainate with a consistent increase 
in intradhdac calcium. In all magnocellular and parmahk neuroas of the 
paraventricular and arcuate nuclei tested, the non-NMDA (non-N-methyl-maspar- 
tabt) glutamate ?ntagonist CNQX ( ~ y a n 0 - 2 , 3 - d i h y d r o x y - 7 - ~ ~ )  reduced 
eldcally stimulated and spontaneous excitatory paaspaptic potentials, saggesting 
that the en- ncurotransmitta is an excitatory amino acid acting p r h a d y  on 
non-NMDA mceptom. These d t s  indicate that glutamate plays a major, widespread - - 
role in the cont&l of neurocndocrine neurons. 

- - 

HE NEUaOENDOCRINE HYPOTHAG 
amus has been a W e  ground for 
the discovery of ncuroactive sub- 

stances. In the search fbr new transmitters 
one important classical neurotransmitter, 
glutamate, has practically been ignored with 
respect to its contribution to neuroendo- 
aine regulation (1, 2). However, our data 
suggest that glutamate accounts fbr the ma- 
jority of excitatory synapses in the neuroen- 
docrine hypothalamus. We tested whether 
glutamate occurs in high concentrations in a 
subset of presynaptic axons; whether hypo- 
thalamic neurons respond to glutamate, to 
what extent, and through which receptor; 
and whether the posqkaptic respo&e to 

the naturally released nmtransmitter can 
be blocked by glutamate antagonists. 

Characterized rabbit antisera raised 
against glutamate (3) were used to label 
hypothalamic ultrathin sections with 
postembedding silver-intensified gold parti- 
cles (4, 5). Immunoreactive axons were 
fbund in synaptic contact with dendrites and 
cell bodies in all regions ofthe neuroendo- 
aine mediobad hypothalamus examined, 
including the magnocellular and parvocellu- 
lar paraventricular (Fig. l), supraoptic, and 
arcuate nudei. These regions represent the 
final common neuronal pathway regulating 
endocrine secretions. Serial ultrathin sec- 
tions revealed that all cells (n = 14) studied 
in the paraventricular and arcuate nudei 

postqmaptic neurons (n = 9) in the paraven- 
mcularnudeuswerelarge (28 to 35 w i n  
diawter) magnocellular neurons containing 
large (200 nrn) dense-core vesides immu- 
noreactive fbr oxytocin and vasopressin- 
murophysin. Glutamate-immunoreactive 
boutons contained small, dear, round vesi- 
cles apposed to an aymmaical synaptic 
specialization; dense-core vesides, sugges- 
tive of peptide colocalization, were also 
fbund in the presynaptic boutons. The ratio 

receivdsynaptic contact h m  axons exhib- nS- 1. &mm mi- ofglutarmtc-immu- 

iting glu-te immunoreactivity (6). ~~v~ PrrsYnaptic bouton in the Pernmk- 
ular nudeus malunp; an asmmceical synapse 
(black arrow) with a - ~ n d r i t c i ~ ~ ~ ) .  Thc kd is 
filled with small round vesicles and with a  few 

A.N .vandcnPo l ,Sca iono fN  densecore vesicles (open arrow). Two otha ax- 
U- w d ~ o b r b +  NW m=E o m  (M) an- h e  pmc -& *te in J.-P. Wuvin d F. E. Dd&, M d  - -, dMcdicinc. Los AngelcJ, the paraventricular nudeus. Tkc black dots arc 
CA ~00%. silver-intensified p;dd particles. which identifv the -. . . . - -. 

t k  axons as -mi&& high7kvds of glumhate. 
T o  whcm corrapondavr should be addmd W~dth of micrograph, 0.95 pm. 

of immunogold particles over axons to their 
postsynaptic dendrites was 5:1, a ratio sim- 
ilar to that fbund with imrnunogold stainiog 
in glutamatergic axons in other brain re- 
gions (7-9). 

Neurons responding to glutamate show 
an increase in intracellular Ca2+ (lo), which 
mediates a wide variety of biochemical 
events in the cell. To study the Ca2+ re- 
sponse of neurons h m  the medal hypo- 
thalamus, we grew cells in monolayer pri- 
mary tissue culture on glass cover slips (11); 
after the development of synaptic contacts, 
the response of neurons to glutamate was 
studied with the CaZ+ indicator dye fluo-3 
by digital video microscopy (12). We exam- 
ined the response of n m n s  to glutamate 
and related substances in a microscope per- 
fusion chamber where glutamate and its 
agonists could be s e r d y  added to the per- 
fusion medium. Nearly all neurons (93.1% 
of 522 cells) showed an increase in Ca2+ in 
response to glutamate (1 to 100 pM) (Fig. 
2). Similarly, the glutamate agonists kainate 
and qukqdate induced a Ca2+ rise in al- 
most all the cells (kainate: 90.1% of 121 
cells; quisqualate: 92.8% of 168 cdls). Cells - - 
that responded to one agonist generally 
responded to all three. A minor response to 
the glutamate agonist N-methyl-D-aspartate 
(NMDA) was sccn in some cells. 

To investigate the nature of the endoge- 
nous neurotransmitter, we used intracellu- 
lar recording h m  coronal hypothalamic 
slices (500 pm) and tested whether the 
non-NMDA glutamate antagonkt cyano- 
2,3-dihydmxy-7-~oxaline (CNQX) 
blocked the excitatory posqm+ poten- 
tials (EPSPs) in the arcuate and paraventric- 
ular nudei. If glutamate is an impor&nt 
endogenous trvlsmimr in neumedoaine 
circuits, EPSPs should be blocked by agents 
that block activation ofthe glutamate recep- 
tor. Bath application of 3 pM CNQX re- 
duced, and 30 pM CNQX blocked almost 
completely, spontaneous EPSPs. Electrical 
stimulation lateral to the paraventricular nu- 
cleus or dorsal to the arm& nudeus elicited 
EPSPs in the respuaive areas. Although 
many axons and pathways were electrically 
stimulated in these -4- CNQX 
blocked EPSPs in a dose-dependent manner 
(Fig. 3) (13). This effect was obsewed in 
every cell of the 26 tested (20 in the 
paraventricular nudeus; 6 in the arcuate 
nudeus); at higher doses (30 pM) the 
EPSPs were v imdy eliminated. Of the 20 
cells in the paravenmcular nucleus, 13 were 
determined to be ncumemmry on the 
basis of their electmphysiological propaties 
(14). Kynurenic acid, a broad-spearum glu- 
tamate antagonist, also r e d u d  the 
tude of the EPSPs in the paraventricular 
nudeus, as had becn previously reported in 
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the supraoptic nucleus (15). Together, these 
data support the suggestion that most of the 
fast excitatory input to the arcuate and 
paravenaicular nuclei is mediated by gluta- 
mate. 

The widespread response to glutamate in 
almost all hypothalamic neurons examined 
with both optical and intracellular physio- 
logical techniques is in seeming contrast to 
the apparent low level of binding fbund in 
autoradiographic analysis of hypothalamic 
receptors (16). Similarly, a number of re- 
ports have shown that hypothalamic neu- 
rons appear relatively resistant to excitatory 
amino acid toxicity (17). We suggest that 

Fig. 2. Intracellular @+ responses in cells from 
the n m d u a i n e  region of the mediobasal hy- 
pothahus. The fluorescent Ca2+ indicator dye 
0110-3 was used to study Ca2+ responses to the 
perfusion of glutamate and agonists in Hepa 
buffer (12). (A) Basdine fluorescence was sub- 
tracted from the video frame (12) before gluta- 
mate addition (left) and at the time of dutamate 

these results are caused not by the absence of 
glutamate receptors in the hypothalamus 
but rather by the lower number of receptors 
or to differences in second messenger sys- 
tems. Although the hypothalamus has a 
lower density of glutamate-binding sites 
than comcal areas such as the hippocampus, 
n m m i s s i o n  mediated by glutamate 
may be equally important in the hypothda- 
mus because neurons there tend to be less 
extensively branched (It?), with smaller sur- 
hce areas and higher input resistances; there- 
fore, equal single-channel currents through 
a glutamate-activated channel would have a 
proportionately larger effect in a hypotha- 

. - .  
103 applications (short horizontal b-m) of 10 800 1 
u,M kainate (KAIN). auisaualate IOUIS). and KAjN QUlS N N A  G_LU 

dutamatc (GLU), bit hot ;O ~&i. L neu- 
rons (12 of 12) ~ t ~ d i e d  on this cover slip respond- n 
cd to glutamate, h t e ,  and quisqualate (AFIF 
range: percentage 180 change m 725%). in f l u o ~ e n c e  Data are e x p d  over the as base- the <A:;b= 
line conml fluorescence, with the baseline subse- 5 quently stan* as 0 for each neuron. At 100 -1 00 
pM,  some cells responded to NMDA; this may in 
part be due m NMDA receptors or to binding of 
NMDA to a non-NMDA nxeptor. At 100 p M  
NMDA, hippocampal control neurons routinely %0° SizizZd 
responded m NMDA. Tetrodotoxin (1 @I) was -100 0 
used to black release of endogenous transmitter to 

523 
Time (s) 

ensure that only direct responses to glutamate 
agonists were detected. The data are p-ted as one averaged video frame per sccond To avoid 
phototoxicity, a computer-controlled shutter blacked the light after each 350-111s recordmg. Sixty 
seconds after agonist application (vertical lines at bottom), cells were allowed to rest for 120 s in the 
dark with no recordings. Subsequent recording showed that the cells responded to 1 and 3 phi 
glutamate, and to an increase in extracellular K+ (56 mM). 

flg. 3. Effect of the non-NMDA A B 
receptor antagonist CNQX on 
EPSPs in the (A) paraventricular ?$&ax / Go*d 
nudeus (WN) and (B) arcuate nu- ' " * [ ~ M C ~ ~ ~  [x 
deus (ARC) in hypothalamic slices. ............................................ ................................. Slices were cut with a Vibmliccr 0% A 

and t r a n s f d  m a recodm 
chamber where they were kept a; 
32°C oxygenated with a mixture of '""[s-~ 

[ x w f l  95% 0 2  and 5% '202, and p f k d  0% ;. ........................................... ........................................... 
with a standard artificial cerebrospi- 
nal fluid. Signals were amplified 5InJ A 1 0 l y  

with an Axodamp 2A and storcd 50 ms 5 0  me 
on videotape for subsequent analysis. The antagonists, bath-applied at 1 )LM, d d  the EPSP 
amplitude by about 40% in PVN. At 10 ph4, the EPSP amplitude was d d  by approximately 60% 
in PVN and 75% in ARC. Both cells were hyperpolarized to prevent action potentials. After more than 
1 hour, recovery was obtained with 1 @I CNQX Although nearly complete recovery could be 
obtained with low doses of CNQX (1 to 3 N), total recovery from hlgher doses (10 to 30 phi) was 
never observed, even after washout periods of more than 90 min. The long-lasting e&cts of CNQX 
were probably due to its high binding &ty (23). Nonetheless, little or no change in resting ptential 
or input resistance d during application of CNQX, even at the highest doses. To avoid the 
contamination of EPSP by a potential reversed inhibimry pomynaptic potential, the expaimarts were 
done in 50 @ picromxin. Each trace is an average of 20 responses. Stimulus intensity was 500 4 for 
PVN and 100 (LA for ARC. Data from the two cells shown here arc representative of data for 20 
neurons h m  PVN and 6 from ARC examined in this study (A, electrical stimulation). 

lamic' neuron than in a cortical one. 
Although glutamate has been recognized 

as a major neurotransmitter in other brain 
systems such as the neocortex and hippo- 
campus (8, 9, 19), investigations of the 
neural control of the endocrine system have 
focused on other possible neuroactive sub- 
stances. On the basis of data from ultrastruc- 
tural immunocytochemistry, intracellular 
electrophysiology, and optical digital physi- 
ology, we suggest that the major excitatory 
neurotransmitter regulating neuroendocrine 
neurons is glutamaie. O& data argue that, 
not only does glutamate play an important 
role in neuroendocrine regulation, but also 
that it is probably the major excitatory neu- 
rotransmitter inducing release of neuroen- 
docrine hormones fkom axons terminating 
in both the median eminence and the pos- 
terior pituitary. Combining our results on 
glutamate with work on the inhibitory 
transmitter y-aminobutyrate acid (GABA) 
(4, 20, 21), we suggest that amino acid 
neurotransmitters account for the majority 
of all pre-synaptic axons involved in neuro- 
endocrine regulation, greatly outnumbering 
amines, peptides, or other neuroactive sub- 
stances. Since peptide colocahzation may be 
found in most if not all cells with amino acid 
transmitters (22), this conclusion would 
suggest that glutamate and GABA would be 
responsible for the majority of fast excitatory 
and inhibitory synaptic potentials, while 
peptides and other neuroactive substances in 
the neuroendocrine hypothalamus may be 
coreleased. These other neurotransmitters 
could work synergistically and function at 
longer intervals, perhaps with longer lasting 
effects. Our data support a general hypoth- 
esis that glutamate is the major fast excita- 
tory neurotransmitter that controls not only 
the neuroendacrine system but also other 
hypothalamic regions as well. 
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A Borna Virus cDNA Encoding a Protein Recognized 
by Antibodies in Humans with Behavioral Diseases 

Borna disease virus (BDV) causes a rare neurological disease in horses and sheep. The 
virus has not been classified because neither an infectious particle nor a specific nucleic 
acid had been identiiied. To identify the genome of BDV, a subtractive complementary 
DNA expression library was constructed with polyadenylate-selected RNA from a 
BDV-infected MDCK cell line. A clone (B8) was isolated that specifically hybridized to 
RNA isolated from BDV-infected brain tissue and BDV-infected cell lines. This clone 
hybridized to four BDV-specific positive strand RNAs (10.5, 3.6, 2.1, and 0.85 
kilobases) and one negative strand RNA (10.5 Mobases) in BDV-infected rat brain. 
Nucleotide sequence analysis of the clone suggested that it represented a full-length 
messenger RNA which contained several open reading frames. In vitro transcription 
and translation of the clone resulted in the synthesis of the 14- and 24-kilodalton 
BDV-specific proteins. The 24-Modalton protein, when translated in vitro from the 
clone, was recognized by antibodies in the sera of patients (three of seven) with 
behavioral disorders. This BDV-specific clone will provide the means to isolate the 
other BDV-specific nucleic acids and to identify the virus responsible for Borna 
disease. In addition, the significance of BDV or a BDV-related virus as a human 
pathogen can now be more directly examined. 

ORNA DISEASE IS AN INFECTIOUS 

neurological disease that occurs spo- 
radically in horses and sheep in Cen- 

tral Europe (1). Brain homogenates from 
infected animals can be used to infect a large 
number of animal species, from rodents to 
nonhuman primates (2-4). Studies in rats 
have shown that the agent is highly neuro- 

virulent and invades the brain from periph- 
eral sites by axonal transport (2) .  It repli- 
cates in specific groups of neurons in the 
cerebral cortex and causes biphasic behavior- 
al disease; the short-term effects of Borna 
disease include aggression and hyperactivity, 
and the long-term effects include apathy and 
eating disorders (3). In tree shrews (Tupaia 
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