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The mammalian circadian pacemaker of the suprachiasmatic nucleus (SCN) is entrained to the environmental light-dark cycle via a retinal 
projection, the retinohypothalamic tract (RHT). Several studies suggest that an excitatory amino acid, possibly glutamate, is involved in photic 
entrainment. However, it has not yet been established whether glutamate is a transmitter of the RHT itself. We have now identified terminals of 
the RHT in the SCN of brown Norwegian rats by intravitreous injections of horse radish peroxidase conjugated to cholera toxin. To detect 
glutamate immunoreactivity (IR), post-embedding immunocytochemistry was performed with polyclonal antibodies which were visualized for 
electron microscopy with colloidal gold particles. Retinal terminals had a significantly 82% higher glutamate-IR than their post-synaptic 
dendrites and a significantly 76% higher glutamate-IR than non-retinal terminals. These observations provide ultrastructural evidence that 
glutamate is a transmitter of the RHT. 

INTRODUCTION 

The retinohypothalamic tract (RHT) is a direct reti- 
nal projection from the eyes to the hypothalamus t8'19. 

The RHT projects to the anterior, retrochiasmatic and 
lateral hypothalamic area in both hamster and rat 8'1°'24. 

Most densely innervated is the suprachiasmatic nucleus 

(SCN) which is the central pacemaker for the genera- 

tion of circadian rhythms in behavior and physiology in 

mammals ~3. The SCN generates rhythms of ~ 24 h, 

which can be entrained to the environmental l ight-dark 
cycle via the RHT. 

Several experiments suggest that excitatory amino 
acids (EAAs) are involved in photic entrainment. The 

release of glutamate and aspartate in the SCN of brain 
slices increases after optic nerve stimulation n. Intracel- 

lular recordings in SCN neurons in brain slices have 

shown that antagonists of EAAs block the excitatory 
post-synaptic potentials (EPSPs) induced by optic nerve 
stimulation 9. Behavioral experiments with glutamate 

and antagonists of EAAs also point to a role for 
glutamate in photic entrainment of circadian rhythms. 

The phase-shifting effects of light can be blocked by 

antagonists of EAAs 2'3 while glutamate 12 but not 

aspartate 4 injections into the SCN can phase-shift the 

circadian rhythm. Antagonists of EAAs can also block 

the immediate-early gene expression in the SCN 1 in- 
duced by photic stimulation 25. Moreover, injections of 

agonists of EAAs into the SCN can mimic the effects 
of light on melatonin production 21,29. While these ex- 

periments indicate that EAAs are involved in the 

transmission of photic information, it has not yet been 

clarified whether EAAs are transmitters of the RHT 
itself. 

Since in the hamster at least some of the RHT 

fibers are collaterals of the optic axons innervating the 
lateral geniculate nucleus 23, it is of interest that gluta- 

mate has also been proposed as a transmitter of retinal 

terminals in primary visual centers. Retinal fibers in 

the tectum and different parts of the pretectum includ- 
ing the nucleus of the optic tract (NOT) in the pigeon 6,7 

and retinal terminals in the NOT in the rabbit 2° show 
glutamate-like immunoreactivity (IR). In the cat 16 and 

the macaque monkey 17, retinal terminals in the lateral 

Correspondence: M.J. de Vries, Department of Physiology, Faculty of Medicine, University of Leiden, P.O. Box 9604, 2300 RC Leiden, The 
Netherlands. Fax: (31)(71)276782. 



232 

Fig. I. Ncuropil of the SCN in which retinal terminals (R) can be identified by the GSSP-intensified DAB precipitate (arrows in Fig. IA). Retirml 
terminals are characterized by spherical vesicles, dense core vesicles (dcv) and electron-lucent mitochondria (I) in contrast lo the electron-dense 

mitochondria (d) of the other structures in the neuropil. Retinal terminals form asymmetric synapses (arrows in Fig. I B). Bars. (I.5 ~xrn. 

geniculate nucleus were described as glutamate posi- 
tive. Recently, van den Po132 showed glutamate-lR in 
pre-synaptic axons in the SCN of the rat but it was 
unclear whether these axons were of retinal or non-ret- 
inal origin. To identify retinal terminals at the ultra- 
structural level, we have labeled retinal ganglion cells 
in brown Norwegian rats by intravitreous injections of 
horseradish peroxidase conjugated to cholera toxin. 
Post-embedding glutamate immunogoid-labeling re- 
vealed glutamate-lR in retinal terminals, which showed 
increased immunogold-labeling in comparison to the 
labeling of adjacent profiles in the SCN. This observa- 
tion suggests that glutamate is stored as transmitter in 
terminals of the RHT. 

M A T E R I A L S  A N D  M E T H O D S  

Under  pentobarbital anaesthesia four male brown Norwegian 
rats were bilaterally injected in the vitreous of the eyes with 8 txl of 

0.1% horseradish peroxidase conjugated to cholera toxin, /3-subunit 
(CT-HRP, List Biological Laboratories, USA). After a survival pe- 
riod of 65-70 h, the animals were reanaesthetized. Two rats werc 
transcardially perfused with 100 ml 0.1 M sodium cacodylate buffer 
with 0.9% NaCI (pH 7.4), followed by 75l)-1l)00 ml of a 5 ~  glu- 
taraldehyde solution in 0.08 M sodium cacodylate buffer (pit  7.4). 
The two other animals were perfused with 100 ml 0.1 M phosphate 
buffer with 0.9% NaCI (pH 7.4) followed by 750 1000 ml of 2% 
glutaraldehyde and 2% paraformaldehyde in 0.1 M phosphate  buffer 
(pH 7.4). The brains were removed and additionally fixed for 15 min 
in the perfusion solution in a microwave oven (40°C, 350 W). Trans- 
verse sections (50 ~,m) were made on a vibratome. 

CT-HRP was visualized for electron microscopy (EM) using di- 
aminobenzidine (DAB) as chromogen. Sections were washed three 
times in 0.05 M Tris-buffered saline (TBS, pH 7.6) and incubated 
with 0.05% DAB in 0.05 M Tris buffer (pH 7,6) supplemented with 
0.01% H 2 0  z for 20 rain. Sections were rinsed in TBS and the DAB 
reaction product was gold-intensified with the gold-substituted silver 
peroxidase (GSSP) method of van den Pol and G6rcs ~. Subse- 
quently, sections were post-fixed in 1% osmium tetroxide and 1.5% 
potassium ferrocyanide in 0.1 M sodium cacodylate buffer (pH 7,4) 
for 20 min, dehydrated in ethanol and placed for 15 rain in acetone, 
ace tone :Epon  812® l :1 ,  and Epon, respectively. Finally, they were 
flat imbedded in Epon at 60°C for 48 h. 

Polymerized sheets were first used to study the light microscopic 
distribution of labeling in the SCN. Then,  the labeled SCN was 

Fig. 2. A: Two retinal terminals (R) making synaptic contacts with a dendrite (arrows). B: Retinal terminal (R) double-labeled with 
GSSP-intensified DAB precipitate (arrows) and 15-nm immunogold particles (arrow heads) indicating glutamate-IR. G, glial process. C: Retinal 
axon (R) with glutamate-IR. D: Glutamate-IR in a retinal terminal (R) that forms an asymmetric synapse (arrow) with a dendrite (den) that is 

almost free of glutamate-lR.  A second dendrite (den), adjacent to the retinal terminal also demonstra tes  glutamate-lR.  Bars, (I.5 tzm, 
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selected, cut out and mounted with cyanolyte on pre-polymerized 
Epon blocks. Ultrathin sections were cut on a Reichert Ultracut 
microtome and collected on formvar-coated golden grids. Sections 
were cut at different levels of the nucleus in anterior-posterior 
direction. 

In one animal, every third vibratome section was treated with the 
chromogen tetramethylbenzidine (TMB) to visualize the CT-HRP for 
light microscopic inspection 14. The sections were rinsed in 0.1 M 
sodium acetate buffer (pH 3.3). After pre-incubation with 0.005% 
TMB, the sections were incubated for 20 min with 0.005% TMB 
containing 0.01% H20 2. Then, they were rinsed in sodium acetate 
buffer (pH 3.3), mounted on gelatinized slides, stained with Cresyl 
violet, dehydrated and coverslipped. For post-embedding glutamate 
immunochemistry, the on-gold grid incubation was as follows: ultra- 
thin sections were etched for 7 min in freshly made 1% periodic acid, 
rinsed three times in double-distilled water, etched for 7 min in 1% 
sodium metaperiodate (freshly made) and rinsed three times in TBS. 
Grids were incubated for 90-120 min with a glutamate antibody 
(1:800-1000) in TBS supplemented with 0.8% BSA, 0.1% gelatin 
IGSS, 2 mM sodium azide, 1% normal goat serum and 0.5% Triton 
X-100. The grids were rinsed six times in TBS enriched with BSA, 
gelatin and sodiumazide. Subsequently, the grids were incubated 
with the secondary goat anti rabbit antibody conjugated to 15-nm 
colloidal gold particles (GAR 15 nm, Amersham) (1:30) in the 
enriched TBS for 60-90 min to visualize immunoreactive profiles for 
EM. In a few experiments, grids were incubated with 10-nm im- 
munogold particles (GAR 10 nm, Amersham) (Fig. 3). The grids 
were rinsed three times in TBS and three times in distilled water, 
contrasted with uranyl acetate and lead citrate and examined with a 
Philips EM 201. 

Fabrication and specificity of the glutamate antibody has been 
described before z°. In short, polyclonal antibodies were obtained 
from rabbits after immunization with a conjugate of glutamate glu- 
taraldehyde and thyroglobulin. In cross-reaction checks for amino 
acids, only aspartate and GABA were recognized by the antibody, 
with a cross-ratio of 1 : 200. EM inspection revealed that tissue from 
animals treated with both fixatives (5% glutaraldehyde or a mixture 
of 2% glutaraldehyde and 2% paraformaldehyde) had an excellent 
structural preservation and immunogold-staining. The detectable 
amount of immunoreactivity was similar after both procedures; 
therefore, we did not discriminate between results from both fixa- 
tions. There was almost no background immunogold reactivity in 
non-tissue parts such as the lumen of blood vessels. Immunogold 
reactivity was absent if the first antibody was omitted during the 
immunocytochemical procedures. 

RESULTS 

A l t h o u g h  it is diff icult  to de tec t  D A B  light micro-  

scopical ly in re t ina l  f ibers  and  t e rmina l s  in the  SCN, 

af te r  the  G S S P  e n h a n c e m e n t  the  go ld- in tens i f ied  D A B  

reac t ion  p roduc t  could  easi ly be  r ecogn ized  as a dense  

p rec ip i t a t e .  A c o m p a r a b l e  p a t t e r n  of  labe l ing  dis t r ibu-  

t ion in the  SCN was found  af te r  T M B  cytochemis t ry  or  

a f te r  GSSP- in t ens i f i ed  D A B  t r ea tmen t .  In the  ros t ra l  

SCN, labe l ing  was found  in the  vent ra l  pa r t  of  the  

nucleus  l ining the  opt ic  chiasm. In the  midd le  and 

cauda l  SCN, dense  labe l ing  was also p re sen t  a long the  

ven t ro - l a t e ra l  and  dor so - l a t e ra l  side of  the  nucleus  

while  a lmost  no labe l ing  was found  in the  do r so -med ia l  

pa r t  of  the  SCN (da ta  not  shown). 

The  GSSP- in tens i f i ed  D A B  reac t ion  p roduc t  was 

seen  as an e lec t ron  dense  i r regular ly  shaped  prec ip i -  

ta te  of  gold  d i s t r ibu ted  t h roughou t  re t inal  t e rmina l s  

(Figs.  1A, 2B) and axons (Fig. 2C). L a b e l e d  t e rmina l s  

were  cha rac t e r i zed  by large mi tochondr i a  with a swollen 

e l ec t ron- lucen t  matr ix,  in con t ras t  to the  e l ec t ron -dense  

mi toc hond r i a  in o the r  s t ruc tures  of  the  neuropi l ,  such 

as in dendr i t e s  and  un l abe l ed  non- re t ina l  t e rmina l s  

(Fig.  1A,B). Bes ides  n u m e r o u s  spher ica l  synapt ic  vesi- 

cles, dense  core  vesicles were  also found  in the  re t ina l  

t e rmina l s  (Figs. 1A, 3A). Synapses  were  most ly  asym- 

metr ic ,  with a thick pos t - synapt ic  densi ty  (Figs. 1B,2A). 

Mos t  re t ina l  t e rmina l s  were  i so la ted  in the  neurop i l  

but  some were  a r r a n g e d  in g lomeru lus- l ike  clusters.  

These  a r r a n g e m e n t s  were  of ten  su r rounde d  by as- 

t rogl ial  processes .  Re t ina l  t e rmina l s  con tac t ed  den-  

dr i tes .  Di rec t  contac ts  with somata  were  not  observed.  

A f t e r  immunocytochemis t ry ,  to ident i fy  g lu tamate -  

IR,  the  spher ica l  gold par t ic les  (with a d i a m e t e r  of  10 

or  15 nm)  which were  coup led  to the  second  an t ibody  

could  easi ly be  d i s t inguished  from the GSSP- in tens i -  

f led D A B  reac t ion  p roduc t  (Fig. 2B). In ident i f ied  

re t ina l  t e rmina ls ,  the  densi ty  of  immunogo ld  par t ic les  

was h igher  than  in the i r  pos t - synapt ic  dendr i t e s  or  

non- re t ina l  t e rmina l s  (Figs.  2, 3). To c o m p a r e  this 

d i f fe rence  quant i ta t ively ,  50 r andomly  se lec ted  micro-  

g raphs  of  C T - H R P - l a b e l e d  re t ina l  t e rmina l s  (magnif i-  

ca t ion  41,000 × ) were  s tudied.  Wi th  a s emi -au toma t i c  

measu r ing  system (Videop lan  Kont ron) ,  the  surface 

a rea  of  105 re t inal  te rminals ,  27 pos t - synapt ic  den-  

dr i tes  and  53 non- re t ina l  t e rmina l s  p re sen t  in the  mi- 

c rographs  was d e t e r m i n e d .  W e  also c oun t e d  the num- 

be r  of  immunogo ld  par t ic les  in each of  these  s t ruc tures  

and  ca lcu la ted  the  n u m b e r  of  gold par t ic les  pe r  square  

/zm. Re t ina l  t e rmina l s  showed 82% more  gold par t ic les  

p e r  uni t  a r ea  (~ = 5 . 7 3 / ~ m  2, S.E.M. = 0.46) than  the i r  

pos t - synapt ic  dend r i t e s  ( 3 .15 / / zm 2, S.E.M. = 0.66, P < 

0.01, two-s ided  S tuden t ' s  t - test)  and  76% more  gold 

p a r t i c l e s  than  n o n - r e t i n a l  t e r m i n a l s  ( 3 . 2 5 / ~ m  2, 

S.E.M. = 0.43, P < 0.001). A p a r t  f rom re t inal  te rmi-  

nals, with a s ignif icant ly high g lu t a ma te - IR ,  occasion-  

ally high g l u t a m a t e - I R  was found in non- re t ina l  t e rmi-  

nals  (Fig. 3A). Somata  of  SCN neurons  were  cha rac te r -  

Fig. 3. A: Glutamate-IR in retinal terminals (R). Glutamate-IR is also present in a non-retinal terminal (non R). This specimen is treated with 
10-nm immunogold particles, which results in a more delicate immunogold-labeling than that demonstrated in Figs. 2 and 3B. dcv, dense core 
vesicle. B: Retinal terminal (R) with increased glutamate-IR making an asymmetric contact (arrow) and an astroglial process (G) with almost no 
glutamate-IR. Note that the glutamate-IR in the retinal terminal is increased relative to the labeling of adjacent profiles of similar dimensions. 

Bars, 0.5/.Lm. 
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ized by large numbers of immunogold particles while 
astroglia and their processes had very low glutamate-IR 
(Figs. 2B, 3B). 

DISCUSSION 

In this paper, we describe glutamate-IR in terminals 
of the retinohypothalamic tract in the SCN of the 
pigmented rat. Retinal terminals showed a significantly 
higher glutamate-IR than their post-synaptic dendrites 
and non-retinal terminals. Retinal terminals were un- 
equivocally identified by anterograde-labeling with in- 
travitreous injections of CT-HRP. In one animal, TMB 
was used as chromogen to detect CT-HRP-labeling at 
the light microscopic level. In this animal, we found the 

same distribution of labeling as in tissue treated with 
DAB. Heavy labeling was found in the ventral and 
lateral SCN while the dorso-medial part of the nucleus 
was almost devoid of labeling. This distribution is con- 
sistent with the distribution of RHT terminals previ- 
ously described for the rat by Johnson et al. s 

We used DAB as chromogen for EM and intensified 
the reaction product with gold, according to van den 
Pol and G6rcs 3~. Hereby, an electron-dense irregularly 
shaped gold precipitate was formed that could very 
well be distinguished from the immunogold particles 
conjugated to the second antibody. The CT-HRP- 
labeled retinal terminals showed all the characteristics 
of retinal terminals that were described for the rat in 
detail by GiJldner 5. Most of the terminals formed 
asymmetric (Gray type 1) synapses and contained 
spherical vesicles. 

High glutamate-IR in itself does not prove that 
glutamate is related to neurotransmission. It is also 
possible that increased glutamate-IR represents a high 
level of protein synthesis a n d / o r  other metabolic pro- 
cesses. However, high glutamate-IR has been corre- 
lated with high-affinity radiotabeled glutamate uptake 
sites 2~'3°. Moreover, axons and terminals for which 
neuropharmacological evidence indicates they are pre- 
sumably glutamatergic show a high glutamate-IR t6'2°. 
After depletion of the metabolic glutamate in neuronal 
cell bodies in hippocampal slices, the axon terminals 
were still glutamate-IR 22 and in cerebellar slices puta- 
tive glutamatergic terminals lost most of their gluta- 
mate-IR after depolarization 27. In our study, retinal 
terminals displayed a 76% higher glutamate-IR com- 
pared with non-retinal terminals and a 82% higher 
glutamate-IR compared with their post-synaptic den- 
drites. It is most likely that this increased glutamate-IR 
is related to a transmitter function. 

The glutamate-IR that was present in non-retinal 

terminals and post-synaptic dendrites might be related 
to metabolic processes. Consistent with other studies in 
which antibodies to glutamate were applied (see Ref. 
32), we found a high glutamate-IR in neuronal somata 
and low glutamate-lR in astroglial cells and processes. 

High glutamate-IR in neuronal somata is probably 
related to protein synthesis. Although glia is thought to 
take up synaptically released glutamate 27, low gluta- 

mate-IR has been found in glial cells and processes 2v'-~2. 
Probably, a high glutamate/glutamine turnover is pre- 
sent in these cells. 

Occasionally, a large number of immunogold parti- 
cles was observed in non-retinal terminals. This might 
indicate the existence of non-retinal glutamatergic in- 
put to the SCN. Interestingly, in the SCN of brain 
slices, intracellular EPSPs evoked by electrical stimula- 

tion of sites lateral or dorso-caudal of the SCN could 
be depressed by antagonists of EAAs 9, which might 
also indicate the presence of other, non-retinal gluta- 
matergic input to the SCN. 

Several lines of evidence suggest that glutamate is 
involved in transmission of photic information to the 
SCN. Optic nerve stimulation releases glutamate and 
aspartate in the SCN of brain slices 11 while antagonists 
of EAAs depress the EPSPs induced by optic nerve 
stimulation in such slices '~. Injections of glutamate into 
the SCN can phase-shift the activity rhythm ~2 and 
antagonists of EAAs can block light-induced phase- 
shifts 2'3. The c-los induction in the SCN by light 25 can 

also be blocked by antagonists of EAAs I. Injections of 
agonists of EAAs into the SCN can mimic the light-in- 
duced suppression of pineal N-acetyltransferase activ- 
ity 2~'29. Recently, van den Po132 described high gluta- 

mate-IR in axonal terminals in the SCN of the rat. 
However, the origin of these glutamate-lR axons was 
not determined. Our double-labeling experiments re- 
ported here demonstrate glutamate-IR in retinal termi- 
nals in the rat SCN. While this observation suggests 
glutamate storage as neurotransmitter, possible co-lo- 
calization with other transmitters can not be ruled out. 
The presence of dense core vesicles in retinal terminals 
suggests co-localization with neuroactive peptides. Glu- 
tamate might be co-localized with substance P since 
Takatsuji et al. 28 have described substance P-IR in 
retinal innervation of the SCN of the rat. Recently, 
N-acetylaspartylglutamate-IR (NAAG) was described 
in the RHT of the rat ~5. Whether NAAG is a major 
transmitter of the RHT or is co-localized with gluta- 
mate remains to be determined. However, the gluta- 
mate-IR in terminals of the RHT provides ultrastruc- 
tural evidence that glutamate is a possible transmitter 
of the RHT which mediates the effects of light upon 
the circadian pacemaker. 
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