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This is the final report on our research grant from the AFOSR to Stanford
University. May 1997 marked the end of 2 1 year no-cost time extension that allowed us to
complete work on our project that had been started during the previous three years. This
One Year extension Was very helpful, and because of this we were able to publish several
additional papers on the circadian clock in the hypothalamus, the suprachiasmatic uneleus

(SCN). .

- Major Findings.

During the period (19931997 of support from AFOSR, we completed many papers. Some
of those listed below deal exclusively with the subject of the c?mpcsal, the suprachiasmatic nucleus,
and some deal indirectly with issues relared to the circadian clock of traasmitters found in the SCN.

A cubstantial effort was invested in examining the two primary transmitters in the SCN,
gluramare, which is excitatory, and GABA, which is inhibitory. These two are particulatly
important because the primary i@nsut from the retina that phase-shifts the clock is glutamate, aud the
primary transmitter made by SCN cells themselves is GABA.

Tmmunocytochemistry, electraphysialogy, digital caleinm imaging, and molecular biology
was used to study GABA and glutamate in the SCN, and 1o stady how the other transmirers found
in the SCN can modulate release ar resporise to these two primary transmitters. One important
finding was that when plutamate and GABA receptors were blocked with specific antagonists, no

postsynaptic potentials could be found either in SCN slices or in SCN cultures. This suggests that

in the absence of glutamate and GABA, no other transmilter is by itself shows much synaptic
activity in the SCN. |
Glutamate plays a significant role in initiating phase shifts of circadian thythms.

Recent evidence suggests that both metabotropic and ionatropic glutamate receptors may influence

shifis. With electron mieroscopy, immunereactivity for different memhotropic GluRs was
found both pre- and postsynaptically in nevrons and in astzocytes. Using cDNA-PCR and
immunocytochemistry, we found that mRNA for all 8 metabotropic GluR genes that have been
cloned to date is expressed by SCN nzurons, including & new splice variant, mGluR7b. With whole
cell patch clarnp recording using a novel model of single self-innervating neurons, all three class of
mGluRs can be found in single SCN axons, and these presynaptic mGluRs modulave each other.

‘ Neurapeptide Y (NPY) is found in SCN innervation ansing from the thalamic -
intergeniculate leafler, a visual relay pathway. Injections of NPY into the SCN cause phase shifts in
behavior and electrical activity. Althongh in many other regions of the brain such as the
lﬂg&ocampus NPY has little effect on GARAergic nevrons, in the SCN a substantial depression of
GABA release was found, NPY reduced the amplitude and frequency of inhibitory postsynaptic
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currents (IPSCs) in SCN neurons, acting at Y1- and Y2-type receplors coexpressed in single SCN
axans. In the presence of tetrodotoxin, SCN axons still released GABA independent of action
poteatials, NI?Y reduced the frequency of miniatuse IPSCs in the presence of tetradotoxin,
supporting a presynaptic mechanism of action, NPY also reduced the frequency and amplitude of
slutamate-mediated excitatory postsynaptic currents in SCN slices, In developing SCN neurons,
NPY reduced GABA-mediated excitation and calcium rises, in part by a mechanism that may
involve protein Kinase A and cAMP modulatiap.

One interesting and nove] outcome of our data is that many of the transmitters of the SCN
exert their most striking effect not on the cell body, but rather on the 2xon terminal. In most cases,
the affect on the axon terminel was to reduce release of the axon's transmitter. The for
this was sometimes based on reducing the inflow of calcium ions, 2 necessary prerequisite for
trERSmitter release. Previons work on the SCN has focused on transmitter effects on the neuron cell
body. Our work supported by the Air Force is the first to find large effects of SCN transmiters that
act on axon terminals of the SCN acurons.

Relevance to the Air Force mission,

A significant problem to the Air Force is how o maintein human performance at peak
efficiency at times of the 24 hour day when performance is usually low, ingtance in the
mmiddle of the night. It bas been estimated that 65% of accidents involving airczaft may be dueto
human error, and human error is most likely at times of the day when sleep is usually occurring.
Part of this is due to the circadian clock in the brain that regulstes states of sleep and
wakefulness. Our work at the cellular level focuses on the mechanisms by which the internal
clock in the suprachissmatic nucleus can respond to aaturally deenrring substances in the brain
that undestie normal phase shifts. The next step will be to ask questions about how this
information can be tsed and adapted to provide potential chemicals that may aid iu phase shifting
the human biological elock, which would be of great bensfit to enhance performance without the
side effects of some of the drugs that enmently are used, for instance amphetamines.

This work is relevant to potential mechanisms of phase shifting of cirgadian chythms. An
intimate understanding of how single SCN neurons respond to agents that underlie phase shifang -
is leading to a better knowledge of how to accelerate phase shifting of the human circadian clock,
which would nitimately lead to an enhancement of performance under canditions of day-night

shifts in, work schednles and jet-lag. For instance, NPY can phase shift the circadian elock
substantially. Our data on NPY suggest that if can reduce transmitter release, acting by reducing
caleinm influx in the terminal. This suggests that one could potentially use 2 chemical similar to
NPY to phase shift circadian thythms o]t;rgilots or flight surgeons who are involved in sustained
operations over several days. Wheress NPY by itself does not cross the blaod brain bamier,

other newer NPY-like substances have just become available that do cross the blood brain

barrier, and would be able o get to the SCN. These substances should be available in the near
future, and may be of significant use in chemical facilitation of phase shifting to enhance
performance at times When humans would normally be sleeping, and qui:‘possibly without the
side effects of drugs now be used. Alternarely, drugs that act direetly on calcium channels (Hke
NPY does) may have the same effect as NPY, and would provide another route of drug

discovary for phase shifting the endogenous clock.

During this period of support, the following scientists worked on the
experiments,

Anthony N. van den Pol,PFhD
Andrei Belousw. PhD

Gong Chep, PhD

Vinh Cao
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Karl Obdetan, PhD
Pav) Franken PhD
Roger Mormisetts
Laure Hazk,PhD

Publications. Full length papers only. '

The following papers done hetween 1994 and 1997 acknowledged
AFOSR support. Some focus on the SCN (in bold), and others examine
related topics, but include information relevant to the SCN or fts

neurotransmitters.

van den Pol, A.N., and Trombley, P.Q. (1593) Glutamate neurons in hypothalamus
regulate excitatory transmission. Jousnal of Neuroscience 13: 2829-2336.

van den Pol, AN., 1. Hermans-Borgmeyer, M. Hofer, P. Ghosh, and S. Heinernaon
(1994) Jonotropic glutamate-receptor gene expression in hypothalamus: localization
of AMPA, kainate, and NMDA receptar RNA with in situ bybridization. Journal of
Comparative Neurology 343: 428-444.

van den Pal, AN., C. Decavel, K Bina, and P, Ghosh (1994) VGF expression
throughout the brain. Journal of Comparative Neurology 347: 455-469.

van den Pol, AN., L, Kogelman, P. Ghosh, P, Liljelund, and C, Blackstone ( 1994)
Developmental regulation of the hypothalamic glitamate receptor mGluR 1. Journal of
Neuroscience 14: 3816-3834.

van den Pol,A.N, (1994) Matabotopic glutamate receptor mGluR1 distribution and
gllu;assusgcmral localization in hypothalanms, Journal of Comparative Neurclogy: 345:

Romano, C., M.A.Sesma, CMacDonald, K,0Malley, AN, van den Pol and J,Olney
(1955) Distribution of metabotropic glutamate receptor mGluRS immunoreactivity in
rar brain, J. Comp. Neurology. 355: 455-469.

van den Pol, AN, K.Obrictan, V.Cao and PLTrombley (1995) Embryonic
gggothahmic expression of functional glutamate receptors Neuroscience: 67: 419-

Obrietan, K. and A\N. van den Pol (199S) Calcium hyperexcitability in neurons
Tlsﬂs%red with glutamate receptor blockade. Journal of Neurophysiology. 73: 1524-

van den Pol, A.N., J.P.Wuarin and F.E.Dudek (1995) Glutamate neurotransmission in
the neuroendocrine hypothalamus, In; Excitatory Amino Acids: Their Role in
E:Iu:oe%?c?nsi Funetion, Bdited by D.W.Brann and V. Mahesh. CRC Press, Beca
on, FL, 1-54..

Obrietan, K. and AN.van den Pol (1995) Developmental reversal of the role of GABA
in elevating and depressing Ca2+. Journal of Nemroscieace. 15: S065-5078.
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van den Pol,A-N. C.Romano, and P.Ghosh (1995) Metabotropic glutamate receptor
mGIuRS: subcelln]ar distribution and developmental expression in hypothalamus.
Journel of Comparative Neurology.362:134-150,

Chen,G., P.Q. Trombiey and AN.van den Pol (1995) GABA receptors precede
glutamnate receptors i hypothalamic development; differential regulation by
astrocytes. Journal of Neurophysiology.74:1473-1484.

Obrietan, K, ARelousov, H.C.Heller and A.N, van den Pol (1995) Adenosine pre- and
postsynaptic modulation of glutamate dependent calcium acGvity hypothalamic
neuvrons. Journal of Neurophysiclogy. 74:2150-2162.

Ramane,C., AN.van den Pol, and K.L.O'Malley (1996) Eubianced early
developmsntal expression of the metabotropic glutamate receptor, mGluRS in rat
brain: protien, A splice variants, and regional distribution.Journal of
Comparative Neurology, 367:403-412.

Obrictan,K., and AN.van den Pol (1996) NPY depresses GABA-
mediated calcium transients in developing suprachiasmatic nucleus
neurons: a novel form of calcium long term depression. J,
Neurosci.16: 3521-3533,

van den Pol,AN., G.J.Strecker, F.E.Dudek (1996) Excitatory and
inhibitory amino acids and synaptic transmission in the
snprachiasmatic nucleus. Progress in Brain Research. 111: 41-56.

van den Pol A.N., A Belousov, K.Obrietan (1996) Glutamate hyperexcitability and
seizure-liks activity throughout brain 2nd spinal cord upon relisf from glutamate
receptor blockade in vitro. Neurosci.,74; §53<674,

Chen,G., P.Trombley, and A.N.van den Pol (1996) Excitato:y actions of GABA in
developing neurons. Journal of Physiology (Lond.) #94: 451-464.

van den PoLLAN., Obrietan K, Chen G (1996) Excitatory effects of GABA after
neuronal traurna. Journal of Neuroscience. 16: 42834292,

Obrietan, K., and A.N.van den Pol (1996) Growth cone calcium rise by GABA.
Journal of Comparative Neurelogy, 372; 167-175.

van dea Pol, AN, V.Cao, and A.Belousov (1996) Dopamine modulztion of glutamate-regulated
galcium and electrical activity in hypothalamic neurons. Joumal of Neuroplysiology, 76:
934-3948.

van den Pol,A,N., K.Obrietan, G.Chen, and A.Belousov (1996) NPY
mediated long term depression of excitatory activity in sugrachiasmatic
nucleus neurons. Journal of Neuroscience, 16: 5883-5895,

Chen,G. and A.N. van den Pol (1996) NPY Y1. and Y2-.like receptors
coexist in pre- and postsynaptic sites: inhibition of GABA release in
glsgllalto%galf-innemting SCN neurons. Journal of Neurosclence 16:

Haak,L., H.C.Heller, and A.N.van den Pal (1997) Metabotropic
glutamate receptar activation modulates kainate and serotonin caleium
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* regponse in astrocytes. Journal of Neoroscience 17: 1825-1837,
(stodied in suprachigsmatic mucleus astrocytes)

Belousov,A., and A.N.van den Pol (1997) Local synaptic release of
glutamate from neurons of the rat hypothalamic arcuate aucleus. Journal
of Physiology (Lond.), 499: 747-761,

van den Pol,AN. (1997) GABA immunoreactivity in hypothalamic neurons
and growth cones in early development in vitro priot to synaps¢ formaton.
Journal of Comparative Neurology, In press.

Chen,G. and A.N.van den Pol (1997) Adenosine modulation of
calcium currents and presynaptic inhibition of GABA release
in snprachiasmatic and arcuate nnclets neurons.
J.Neurophysiol., In press.

Ghosh,P.K., N.Baskaran, and A.N.van den Pol (1997) Developmentally
regulated %v.ne expression of all eight metabotropic ghitamate receptors
in hypothalamic SCN and arcuate puclei-, Develop.Brain Res. In

press.

+ 18 abstracts (not listed)
The papers above cited AFOSR support. Most are relevent to the SCN.

Lectures.
During the course of this application, the PI was invited to give lectures on the topic of the

results of this grant ar the following places:

Dantmouth College, New Hampshire

Gordon Conference, Vermont

Netherlands Brain Research Institute, Amsterdam, Holland
Yale University, Connecticut

Smith College, Mass.

Swnford Upiversity, Calif.

Cologado State Univ. Fort Collins, Cole.

Data was also presented at the national meeting of the Society for Neuroscience in
Miami, Florida

Washington, DC

San Diego, Calif.

No patents were filed (1993-1997).




