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Abbreviations 

suprachiasmatic nucleus SCN 

2-deoxy-D-glucose 2DIG 

vasoactive intestinal peptide VIP 

peptide histidine isoleucine PH[I 

arglnlne vasopressln A¥IP 

retinohypothalamic tract RI-IT 

artificial cerebrospinal fluid aCSF 

lateral cerebral ventricle LC:V 
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Summary 

1t is known that in mammals the SCN includes a circadian oscillator. 1t 

was shown in our laboratory that the SCN had an important role in the 

regulation of plasma glucose concentration; bilateral lesions of the SCN 

eliminated the hyperglycemia due to intracranial injection of 2DG. 

Furtherrnore, from the evidence that the 2DG-hyperglycemia was 

temporarily and perrnanently suppressed in surgically and cong印刷ly

blind rats with abnorrnal SCN , respectively , Vl/e speculated that the 

neurons receiving the retinal neural input in the SCN might be involved 

in the hyperglycemic response to intracranial i吋ection of 2DG. On the 

other hand, it is known that the neurons containing V1P-like 

immunoreactive substance have synaptic contact with the RHT from the 

retinal ganglion cells. Accordingly , 1 examined whether VIP is involved 

in the central regulation of the SCN in the pla.sma glucose concentrations. 

Consequently, 1 found that in surgically blind. rats VIP-neurons in the 

SCN were dispersed and invaded to neighbors during the period when the 

hyperglycemia due to 2DG was temporarily suppressed, but that the 

neurons became tightly packed again when the hyperglycemic response 

was restored. From these results , it was considered that VIP-neurons in 

the SCN might has an essential role in the hyperglycemic response to 

2DG. Furthermore , I also found that VIP enhanced synergistically 2DGｭ

hyperglucagonemia as well as 2DG-hyperglycemia, and that a V1Pｭ

antagonist inhibited both the 2DG-hyperglycemia and 2DG-

hyperglucagonemia. Furtherrnore, 1t was found in our laboratory that 

intracranial i吋ection of 2DG elicited increase in the neural activities of 

the sympathetic efferents to the pancreas , liver and adrenal , but that , the 

increase of sympathetic nerve activity of adrenal efferents in response to 

2DG was eliminated by bilateral lesion of the SCN. 1n this connection, 1 

found that in normal rats the increase of sympathetic nerve activity by 
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2DG was enhanced by intracranial injection of VIP. These findings 

suggest that VIP included in the SCN acts as an endogenous modulator 

that enhances 2DG-hyperglycemia through regulation of sympathetic 

nerve act1vltles. 

On the other hand , it was found that the SC:N might have a role in the 

regulation of body water balance; in congenitally blind rats with 

abnorrnal SCN the increase of the plasma A VP concentration induced by 

24 hours water-deprivation was eliminated. In this study, 1 found that 

bilateral lesions of the SCN lowered the increase in the plasma A VP 

concentration induced by 24 hours water-deprivation and intraperitoneal 

injection of hypertonic saline. Furtherrnore, 1 also found that intracranial 

injection of VIP enhanced the increase in the plasma A VP concentration 

after intraperitoneal injection of hypertonic saline, but that injection of 

VIP-antagonist suppressed it. These results a1so suggest that VIP-neurons 

of the SCN have a role to facilitate the increase of the plasma A VP 

concentration by hypertonic challenge. 

Finally , 1 observed that central administration of A VP suppressed 2DGｭ

hyperglycemia, but that administration of an J.ﾅ.. VP-antagonist enhanced it. 

These findings suggest that in the brain A VP has a role in suppressing the 

plasma glucose concentration, that is counteraction to VIP. Thus it can be 

concluded that A VP-neurons existed in the SCN is involved in the 

regulation of glucose metabolism. 



General Introd uction 

In mammals , the SCN works as a master oscillator of the circadian 

rhythms , and that they are synchronized by a light-dark cycle with a 

period of about 24 hours through direct and indirect projections from the 

retina. 1t was shown in our laboratory that the hyperglycemic response 

and increase of sympathetic nerve activity to 2DG was eliminated by 

bilateral lesions of the SCN. Furthermore, it v/as also shown that the 

hyperglycemic response to 2DG was temporaIily suppressed during 4 to 

6 weeks after bilateral orbital enucleation , but that 2DG-hyperglycemia 

was not observed in congenitally blind rats with abnormal SCN. ln 

mammals , glucose is usually used as a sole energy source in the brain. 

2DG is a derivative of glucose that inhibit glucose metabolism through 

inhibition of glucose uptake into cells by glucose transporters and 

phosphoglucoisomerase activity after its conversion to 2DG-6-phosphate. 

Therefore , 2DG causes glucopenia after injection into the brain and thus 

leads to energy deficiency in the brain. To overcome this crisis , animal 

increases the blood glucose level (hyperglycernic response) through the 

elevations of the blood glucagon and adrenaline levels and the suppression 

of the increase in the blood insulin level depending on the increase of 

sympathetic nerve acti vity. Thus , our findings suggested that the SCN 

neurons receiving retinal inputs might be responsible for this 

hyperglycemic response through the sympathetic nervous system. Based 

on histological studies , it was reported that the neurons containing VIPｭ

like immunoreactive substance (VIP-neurons) in the SCN had synaptic 

contacts with the axons of retinal ganglion cells. This prompted me to 

examine the role of VIP-neurons in the SCN in the hyperglycemia and 

increase of sympathetic nerve activity to 2DG. ln this study , 1 compared 

in surgically blind rats the change of the localization of the VIP-neurons 

of the SCN with the intensity of the hyperglycemic response to 2DG, and 
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studied the effects of intracerebroventricular i吋ection of VIP on the 

hyperglycemia and increase of sympathetic nerve activity induced by 

2DG. Furthermore, from the results that the increase of A VP level by 24 

hours water-deprivation was eliminated in congenital blind rats with 

abnormal SCN, it was suggested that the VIP-neurons in the SCN also had 

a role on regulation of plasma A VP level. A VP acts as an antidiuretic 

honnone in peripheral organs so that its plasrna concentration increases 

by such osmotic stimulations as water-deprivation and administration of 

hype口onic saline. Therefore , 1 examined the effects of bilateral lesions 

of the SCN and intracranial i吋ection of VIP in the increase of the plasma 

A VP level by osmotic stress. On the other hand, it is also known that the 

neurons containing A VP-like immunoreactive substance (A VP-neurons) 

exist in the SCN and that these neurons project so far as outside areas of 

the SCN. 百1US ， 1 examined the role of A VP in the central nervous 

system on the 2DG-hyperglycemia. These results are also included in this 

paper. 



Chapter 1 

Effect of orbital enucleation on glucose homeostasis and 

morphology of the SCN 

SU恥⑪も生RY

It was shown in our laboratory that in SCÌ'~-lesioned rats and blind 

hereditary microphthalmic rats with abnormal SCN, the hyperglycemic 

response to intracranial i吋ection of 2DG was not observed. 

Furthermore, it was also shown that in surgical blind rats the hyperｭ

glycemic response to 2DG was temporarily suppressed from week 4 to 6 

after blinding. In rats there are direct and indirect neural connections 

from retinal ganglion cells to the ventrolateral part of the SCN, in which 

the neurons containing VIP and PHI are included. From these findings , 1 

supposed that the neurons responsible for the hyperglycemic response to 

2DG were present in the SCN, that after blincling these neurons 

tempor紅ily lost such activity , and that this fu:nctional cha:nge was 

reflected in the morphology of the SCN, especially the neurons containing 

VIP and PHI. To investigate this possibility, 1 examined the 

mo中hological changes of the SCN by Nissl staining and 

immunohistochemical studies ¥vith anti-VIP and anti-PHI antibodies in 

surgically blinded rats , and analyzed the relationship between these 

morphological changes and the hyperglycemilc response to 2DG. After 

surgical blinding, the following changes was observed. (1) The optic 

chiasm became thinner. (2) The SCN became displaced rostrally. (3) 

The density of neurons in the middle to caudal part of the SCN , where the 

retinal ganglion cells projected, decreased markedly without change in 

cell number during the period when the hyperglycemic response to 2DG 

was temporarily suppressed after blinding. (4) the neurons containing 

VIP and PHI were distributed dispersively when the hyperglycemia to 
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2DG was temporarily suppressed, but these neurons are tightly packed 

when the hyperglycemia was observed. The first two changes seemed to 

reflect reduction of fibers and axon terminals from retinal ganglion cells 

and their innervation , respectively. The last t'NO changes were parallel 

with suppression of the hyperglycemic response to 2DG. The latter 

findings may ref1ect functional change of the neurons in the SCN that are 

responsible for the hyperglycemia due to 2DG , especially the containing 

VIP-and PHI-neurons . 
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1NTRODUCT10N 

1n mammals the SCN of the hypothalamus is established as a location of 

a circadian oscillator of behaviors, hormonal levels and enzyme activities 

and this oscillator is synchronized with a light--dark cycle with a period of 

about 24 hours [12 , 15 , 19, 25]. There is a direct neural input from 

retinal ganglion cells to the ventrolateral part ()f the middle to caudal part 

of the SCN [6, 11-13]. This neural pathway is called the reti-

nohypothalamic tract (RHT). The neurons containing V1P-or PH1-like 

immunoreactive substance are present in the ventrolateral part of the SCN 

where the axons of the RHT terminate [1 , 3, 4 , 22]. 1n rats , intracranial 

i吋ection of 2DG causes a time-dependent hyperglycemic response [17] 

and this response is eliminated by bilateral lesions of the SCN [28]. 

Furthermore , surgical blinding by bilateral orbital enucleation results in a 

tempor訂y suppression of the hyperglycemia induced by intracranial 

injection of 2DG from week 4 to 6 after blinding [31].ηlese temporary 

changes after blinding are similar to those observed after bilateral lesions 

of the SCN [28]. These findings suggest that the SCN contains the 

neurons that are responsible for the hyperglycemia caused by 2DGｭ

injection into the lateral cerebral ventricle and that the function of these 

neurons is tempor訂ily suppressed by orbital enucleation which causes 

loss of innervation by the retinal ganglion cells. These made me suppose 

that this functional suppression might be reflected in mo中hological

changes of neurons in the SCN. Thus , Nissl-staining 叩d

immunocytochemical staining with antisera against VIP and PH1 were 

used to examine the changes in morphology in relation to the 

hyperglycemic response to 2DG. 
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MA  TERIALS AND METHODS 

Animals 

Four-weeks司old and new bom male Wistar strain rats were used. Rats 

of both ages were di vided into 2 groups , bilateral orbital enucleation and 

control groups. Bilateral orbital enucleation ¥vas performed under ether 

anesthesia. After enucleation , the animals were housed in plastic cages in 

a room maintained at 24 :t 1 0 C and illuminated for 12 hours a day 

(0700h-1900h) by fluorescent light bulbs (80 lux). Food (type MF, 

Oriental Yeast Co. , Osaka) and water were given freely. New bom rats 

were kept with their own mothers until the age of 4 weeks , and then 

weaned. Technical eηors due to differences in staining conditions in the 

morphological study of the SCN were avoided by examining the effect of 

unilateral blinding. Unilateral orbital enucleations were also done in rats 

at 出e age of 4 weeks and 1 day. 

Administration 012DG and blood sampling 

In weeks 5 and 10 after bilateral orbital enucleation of 4 -weeks-old 

rats and in week 5 after blinding of l-day-old rats , a polyethylene cannula 

(PE-I0) was inserted into the right lateral cerebral ventricle (LCV) by 

the method of Altaffer et al. [2] under pentobarbital anesthesia. Another 

catheter made of silastic and polyethylene tubing (PE-50) was inserted 

into the right atrium of the heart by the method of Steffens [24]. Three 

days after cannulation , 60μmol of 2DG or saline, each in a volume of 30 

μ1 ， was i吋ected through the brain catheter into the LCV of rats deprived 

of food for 2-h. The injection was started 5 hours after the beginning of 

the subjective light period , which was detennined for each blind rat by 

monitoring the free-running circadian drinking rhythm. Blood samples 

(0.2 ml each) were coUected from the right atrium through the heart 

cannula 0, 30, 60, 90 min after the i吋ection. Food was withdrawn until 

the end of the experiment. 
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M easurement of plasma glucose concentration 

ηle plasma glucose concentration was measured by the glucose oxidase 

method with a Blood Sugar GOD Period Test Kit (Boehringer, 

Mannheim). 

Data and statistical analysis 

Data are expressed as means :t standard eπors of means. Statistical 

analysis was performed by Student's t-test. 

Histological examination 

Brain sectioning ---After the experiment on the effect of 2DG, rats were 

anesthetized with sodium pentobarbital (0.5 mg!kg) , and their brains were 

perfused first with 0.85 % N aCl solution containing 0.1 % sodium nitrite 

and heparin (1 U/ml) and then with Zamboni's fixative (2 0/0 

paraformaldehyde, 0.13 M phosphate buffer pH 7.4, 0.21 % picric acid). 

Colchicine (30μg/20μ1 saline) was i吋ected into the LCV of rats , and 2 

days later their brains were perfused with the above fixative. These 

brains were postfixed in the same fixative ovemight and then immersed 

in phosphate buffered saline containing 30 % sucrose for 2 days at 4 0 C. 

Then, brain sections with the thickness of 25μm thick mass were cut with 

a cryostat. These brain sections were used in successive order from the 

anterior to posterior for Nissl-staining and immunostaining with anti-VIP 

and anti-PHI antisera, respectively. In other vvords , these stainings were 

done on every 3 sections. Rats suffered unilat:eral orbital enucleation 

were killed by an overdose of sodium pentobarbital and their brains were 

perfused with the above fixative without injecting 2DG at the time 

co汀esponding to that when rats with bilateral orbital enucleation were 

killed. 

Nissl-staining ---Sections were stained with cresyl violet , and examined 

under a light microscope. 
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Immunostainings with anti-VIP and anti-PHI antisera ---Sections were 

stained by an immunocytochemical method [10]. For this , they were 

treated with phosphate buffered saline (PBS) containing 0.3 % Triton X-

100 at room temperature and incubated in PBS containing 1 % normal 

goat serum , 1 % bovine serum albumin and 0.3 % Triton X-IOO (solution 

A) for 3 hours at 4 oC. Then they were incubated with anti-VIP 

antiserum (Peptide Institute Inc. , Osaka) or an1:i-PHI antiserum (a gift 

from Dr. L. A. Frohman [7]) each diluted 1: 1000 with solution A for 2 

days at 4 oC. After washing with PBS , they were transferred to solution 

A , incubated in goat anti-rabbit IgG diluted 1: 1000 with solution A 

ovemight at 4 oc, washed with PBS , treated with solution A and 

incubated with rabbit PAP complex (ZYMED , Califomia) diluted 1: 1 000 

with solution A ovemight at 4 oC. Next, they were washed with PBS and 

50 mM  Tris-HCl (pH 7.4) , and immersed in substrate solution containing 

0.02 % 3,3'-diaminobenzidine, 0.0045 % H202 and 0.45 % 

(NH4)2Ni(S04)2・ 6H20 in 50 mM  Tris-HCl (pH 7.4). The reaction was 

terminated by transferring them to 50 mM  Tris-HCl (pH 7.4). Finally 

the sections were mounted on slides with 0.75 % gelatin solution, dried 

and examined under a coverslip by light microscopy. 

RESULTS 

Effect of blinding on the hyperglycemic response to 2DG 

Figure 1 shows the changes in the plasma glucose concentration after 

intracerebroventricular i吋ection of 2DG in the subjective light periods of 

control and blind rats in week 5 and 10 after a sham operation or 

bilateral orbital enucleation at the age of 4 weeks and in week 5 after 

blinding at the age of 1 day. As reported previously [31] , the 

hyperglycemic response to 2DG injection was significantly reduced in 

week 5 after blinding at the age of 4 weeks , but not in week 10 after 



blinding at the age of 4 weeks or in week 5 after blinding at the age of 1 

day. These findings confirm the existence of temporary suppression of 

the hyperglycemic response to 2DG in these surgically blinded rats. 

E汀ect of blinding on the morphology of the SC;N 

百le morphological changes of the SCN of blinded rats were examined 

by Nissl staining and immunocytochemical stainings. Figure 2 shows 

photomicrographs of immunocytochemical staining with anti-V1P 

antiserum of brain sections of normal control and rats in week 10 after 

blinding at the age of 4 weeks. 1n normal rats (Figs. 2a and 2b) , the 

neurons and nerve terminals with immunoreactivity to anti-VIP 

antiserum were not observed at the level of the anterior commisure (AC) , 

which is usually about 200μm anterior to the rostral tip of the SCN, and 

neurons containing V1P-like immunoreactive substance remain in the 

SCN. However, after bilateral orbital enucleation (Figs 2c and 2d) the 

neurons containing V1P-like immunoreactive substance were observed at 

the level of the AC. The neurons containing ¥lIP-like immunoreactive 

substance were also seen at the level of middle to caudal part of the SCN. 

These findings indicate that orbital enucleation caused rostral 

displacement of the SCN. To confirm these findings , the effect of 

unilateral orbital enucleation on the morphology of the SCN was 

examined. Figure 3 shows photomicrographs of cresyl violet staining of 

horizontal sections of brains of a normal rat , a rat with unilateral orbital 

enucleation (half blind) and a rat with bilateral orbital enucleation (blind) 

in week 5 after enucleation at the age of 4 weeks. The frontal edge of the 

bilateral SCN of normal rats and that on the ipsilateral side of the SCN to 

the enucleated eye of half blind rats were locat:ed within the arch formed 

by extensions of the rostral edges of the bilateral supraoptic nuclei (Figs. 

3a 初d 3b). However, the frontal edges of the bilateral SCN of the blind 

rat and of the contralateral SCN of the half blind rat extended over this 
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arch (Figs. 3b and 3c). Since the unilateral retinohypothalamic 

projection to the SCN preferentially (about 70 0/0) terminates in the 

ventrolateral part of the contralateral SCN in rats [5 , 6, 8, 11] , it was 

possible to examine the effect of the exclusion of the unilateral retina by 

comparing the morphologies of the ipsilateral and contralateral SCN. 

This comparison using unilateral orbital enucleation has the advantage 

that it minimizes the e汀or due to differences in staining conditions. 

Morphological changes in brain sections of rats with unilateral 

enucleation were found to be similar to those in rats with bilateral orbital 

enucleation on the contralateral side, whereas their morphology on the 

ipsilateral side was similar to that of normal control rats. Thus , 1 

examined the morphological changes in the SCN of rats with unilateral 

orbital enucleation. In this series of experiment 1 examined 2 groups of 

rats in week 5 and 10 after unilateral orbital enucleation (blinding) at the 

age of 4 weeks (these 2 groups are referred to as groups 4W -5W and 

4W-I0W, respectively). Figure 4 shows brain sections stained with 

cresyl violet and anti-VIP and anti-PHI antisera of rats of group 4W-5W. 

On comparison with the control (ipsilateral) side of the SCN , the 

following marked changes can be seen in morphology of the contralateral 

side of the optic chiasm and the SCN to the enucleated eye: 1)η1e optic 

chiasm became thin. 2) SCN neurons became located far more rostrally. 

3) In the middle to caudal part of the nonnal SCN, the area occupied by 

SCN-neurons and the cell numbers became reduced , but SCN-neurons 

seemed to extend to the same level in the caudal tip as in the ipsilateral 

SCN. 

Similar changes were observed in rats of group 4 W -1 OW and in rats in 

week 5 after unilateral orbital enucleation at the age of 1 day (this group 

is refeηed to as group of lD-5W) (Figs. 5 and 6). Tracings of 

sequential coronal section at 75μm-intervals of the SCN of rats of groups 
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4W-5W, 4W-I0W and lD-5W are shown in Figs. 7, 8 and 9, 

respectively. In these rats , the contralateral SC:N was displaced rostrally , 

and the area occupied by the SCN neurons became smaller in the middle 

to caudal pa口 than on the ipsilateral side. Gross observation of the SCN 

structure by Nissl-staining showed no significant difference in these 3 

groups of rats , except that the area occupied by the SCN cells in the 

middle to caudal part of the SCN was slightly ¥vider in group 4W -5W 

than in the other 2 groups. Therefore, I counted cell numbers and 

calculated cell densities in the SCN in these 3 groups of rats. Table 1 

shows numbers of cells in the ipsilateral and contralateral SCN. As these 

cell numbers were counted in one third of the brain sections , the actual 

cell numbers in the SCN must be roughly 3 tirnes more , and are thus 

consistent with reports that the unilateral SCN contains about 10,000 cells 

[11 , 14, 19]. 1 calculated the densities of SCN cells in each brain section 

and showed the results as ratios of densities in the contralateral SCN to 

those in the ipsilateral SCN in Fig. 10. 1n the rostral part, the 

contralateral SCN had higher density than the ipsilateral SCN in all three 

groups of rats. However, in the middle to caudal part, the contralateral 

SCN had a much lower density than the ipsilateral SCN in rats of group 

4W-5W, whereas in rats of groups 4W-I0W and lD-5W it had a lower 

density than the latter in some regions of the rniddle to caudal part of the 

SCN, but a higher density in other regions. 1n other words , in the middle 

to caudal part of the SCN contralateral to orbital enucleation , the relative 

density of SCN neurons was lower in group 4 V'; -5W than in group 4 W-

10W and 1D-5W. 

As mentioned previously , the RHT innervates the ventrolateral portion 

of the posterior three-quarters of the SCN [5 , 6, 8, 11] and the 

ventrolateral SCN has the neurons containing ¥'IP-and PHI-like 

immunoreactive substance [1 , 3, 4 , 7, 22]. Thus , I examined the SCN in 



these rats with unilateral orbital enucleation imn1unohistochemically with 

antibodies against VIP and PHI. The distribution of the neurons 

containing VIP-and PHI-immunoreactive substances in the SCN 

confirmed the dramatic changes in morphology of the SCN observed in 

brain sections stained with cresyl violet (Figs. 4-6). In addition , the 

results showed that the SCN neurons containing VIP-and PHI-like 

substances in the middle to caudal pa口 ofthe S~CN were more loosely 

packed in rats of group 4W-5W than in those of groups 4W-10W and 1D-

5W (Fig. 11). 

DISCUSSION 

Bilateral lesions of the SCN were found to eliminate the circadian 

rhythms of plasma corticosterone concentration [12] , locomotor activity 

and drinking behavior [25] in rats. It was also found in our laboratory 

that in rats the circadian rhythm of feeding disappears after bilateral 

lesions of the SCN [15]. Subsequent studies showed that , the SCN is a 

master circadian oscillator which synchronizes to light-dark cycle [14 , 

19]. In studies on whether time-dependency (photoperiodicity) in the 

hyperglycemic response due to intracranial injection of 2DG [17] 

disappears after lesions of the SCN , it was found that bilateral lesions of 

the SCN not only abolish this time-dependency , but also completely 

eliminated the hyperglycemic response itself [28]. It was also found that 

bilateral lesions of the SCN induced hyperinsulinemia under fasting 

conditions [26, 27 , 28] and hypoglucagonemia [29 , 30] , and that it 

eliminated the hyperglucagonemic response to 2DG [29] and enhanced 

glucose tolerance [27]. These findings indicate that neurons or neural 

fibers in the SCN or its vicinity are essential for the hyperglycemic 

response to 2DG and are involved in the mechanism of glucose 

homeostasis. 
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The circadian rhythms of blind rats are not synchronized with an 

environmentallight-dark cycle , but are free由running ， and these rats show 

a subjective time-dependent (photoperiodic) hyperglycemic response to 

intracranial injection of 2DG [31]: hyperglycemia is higher in their 

subjective light period than in their subjective dark period. However, 

from week 4 to 6 after bilateral orbital enucleation (blinding) the 

hyperglycemic response is temporarily suppressed and remarkable 

hyperinsulinemia is 0 bserved before 2DG i吋ection [31]. These findings 

in blinded rats are similar to those in rats with bilateral lesions of the 

SCN. The hyperglycemic response to 2DG was also shown to have 

disappeared or to be largely suppressed in congenital blind rats 

(hereditary microphthalmic rats) which have no optic nerve and have an 

abnormal SCN [16]; in these rats , the SCN contains fewer neuronal cells 

and occupies more space than that in control rats. As there is a direct 

neural connection between the retinal ganglion cells and the ventrolateral 

part of the SCN by the RHT [5 , 6, 8, 11 , 13], these findings suggest that 

the SCN neurons are essential for the hyperglycemic response to 

intracranial injection of 2DG, and that their neural activity is temporarily 

suppressed during week 4 to 6 after blinding. 百1erefore ， 1 wonder 

whether the functional changes of these SCN neurons involved in this 

hyperglycemic response might be ref1ected in changes in morphology of 

the SCN. Accordingly, 1 compared the effects of blinding on the 

hyperglycemic response to 2DG and the morphological structure of the 

SCN. 

In this study the following results were obtained: 1) ln rats blinded by 

bilateral orbital enucleation at the age of 4 weeks , the hyperglycemic 

response to intracranial i吋ection of 2DG was significantly suppressed 

after 5 weeks (Fig. 1 a) , but not after 10 weeks (Fig. 1 b). 2) ln rats 

blinded at birth , however, temporal suppression of the hyperglycemic 



response to 2DG was not observed 5 weeks after blinding (Fig. 1c). 3) 1n 

all groups of rats blinded unilaterally co汀esponding at times to those 

mentioned above, the structure of the SCN contralateral to the enucleated 

eye showed dramatic changes; that is , the SCN was markedly displaced 

rostrally , and the area occupied by Nissトpositive SCN cells and cell 

numbers in the middle to caudal part of the SCN were reduced (Figs. 2-

9). 4) However, the total cell numbers in the SCN did not seem to be 

changed by orbital enucleation (Table 1). 5) The cell density in the 

middle to caudal part of the SCN was significantly lower in rats of group 

4W-5W than in those of groups 4W-10W and lD-5W (Fig. 10), and cells 

containing V1P-and PH1-like immunoreactive substances in the middle to 

caudal part of the SCN were more loosely packed in the rats in group 

4W-5W than in those in the other two groups (4W-10W and 1D-5W) 

(Figs. 4-6 ,11). 

Considering the previous findings mentioned above , the parallelism that 

were observed between the temporary suppression of the hyperglycemic 

response to 2DG and the reduction in cell density in the middle to caudal 

p訂t of the SCN (especially that of the SCN neurons containing V1P-and 

PHI-immunoreactive substances) in the rats of group 4W-5W suggests 

that the neurons in the middle to caudal pa口 ofthe SCN are responsible 

for the hyperglycemic response to 2DG, and thus for glucose 

homeostasis. Furthermore, our findings suggest that these SCN neurons 

temporarily lose their neural activity during a certain period after the 

blinding. Moreover, the looseness of the packiing of VIP-and PHIｭ

positive cells found in the middle to caudal part of the SCN of the rats in 

group 4W-5W (Fig. 4) raises the possibility that the lack of innervation 

of these neurons from the retinal ganglion cells reduces their activity，加d

that these neurons containing VIP-or PHI-imrnunoreactive substances 

might be responsible for the hyperglycemic response to 2DG. These 
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possibilities are consistent with the following reported findings: 1) The 

RHT projects to the ventrolateral part of the middle to caudal part of the 

SCN [6, 11 , 13 , 14] and its neural fibers are in close contact with VIPｭ

immunoreactive dendrites in the SCN [18]. 2) Immunoreactivity to antiｭ

VIP antibody in fibers and terminals in the scr~ but not in perikarya 

increases 7 days after blinding [18]. (The authors suggested that this was 

due to inhibition of the release of VIP). 3) 百1e neurons located in the 

ventrolateral SCN receive only the excitatory input from the retinal axon 

[21]. 4) Electrical activity of neurons in slice preparations of the 

ventrolateral pa口 but not the dorsomedial pa口 ofthe SCN decreases 10 

days after bilateral orbital enucleation [20]. 

In this experiment, neonatal blinding did not suppress the 

hyperglycemic response to 2DG (Fig. 1 c). This finding was consistent 

with the morphological observation that the cell density of the middle to 

caudalpa口 ofthe SCN of these rats in week 5 (group lD-5W) was not 

less in the SCN contralateral to the enucleated eye than in the ipsilateral 

SCN (Fig. 10) and that the SCN cells were tightly packed in the 

contralateral SCN (Figs. 6 and 11). However, it is unknown why 

blinding at the age of 4 weeks temporarily suppresses the hyperglycemia 

due to 2DG , whereas blinding at birth does not. Y oung rats are generally 

thought to have more plasticity and the RHT has not yet fo口ned s ynapses 

with the SCN neurons on the day of birth [9 , 23] , so at this stage the SCN 

neurons involved in the hyperglycemic response may be innervated by 

other neurons whose dysfunction was not detected. Therefore , this 

difference in changes in the hyperglycemic response might be explained 

by differences in plasticity of new bom and 4-'Neek-old rats. Tightness 

of neuron packing is considered to depend on innervation , so the 

morphological differences 5 and 10 weeks after blinding at the age of 4 

weeks , could be due to loss of neural activity of the neurons responsible 
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for the hyperglycemic response in week 5 because of denervation from 

the retinal ganglion cells , and this reinnervation by neurons other than 

retinal ganglion cells , which restored their neural activity , and the 

hyperglycemic response in week 10. 
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Table 1. Summations of cell numbers of the ipsilateral and contralateral SCN to the 

enucleated eye in brain sections (1 of every 3 sections of 25μm thickness). 
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Fig. 1. Effect of 2・deoxy-D-glucose i吋ection into the lateral cerebral ventricle (LCV) 

on the plasma glucose concentration in blind rats in week 5 (a) and week 10 (b) 

bilateral orbital enucleation at the age of 4 weeks and in week 5 after bilateral orbital 

enucleation at the age of 1 day (c) and of co汀esponding control rats. 

Statistical analyse were done by the t-test (ぺ p<O.05; *へ p<O.Ol).
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Fig. 2. Photomicrographs of corona1 brain sections of control and blind rats 

immunohistochemically stained with anti-VIP antiserum. 

The rat was blinded by bilateral orbital enuc1eation at the age of 4 weeks and 

sacrificed at 10 weeks later. Arrows indicate the anterior commisure (AC) (a and b). The 

SCN neurons containing VIP-like immunoreactive substance were observed at the level 

of the AC in the blind rat (b), but not in the contro1 rat (a). The SCN neurons containing 

VIP-like immunoreactive substance were observed in more cauda1 parts in both normal 

and blind rats (c and d). (Bar = 500μm) 
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Fig. 3. Photomicrographs of horizontal brain sections stained with cresyl violet of a 

control rat (a) , a rat with unilateral orbital enucleation (b) and a rat with bilateral orbital 

enucleation (c) 5 week after blinding at the age of 4 weeks. 

In section b, the SCN contralateral to the enucleated eye is shown on the right side. (Bar 

= 500μm) 
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Fig. 4. Photomicrographs of coronal brain sections of a rat with unilateral orbital 

enucleation (group 4W -5W). 

Brain sections were stained with cresyl violet (a-d) , anti-VIP serum (e-h) and anti-PHI 

serum (i-l). Sections of the SCN contralateral to the enucleated eye are shown on the 

right side. (Bar = 200μm) 
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Photomicrographs of coronal brain sections of a rat after unilateral orbital 

enucleation (group 4 W -1 OW). 

Explanations are the same as for Fig. 4. (Bar = 200μm) 
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Fig. 6. Photomicrographs of coronal brain sections of a rat after unilateral orbital 

enucleation (group lD-5W). 

Explanations are the same as for Fig. 4. (Bar = 200μm) 
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Fig.7. Tracings of sequential coronal sections at 75μm intervals of the SCN in a rat 

with unilateral orbital enucleation (group 4 W -5W). 

The SCN contralateral to the enucleated eye is displaced rostrally. 
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Fig. 8. Tracings of sequential coronal sections at 75μm intervals of the SCN in a rat 

after unilatera1 orbita1 enucleation (group 4 W・ lOW).
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Fig. 9. Tracings of sequential coronal sections at 75μm intervals of the SCN in a rat 

after unilateral orbital enucleation (group lD-4W). 
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Fig. 10. 

(groups 4W-5W, 4W-10W and lD-5W). 

Cell densities are shown as ratios of the cell density (cell numbers/SCN occupied area) of 

the SCN contralateral to the enucleated eye to that of the ipsilateral SCN along the 

Cell densities of the SCN of rats with unilateral orbital enucleation 
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Fig. 11. Photomicrographs of coronal brain sections. Immunohistologically stained 

with anti-VIP and PHI antisera in the caudal p訂tof the SCN in the three groups of rat 

after unilateral orbital enucleation. (Bar = 100μm) 
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Chapter 2 

Regulation of plasma glucose concentration by VIP included in the SCN 

Sill仏1ARY

We have presented several lines of evidence suggesting that in rats the 

neurons in the SCN are involved in the regulation of glucose metabolism. 

It was clear that the SCN neurons containing '1IP-like immunoreactive 

substance make synaptic contact with the axons of retinal ganglion cells. 

Furthermore, it was shown in previous chapter that temporary 

suppression of the hyperglycemic response induced by 2DG from 4 weeks 

to 6 weeks after orbital enucleation were observed in parallel with 

morphological change of the SCN, especially those neurons containing 

VIP. From these results , 1 thought that VIP might be involved in 

regulation of glucose metabolism. To investigate this possibility , using 

rats 1 examined the effect of VIP injection into the lateral cerebral 

ventricle or the peritoneal cavity on the blood glucose level. On the other 

hands, intracerebroventricle i吋ection of 2DG caused increase of 

sympathetic nerve activity. From the results , it was suggested that the 

hyperglycemia caused by injection of 2DG was induced through the 

sympathetic nervous system. 1 also examined the effect of VIP on adrenal 

sympathetic nerve acti vity. 1 found that in rats intracranial i吋ection of 

VIP elicited hyperglycemia and hyperglucagonemia without 

hyperinsulinemia, although these responses showed no photoperiodicity, 

but intraperitoneal injection of the same dose of VIP had no effect on the 

plasma concentrations of glucose and insulin. lt was also found that 

intracranial injection of VIP increased adrenal sympathetic nerve activity. 

Furthermore, 1 examined the effect of intracranial injection of VIP and 

VIP antagonist on the hyperglycemia and increase of sympathetic nerve 

activity caused by 2DG. It was found that the hyperglycemia and the 
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hyperglucagonemia caused by 2DG were enhanced synergistically by coｭ

i吋ection of VIP without the hyperinsulinemia, and that pre-injection of a 

VIP antagonist suppressed the hyperglycemia and the hyperglucagonemia 

caused by 2DG and also that increase of sympathetic nerve activity 

induced by 2DG was enhanced by injection of VIP. These facts suggest 

that endogenous VIP in the brain synergistically facilitate the 

hyperglycemia induced by 2DG through the regulation of sympathetic 

nerve actlvlty. 

INTRODUCT10N 

It has been shown in our laboratory that the SCN is involved in 

generation of circadian rhythms [19] , and also that it is involved in 

regulation of glucose metabolism [11 , 12, 27-29]. 1t has been shown that 

in rats the retinal neural input terminates in the ventrolateral pa口 ofthe

SCN [8] , that the SCN neurons containing VIP-like immunoreactive 

substance (V1P-neurons) are localized in the area receiving the retinal 

neural input [8] , and that the retinal ganglion cells make axo-somatic and 

axo-dendritic synaptic contacts with V1P-neurons in the SCN [4]. 

Furthermore, 1t was also found that the hyperglycemia induced by 

intracerebral injection of 2DG was temporarily suppressed in surgically 

blinded rats [29] in which the SCN, especially location of the V1P-neurons 

was morphologically abnormal [16] , and that it was not observed in 

hereditary microphthalmic rats [13] in which the SCN is also abnormal 

[23]. These findings tempted me to speculate that the SCN neurons, 

especially V1P-neurons , are involved in the regulation of glucose 

metabolism. On the other hand, it was known that peripheral [17] and 

central [12] injections of 2DG induced increase of sympathetic nerve 

activities in rat liver, pancreas and adrenal. These findings suggest that 

37 



hyperglycemia induced by 2DG is caused through increase of sympathetic 

nerve activity. To clarify the role of the SCN neurons containing VIP-

like immunoreactive substance, 1 examined the effect of intracranial 

injection of VIP on plasma glucose concentration and on sympathetic 

nerve activity. Furthe口nore ， 1 examined the effects of VIP and VIP 

antagonist on hyperglycemia and the change in the sympathetic nerve 

activity induced by intracranial injection of 2[)G. 

MA TERIALS AND METHODS 

Animals 

Forty-five male Wistar strain rats weighing 250-300 g were used. 

They were maintained at 24 :t 1 oC with lighting for 12 hours a day 

(0700-1900h) from fluorescent light bulbs (mean light intensity, 80 lux). 

Food (MF, Oriental Yeast, Co. , Tokyo) and water were given freely 

available. 百le rats were adapted to the environmental conditions for 

more than one week. 

Measurements ofplasma glucose , glucagon and insulin concentrations 

百lree days before the experiments , a polyethylene cannula (PE-10) 

was inserted into the right lateral cerebral ventricle (LCV) by the method 

of Altaffer et al. [2] , and another catheter made of silastic and 

polyethylene (PE-50) tubing was inserted into the right atrium of the 

he訂t by the method of Steffens [20] under pentobarbital anesthesia. VIP, 

a VIP antagonist (Sigma Chemical Co. , St. Louis) and 2DG were injected 

in rats after they were dissolved in artificial cerebrospinal fluid (aCSF) 

[18]. The numbers of rats used in each experiment are indicated in the 

legends of figures. In the first experiment, 6 nmol of VIP (Peptide 

Institute Inc. , Osaka) dissolved in a volume of 10μ1 of aCSF or 10μ1 of 

aCSF alone was injected into the LCV through the brain cannula or into 

the intraperitoneal cavity of animals that had been deprived of food for 2 
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hours from 1000h (light period) or 2200h (dark period). For 

measurements of concentrations of the plasma glucose and insulin , 200μl 

of blood samples were withdrawn through the heart catheter 0, 30, 60 

and 90 min after the injection. The effects of intraperitoneal injection of 

VIP on the plasma concentrations of glucose and insulin in the light 

period were also examined. For measurements of plasma concentrations 

of glucose, glucagon and insulin, blood samples (300μ1 each) were 

withdrawn through the heart catheter 0, 5, 10, 20 and 30 min after VIP 

injection in the light period. On the second experiment, both 40μmolof 

2DG and 4 nmol of VIP dissolved in a final volume of 20μ1 aCSF or 

each of them dissolved in a final volume of 20μ1 aCSF or 20μlofaCSF 

alone were injected through brain cannula of animals that had been 

deprived of food for 2 hours from 1000h. For measurements of plasma 

concentrations of glucose and glucagon, blood samples (200μ1 each) were 

withdrawn through the heart catheter 0, 5, 10, 20 and 30 min after 

injection in the light period. On the third experiment, 1.5μmol of VIP 

antagonist dissolved in a final volume of 20μ1 of aCSF or 20μlofaCSF 

were injected 30 min before the injection of 80μmol of 2DG dissolved in 

a volume of 20μ1 of aCSF through brain cannula to animals that had been 

deprived of food for 2 hours from 1000 h. No food available during the 

experiment. For measurements of plasma concentrations of glucose, 

glucagon and insulin, blood samples (200μ1 ea.ch) were withdrawn 

through the heart catheter 30 min before and 0, 5, 10, 20 and 30 min 

after 2DG i吋ection in the light period. Plasma glucose concentration was 

measured by the glucose oxidase method using a F吋i Dri -chem system 

(F吋 i Film, Co. , Tokyo). Plasma insulin and glucagon concentration were 

determined by radioimmunoassay using kits (Pharmacia Insulin RIA 100, 

Pharmacia, Uppsala, and Glucagon Kit "Daiich:i", Daiichi Radioisotope, 

Tokyo) with human insulin and glucagon as standards. Data are 
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expressed as means ::t standard e汀ors of means. The significance of 

differences was assessed by analysis of variance by repeated measure of 

ANOVA. 

M easurement 01 sympathetic nerve activity 

The experiments were done during the period between 1200h and 1800 

h. After the insertion of polyethylene cannula (PE-10) into the right 

LCV on the way that is described above under urethane anesthesia (1 g!kg) 

on rat, nerve filaments were isolated from the central cut end of the 

adrenal branch of the splanchnic (sympathetic) nerve and located on a 

pair of silver wire electrodes for recording the efferent nerve activity. 

VIP (6 nmol) , 2DG (80μmol) and VIP (3 nmol) after 2DG (80μmol) 

dissolved in aCSF were i吋ected into the right lateral cerebral ventricle 

through brain cannula. Electrical activity of the nerve was amplified and 

displayed on an oscilloscope and stored on digital audio tape. The activity 

was analyzed after conversion of raw data to standard pulse with a 

window discriminator that separated discharges from background noise. 

A rate-meter with a 5-s reset time was used to observe the time course of 

the nerve activity, which was recorded with a pen recorder. 

RESULTS 

E汀ect01 intrαcrαnzα1 injection 01 VIP 0れ plαsmα glucose ， glucagon αれd

insulin concentrαtions 

1 examined the effect of intracranial VIP injection on the plasma 

concentrations of glucose and insulin in the light and dark periods. As 

shown in Fig. 1, VIP injection caused significant, photoperiod-

independent hyperglycemia (light=dark). The plasma insulin level did 

not change and was also independent of the light phase. The glucose level 

reached a peak at 30 min after VIP i吋ection and then decreased to the 

preinjection level. 1 also examined the effect of VIP injection on the 
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plasma glucagon concentration. Injection of V'IP into LCV elicited a 

marked hyperglucagonemia with a maximum at 10 min after injection 

(Fig. 2B) , while the plasma glucose level reached a peak 20 to 30 min 

after injection in this experiment (Fig. 2A). The plasma insulin 

concentration showed a slight , but insignificant increase 5 min after VIP 

i吋ection (Fig. 2C). 

E汀ect of intraperitoneα1 injection of VIP 0れ plasmα glucose ， glucαgoれ

αれdinsulin concentrαtions 

Next, it was examined the problem whether the effect of intracranial 

i吋ection of VIP was elicited through its action in the brain or peripheral 

organs. As shown in Fig. 3, the same dose of ¥'IP as i吋ected into the 

brain (6 nmol) did not have any significant effect on either the plasma 

glucose or insulin level when i吋ected intraperitoneall y. 

Effect of VIP on sympαthetic nerve activity 

Figure 4 shows the effect of the intracerebroventricle injection of VIP 

on adrenal sympathetic nerve activity. After the injection , sympathetic 

nerve activity was increased. The increase was gradual and continued for 

more than 150 min. 

Effects ofVIP on plαsma glucose , glucαgon αnd insulin respoれses induced 

by2DG 

In Fig. 5, the effects of intracranial i吋ection of VIP on hyperglycemia 

(Fig. 5A) and hyperglucagonemia (Fig. 5B) due to intracranial i吋ection

of 2DG are shown. Changes in the plasma glucagon are shown by 

percentages of the levels before i吋ection. 1吋ection of 40μmol of 2DG 

caused only a slight increase in the plasma glucose level up to 150 mg/dl 

(30 min after i吋ection) ， and injection of 4 nmol of VIP also caused a 

slight increase in it up to 145 mg/dl (20 min after i吋ection). However, 

coinjection of 2DG and VIP induced a marked lhyperglycemia that has a 

maximum of 250 mg/dl 30 min after the injection. The hyperglycemia 
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induced by coinjection of 2DG and VIP was significantly greater than the 

hyperglycemia induced by injection of 2DG or VIP alone. Injection of 

aCSF did not affect the plasma glucose concentration. 

Furthermore , 2DG (40μmol) i吋ection caused a slight increase in the 

plasma glucagon level that has a peak of 130 9� 10 min after injection 

and VIP injection caused increase that has a peak of 190 % 5 min after 

i吋ection ， however, coinjection of these two caused a dramatic and 

synergistic increase in the glucagon level that has a peak of 420 % 10 min 

after i吋ection. The hyperglucagonemia induced by coi吋ection of 2DG 

and V1P was si伊1ificantly greater than hyperglucagonemia induced by 

i吋ection of 2DG or VIP alone. 1吋ection of aC:SF did not affect the 

plasma glucagon concentration. 

E汀ects01 a VIP antagonist on plasma glucose, glucαgon αれdinsulin 

responses induced by 2DG 

1n Fig. 6, the effects of pre-injection of a VIP-antagonist on the plasma 

level of glucose (Fig. 6A) , glucagon (Fig. 6B) and insulin (Fig. 6C) after 

intracranial injection of 2DG are shown. Responses of the plasma 

glucagon and insulin were shown by percentages of the levels before 

injection. 1ntracranial injection of 80μmol of 2DG caused 

hyperglycemia that has a maximum of 270 mg/dl 60 min after injection. 

百le 1吋ection of V1P-antagonist alone did not a:ffect the plasma glucose 

level 30 min after its injection , however, it suppressed hyperglycemia and 

the peak value was 185 mg/dl 60 min after 2DG-injection (Fig. 6A). 

The 2DG injection also caused hyperglucagonelmia that has a pealに of480 

% 20 min after i吋ection. 百le 1吋ection of VIP-antagonist did not affect 

plasma glucagon level 30 min after its injection , however, it remarkably 

suppressed hyperglucagonemia caused by 2DG and the peak value was 

190 % 90 min after the 2DG i吋ection (Fig. 6B). Plasma insulin 

concentration showed a slight increase and the Inaximum level was 200% 
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90 min after 2DG-injection, which was paralleled with the increase of the 

plasma glucose concentration. Injection of the VIP-antagonist did not 

affect the increase in the plasma insulin level a.fter the 2DG injection (Fig. 

6C). 

Effect 01 VIP on the changes in the sympathetic nerve activity induced by 

2DG 

Figure 7 shows the effect of the intracerebroventricle injection of 4 

nmol of VIP on the increase in the electrical activity of the sympathetic 

efferents to the adrenal after injection of 80μrnol of 2DG. 1吋ection of 

2DG alone increased the activity. This increase was gradual and observed 

for more than 120 min (Fig. 7 A). Furthermore, the increase in the 

electrical activity of the sympathetic efferents to the adrenal induced by 

2DG was immediately enhanced by the injection of VIP (Fig. 7B). 

DISCUSSION 

As described in the previous chapter, we have obtained evidence that 

the SCN neurons which receive retinal neural inputs might be involved in 

the regulation of the plasma glucose concentration [11 , 12, 27-29]. There 

are reports that retinal ganglion cells innervate the SCN directly [3 , 9] , 

and that some of their projections make axo-so:matic and axo由dendritic

synaptic contacts with VIP-neurons in the SCN [4]. From these findings , 

1 speculated that the VIP-neurons in the SCN rnight be involved in the 

regulation of glucose metabolism. 

VIP is a brain-gut peptide and receptors for 'VIP exist in peripheral 

organs as well as in the brain [5]. VIP is thought to function as a 

hormone in peripheral organs [21] , and as a neurotransmitter or a 

neuromodulator at nerve terminals [6 , 7]. In this study , 1 found that 

intracranial injection of VIP caused a hyperglycemia when injected into 

the LCV (Fig. 1 A,B) , but not when i吋ected into the peritoneal cavity 
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(Fig. 3). These findings suggest that VIP is involved in the regulation of 

glucose metabolism in the central nervous system. Furthermore , from 

the present results that the hyperglycemic and the hyperglucagonemic 

responses to 2DG were synergistically enhanced by co-injection of VIP 

(Fig. 5 A ,B) and suppressed by pre-injection of a VIP-antagonist (Fig. 6 

A ,B), it was suggest that VIP has a role to facilitate 2DG-hyperglycemia. 

Since in preliminary experiments 1 observed synergistic effects of VIP 

and suppressive effects of a VIP-antagonist on the hyperglycemic and 

hyperglucagonemic responses to intracranial injection of 2DG , 1 used 

submaximal doses of 2DG (40μmol) and VIP (4 nmol) in the second 

experiment (Fig. 5) and a higher dose of 2DG (80μmol) in the third 

experiment (Fig. 6) , in order to obtain clear results. ln the second 

experiment 2DG or VIP alone did not induce a marked hyperglycemia 

釦d hyperglucagonemia. 

We reported previously that the hyperglycernia induced by intracranial 

i吋ection of 2DG showed a photoperiodicity (light period > dark period) 

[15]. However, hyperglycemia induced by VIP did not show a 

photoperiodicity (light = dark) (Fig. 1). These results might indicate that 

in the neural network responsible for the induction of hyperglycemia VIP 

acts at the point downstream to circadian oscillator in the SCN. 

Furthermore, it was found in our laboratory that the hyperglycemia and 

hyperglucagonemia induced by 2DG was not observed in rats with 

bilateral lesions of the SCN [27 , 28]. It was reported that the amount of 

VIP in the SCN decreased during the light period under a light-dark cycle 

with a period of about 24 hours [1 , 10, 24] and that VIP content in the 

medium of the rat SCN -slice preparation increased after the electrical 

stimulation of the optic nerve (Shibata et al., personal communication). 

From these findings it is likely that the VIP-neurons in the SCN modulate 

the hyperglycemic and hyperglucagonemic responses to 2DG; that is , the 
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disappearance and the suppression of these responses in rats with bilateral 

lesions of the SCN [27 ,28] and in surgical [14, 29] and congenital [13 , 14] 

blind rats were ascribed to defect and functional deterioration of these 

VIP-neurons in the SCN, and that the photope吋odicity in the 

hyperglycemic response to 2DG [15] was due 1:0 the amount of VIP 

released from the terminal of the VIP-neurons. 

It was shown that peripheral and central injections of 2DG enhanced the 

activity of sympathetic nerves [12, 17] , and that this increase of 

sympathetic activity might increase glucagon release from the pancreas 

through direct neural input to the pancreas or through the enhancing 

release of adrenaline from the adrenal medulla. In this experiment 1 

found that in intact rats intracerebroventricle injection of VIP increased 

the sympathetic efferents to the adrenal (Fig. 4). Furthermore, the 

increase in the neural activity of the sympathetic efferents to the adrenal 

was also observed by the intracranial injection of 2DG and this increase 

was exaggerated by the intracranial injection of VIP (Fig. 7). From the 

findings that VIP containing neurons in the SCN projected to the 

ventromedial nucleus , dorsomedial nucleus and paraventricul訂 nucleus of 

the hypothalamus which are involved in the regulation of the autonomic 

nervous system [25 , 26] , it is possible that VIP acts on these nuclei and 

enhances the hyperglucagonemic response to 2DG through the regulation 

of the sympathetic nervous system. In this connection , we observed that 

exposure of the left eye of rats to light (2 ,000 1.ux, 10 min) increased the 

sympathetic nerve activities for more than 2 hours and these changes 

were eliminated by bilaterallesion of the SCN [18] , and it was known that 

VIP immunoreactive neurons in the SCN are innervated directly form 

retinal ganglion cells [4]. These lines of evidence support the above 

possibility. 
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In regard to the regulatory mechanism of VIP on glucose metabolism , 

it is likely that VIP essentially stimulates 2DG--hyperglycemia from the 

following our preliminary results. 1) The increase in the plasma glucose 

concentration of intact rats due to intracranial injection of VIP was not 

dose-dependent. 2) Intracranial injection of either VIP or 2DG alone into 

the rats with bilateral lesions of the SCN did not elevate the activity of the 

sympathetic efferents to the adrenal , while , coi吋ection of these two did. 

If this is the case, the hyperglycemia elicited by VIP injection into the 

lateral cerebral ventricle may be explained by the cooperation of VIP and 

the stress induced by the intracranial injection itself. 

In conclusion, these results suggest that VIP-neurons in the 5CN has a 

role to facilitate the hyperglycemic and hyperg1lucagonemic responses 

induced by intracranial i吋ection of 2DG through the stimulatory 

modulation of sympathetic activity. 

REFERENCE 

1 Albers , H. E. , Minamitani , N. , 5topa, E., and Ferris , C. F. , Light 

selectivity alters vasoactive intestinal peptide and peptide histidine 

isoleucine immunoreactivity within the rat suprachiasmatic nucleus , Brain 

Research, 437 (1987) 189-192. 

2 Altaffer, F. B. , De Balbian Verster, F. , I-Iall , 5. , Long, C. J. and 

D'Encarbnacao, P. , A simple and inexpensive cannula technique for 

chemical stimulation of the brain. , Physiol. Behav. , 5 (1970) 119-121. 

3 Hendrickson , A. E. , Wagoner, N. and C~owan ， W. M. , An 

autoradiographic and electron microscope study of retinohypothalamic 

connection, Z. Zellforsch , 135 (1972) 1-26. 

4 Ibata, Y. , Takahashi , Y. , Okamura, H. , Kawakami , F. , 

Terubayashi, H. , Kubo , T. and Yanaihara, N. , 'Vasoactive intestinal 

peptide (VIP) -like immunoreacti ve neurons located in the rat 

46 



suprachiasmatic nucleus receive a direct retinal projection, Neurosci. 

Lett. , 97 (1989) 

5 Ishihara, T., Shigemoto, R., Mori , K., Takahashi , K. and Nagata, 

S. , Functional expression and tissue distribution of a novel receptor for 

vasoactive intestinal polypeptide, Neuron , 8 (1992) 811-819. 

6 Kawatani , S. , Rutigliano , M. and DeGort, W.C. , Depolarization 

and muscarinic excitation induced in a sympathetic ganglion by vasoactive 

intestinal polypeptide, Science, 229 (1985) 879-881. 

7 Lundberg, J. M. , Hedlund, B. and Bartfai, T. , Vasoactive 

intestinal polypeptide enhances muscarinic ligand binding in cat 

submandibular salivary gland, Nature, 295 (1982) 147-149. 

8 Moore, R. Y. and Card, J. P. , Visual afferents and 

suprachiasmatic nucleus pacemaker function. In Nakagawa, H. , Oomura, 

Y. and Nagai, K. (Eds.) ,New Functional Aspects of the Suprachiasmatic 

Nucleus of the Hypothalamus, John Libbey, London, 1993 , 

9 Moore, R. Y. and Lenn, N. J. , A retinohypothalamic projection 

in the rat, J. Comp. Neuro l., 146 (1972) 1-14. 

10 Morin, A. j. , Denoroy, L. and Jouvet, M. , Daily variations in 

concentration of vasoactive intestinal polypeptide immunoreactivity in 

discrete brain areas of the rat, Brain Research, 538 (1991) 136-140. 

11 Nagai, K. , Nagai , N. , Kajikawa, H. and ]~akagawa， H. , 

Suprachiasmatic nucleus and glucose homeostasis. In Nakagawa, H. , 

Oomura, Y. and Nagai , K. (Eds.) ,New Functional Aspects of the 

Suprachiasmatic Nucleus of the Hypothalamus , John Libbey, London, 

1993 , 

12 Nagai , K. and Nakagawa, H. , Central Regulation of Energy 

Metabolism with Special Reference to Circadian Rhythm. In CRC Press, 

Boca Laton , 1992, pp.l 03-144. 

47 



13 Nagai , K. , Sekitani , M. , Otani , K. and Ì'~akagawa， H. , Little or no 

induction of hyperglycemia by 2-deoxy-D-glucose in hereditary 

microphthalmic rats , Life Sci. , 43 (1988) 1575-1582. 

14 Nagai , K. , Thibault, L. , Nishikawa, K. , I-Iashida, A. , Ootani , K. 

and Nakagawa, H. , Effect of glucagon in macronutrient self-selection: 

Glucagon-enhanced protein intake. Brain Res. Bul l., 27 (1991) 409-415. 

15 Nagai , K. , Yamamoto , H. and Nakagawa, H. , Time-dependent 

hyperglycemic actions of centrally administered 2-deoxy-D-glucose, Dｭ

mannitol and D-glucose, Biomed. Res. , 3 (1982) 288-293. 

16 Nagai , N. , Nagai , K. and Nakagawa, H. , Effect of orbital 

enucleation on glucose homeostasis and mo中hology of the 

suprachiasmatic nucleus , Brain Research , 589 (1992) 243-252. 

17 Niijima, A. ， ηle effect of 2-deoxy-D-glucose and D-glucose on the 

efferent discharge rate of sympathetic nerves , J. Phsio l., 251 (1975) 231-

243. 

18. Niijima, A. , Nagai , K. , Nagai , N. and Nakagawa, H. , Light 

enhances sympathetic and suppresses vagal outflows and lesions including 

suprachiasmatic nucleus eliminate these changes , 1. Autonomic N ervous 

System, 40 (1992) 155-160. 

19 Rusak, B. and Zucker, 1., Neural regulation of circadian rhythms , 

Physiol. Rev. , 59 (1979) 449-526. 

20 Sadasima, S. , Thames , M. and Heistad, 1). , Cerebral blood flow 

during elevation of intracranial pressure: Role of nervous system, Am. J. 

Physiol., 241 (1981) H78-H84. 

21 Said. , S. 1., Vasoactive Intestinal Peptide, Joumal of 

Endocrinological Investigation, 9 (1986) 191-200. 

22 Steffens, A. B. , A method for frequent sampling of blood and 

continuous infusion of fluids in the rat without disturbing the animal , 

Phsiol. Behav. , 4 (1969) 833-836. 

48 



23 Sugita, S. and Ohsawa, K. , Morphometric and 

immunohistochemical studies of the suprachiasmatic nucleus in hereditary 

microphthalmic rats , Exp. Animals , 41 (1992) 437-442. 

24 Takahashi , Y. , Okamura, H. , Yanaihara, N. , Hamada, S. , Fujita, S. 

and Ibata, Y. , Vasoactive intestinal peptide imrTIunoreactive neurons in 

the rats suprachiasmatic nucleus demonstrate diumal variation, Brain 

Research, 497 (1989) 374-377. 

25 Watts , A. G. and Swanson, L. W. , Efferent projections of the 

suprachiasmatic nucleus: I. studies using anterograde transport of 

Phaseolus Vulgaris leucoagglutinin in the rat, J. Comp. Neurol., 258 

(1987) 204-229. 

26 Watts , A. G. and Swanson, L. W. , Efferent projections of the 

suprachiasmatic nucleus: II. studies using retrograde transpo口 of

fluorescent dyes and simultaneous peptide imm.unohistochemistry in the 

rat, J. Comp. Neuro l., 258 (1987) 230-252. 

27 Yamamoto , H. , Nagai , K. and Nakagawa, H. , Role of the 

suprachiasmatic nucleus in glucose homeostasis , Biomed. Res. , 5 (1984) 

55-60. 

28 Yamamoto , H. , Nagai, K. and Nakagawa, H. , Lesions involving the 

suprachiasmatic nucleus eliminate the glucagon response to intracranial 

i吋ection of 2-deoxy-D-glucose, Endocrinology, 117 (1985) 468-491. 

29 Yamamoto , H. , Nagai , K. and Nakagawa, H. , Temporary 

suppression of the hyperglycemic response to 2-deoxy-D-glucose by 

blinding, Chronobiol. Int., 5 (1988) 37-46. 

30 Yamamoto, H. , Nagai , K. and Nakagawa, H. , Time-dependent 

involvement of autonomic nervous system in hyperglycemia due to 2-

deoxy-D-glucose , Am. J. Physiol., 255 (1988) E928-E933. 

49 



Effects of intracranial injection of VIP on the plasma concentrations of glucose Fig.1. 

(A,B) and insulin (C,D) in the light (A ,C) and dark (B ,D) periods. 

VIP (6 nmol) in artificial cerebrospinal fluid (aCSF) only (as a control) was injected 

into 出e right lateral cerebral ventricle. Each group consisted of 5 rats. The sig凶白cance

of differences between groups (0-120 min) were analyzed by ANOVA. N.S. , not 
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materials 

glucose 
insulin 
glucose 
insulin 
glucose 
insulin 
glucose 
insulin 

、
‘
，
/

、
/
\
l
ζ
U
\
Y
1
y
\
/

、
l
-
­

「
/
つ
臼
Q
ノ

O
O
A

『
O
O
A

『
A
『

丈
U
8
6
3
8
6
0
8

一4
・

0
1
0
2
9
1
8

ヲ
コ

0
2
0
0
0
1
2

e

一
一
一
一
一
一
一
一
一
一
一
一
一
一
一
一
一

叩
一F
F
F
F
F
F
F
F

U
U
M
-
，
，
.
‘、
J
'
E‘
、
，
，
.
‘
、J
，
.
‘
、
，
，
.
‘
、
J
，
.
‘
、
ノ
，
.
‘
、
J
，
‘
‘
、

p
i
w
-

日
H
一

n
一

σ
b
一

ζ
J

・
引
一5
0
目
ハu
n
u

ハ
U

・
ハU

<
S
<
s
s
s
s
s
 

p
N
P
N
N
N
N
N
 

factor 

light 

VIP 

aCSF 

dark 

n
p
 

m
一V一

.
m一
札

m
一F
cF-v 

significant 

Darkphase Light phase 

B 

T
よ
平i

、
、

、
、

、
、
、

、
、
、

、

〒
色

r
I
I
I
-

』

I
I
I

弘
'

160 

140 

120 

100 

A 
160 

140 

120 

100 

(
一
℃
\
O
E
)
ω
ω
o
υ

コ
一
。

90 60 30 。

D 

10 

90 60 30 。

20 
C 

15 

守一官舎コー←--Q
10 

20 

15 
(
一E\コ
ュ)
c
=
コ
ω
c

k二þや---~5 5 

90 

Tirne after injection (min) 

60 30 。

。

90 

Time after injection (min) 

60 30 。

。

50 



Effects of intracranial i吋ectionof VIP on the plasma concentrations of glucose Fig.2. 

(A), glucagon (B) and insulin (C) in the light period. 

VIP (6 nmol) or artificial cerebrospinal f1uid (aCSF) only (as a control) was 

injected into the right lateral cerebral ventricle. The VIP-and aCSF-treated groups 

consisted of 6 and 5 rats , respectively. The significance of differences between groups 

significance 

P <0.001 (F =26.753) 
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Effects of intraperitoneal injection of VIP on the plasma concentrations of Fig.3. 

glucose (A) and insulin (B) in the light period. 

VIP (6 nmol) or artificial cerebrospinal fluid (aCSF) only (as a control) was 

injected into the peritoneal cavity. Each group consisted of 5 rats. The significance of 

differences between groups (0-120 min) were analyzed by ANOVA. N.S. , not 

significance 

N.S. (F =0.37) 
N.S. (F=4.119) 
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Fig.4. Effect of intracerebroventric1e injection of VlP on the efferent activity of the 

adrenal branch of splanchnic nerve. 

VIP (6 nmol) was i吋ected into the lateral cerebral ventric1e. Horizontal bar : 10 

min, vertical bars : 100 impulses / 5 s. 
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Fig. 5. Effects of intracerebroventricle injection of 2DO (40μmol) plus VIP (4 

nmol) on the plasma concentrations of glucose (A) and glucagon (B) 

Data are expressed as means :!: S. E. M. for groups of 6 animals. Data on plasma 

glucagon concentrations are shown as percentages of the values at 0 min , which were 85 

:!: 12 pg/ml (aCSF) , 90:!: 13 pglml (2DO), 98 :!: 22 pg/rnl (VIP), and 93 :!: 17 pg/ml 

(2DO + VP) , respectively. Differences between these initial values were not statistically 

significant by the Mann-Whitney U-test. Other explanations are given in the text. The 

significances of differences between groups (5-30 min) were analyzed by ANOVA. 
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Effects of intraperitoneal injection of 2DG and VIP-antagonist (VIPa) on the Fig.6. 

plasma concentrations of glucose (A), glucagon (B) and insulin (C). 

2DG (40μmol) plus VIPa (4 nmol) or 2DG alone was injected into the lateral 

cerebral ventricle. Each group consisted of 5 rats. 百le significance of differences 

between groups (0-120 min) were analyzed by ANOVA. N.S. , not significant 

(F=8.61) 
(F=25.53) 
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Fig.7. Effects of intracerebroventricle injection of 2DG and VIP on the activity of the 

sympathetic efferents to the adrenal in intact ra岱.

2DG (80μmol) and VIP (4 nmol) we陀 injected into the lateral cerebral ventricle. 

Horizontal bar : 10 min, vertical bars : 100 impulses / 5 s. 
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Chapter 3 

Modulation by VIP of the response of plasma l¥. VP concentration to 

water-deprivation and osmotic challenge 

Sillv仏1ARY

In the previous chapters, it was shown that V'IP in the SCN has a 

stimulatory role on the hyperglycemia after intracranial i吋ection of 

2DG. On the other hands , it is known that various intemal parameters 

change with circadian rhythms , e.g. the plasma. glucose concentration , 

blood pressure, body temperature , etc. The plasma A VP concentration is 

such an example. It was reported from our laboratory that the increase 

in the plasma A VP concentration after 24 hours water-deprivation did not 

occur in blind hereditary microphthalmic rats 'with morphologically 

abnormal SCN. This finding tempted me to speculate that the SCN might 

also have a role in the response of the plasma j.~ VP concentration. 

Therefore, 1 examined the effect of bilateral lesions of the SCN on the 

response of the plasma A VP concentration to ¥vater-depri vation for 24 

hours and injection of hypertonic saline into the peritoneal cavity in 

control rats and rats with bilaterallesions of the SCN. 1 found that rats 

with SCN lesions showed lower responses of plasma A VP concentration 

to 24 hours water-deprivation and intraperitoneal i吋ection of hypertonic 

saline. Furthermore, in order to clarify the role of VIP, 1 examined the 

effects of intracerebroventricular injections of 'VIP and a VIP-antagonist 

on the plasma A VP response after i吋ection of hypertonic saline. In this 

experiment, it was found that increases in the plasma A VP concentration 

after 24 hours water-deprivation and osmotic challenge were significantly 

suppressed in rats with SCN lesions. Moreover, 1 found that the plasma 

A VP response after injection of hypertonic saline was synergistically 

enhanced by intracerebroventricle injection of "'vlP and suppressed by the 
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intracranial injection of a VIP-antagonist. These results suggest that the 

SCN has an important role in the regulation of plasma A VP 

concentration, and show a possibility that VIP-neurons in the SCN 

modulate the plasma A VP response to these stressful challenges. 

INTRODUCTION 

In mammals, the SCN act as an oscillator of the circadian rhythms 

which are synchronized by the light-dark cycle with a period of about 24 

hours [9 , 15]. In the previous chapters, 1 presented evidences suggesting 

that the SCN might be involved in the control of glucose metabolism [11 , 

20, Chapters 1 & 2] and that the neurons containing VIP in the SCN have 

an essential role in the hyperglycemic response to intracerebroventricular 

i吋ection of 2DG [Chapter 2]. On the other hand, it was reported that 

water-deprivation and administration of hypertonic saline caused an 

increase in the plasma A VP concentration [4]. A VP acting on peripheral 

organs as an antidiuretic hormone is synthesized in magnocellular pa口 of

the PVN and SON and is transported to the posterior pituitary and 

released into the blood. We reported previously that the increase in the 

plasma AVP concentration after 24 hours water-deprivation was 

suppressed in hereditary microphthalmic rats ¥vith morphologically 

abnormal SCN [13]. Furthermore, it was reported that 

intracerebroventricle i吋ection of VIP induced an increase in the plasma 

AVP concentration [3 , 10]. To confirm the role of the VIP-neurons in 

the SCN on regulation of plasma A VP concentration, 1 examined whether 

intraperitoneal injection of hypertonic saline increased the plasma A VP 

concentration in rats with SCN lesions and also whether 

intracerebroventricular i吋ection of VIP had any effect on the plasma 

A VP response to the hypertonic saline in jection. 
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MA TERIALS AND METHODS 

Animals 

Forty-five male Wistar strain rats weighing 250-300 g were used. 

They were kept in a room maintained at 24 :t 1 oC ill uminated for 12 

hours a day (0700四 1900) by fluorescent light bulbs (mean light intensity , 

801ux). Food (MF, Oriental Yeast , Co. , Tokyo) and water were given 

freely. The rats were adapted to the environm.ental conditions for more 

than one week. Bilateral electrolytic lesions of the SCN were done in 10 

rats as described previously [12]. In brief, undler pentobarbital anesthesia 

rat head was fixed in a stereotaxic apparatus (r\Tarisige , Tokyo). After 

making a hole in the skull near the bregma, an electrode was inserted in 

the SCN, and the SCN was lesioned by applying a direct cuηent of 1 mA  

for 5 sec. After lesioning, locomotor activity of these rats were 

monitored under constant dark condition for more than 4 days. Only rats 

showing the complete loss of the circadian rhyt:hm more than 2 weeks 

after the lesioning were used in this study. Aner the experiments , their 

brains were histochemically examined and the position of lesions were 

identified. 

Meαsurement 01 plαsmα AVP concentration 

Three day before the experiments , a polyethylene cannula (PE-I0) was 

inserted into the right lateral cerebral ventricle (LCV) by the method of 

Altaffer et al. [2] and another catheter made of silastic and polyethylene 

(PE-50) tubes was inserted into the right atriun1 of the heart by the 

method of Steffens [16] under pentobarbital anesthesia. The numbers of 

rats used in each experiment are indicated in the legends of figures. ln 

the first experiment, 4 ml of 3.6 % saline were i吋ected into the 

intraperitoneal cavity of normal rats and rats with SCN lesions which had 

been deprived of water and food for 2 hours from 1000 h. For the 

measurement of the plasma A VP concentration" 400μ1 of blood samples 
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were withdrawn through the heart catheter 0, 15 , 30, 60 and 90 min after 

i吋ection. In the second experiment, VIP or aC:SF was i吋ected into rats 

through the brain cannula soon after the intraperitoneal injection of 3.6 

or 0.9% saline. Seven rats were i吋ected with VIP after the in jection of 

3.6 % saline, 6 rats with aCSF after the injection of 3.6 % saline , 8 rats 

with VIP after i吋ection of 0.9 % saline and 4 rats with aCSF after the 

i吋ection of 0.9 % saline. Blood samples were withdrawn at the same 

time points as in the first experiment. In the third experiment, rats were 

injected with a VIP四antagonist or aCSF through brain cannula soon after 

the intraperitoneal injection of 7.2 % saline. ~To food was available 

during the experiment. Blood samples were also withdrawn at the same 

time points as in the first experiment. 

After centrifuged at 3.000 x g for 5 min , plasrna samples were obtained 

and stored at 四20 oC until the measurement of A VP concentration. The 

plasma A VP concentration was determined by radioimmunoassay using a 

kit (Mitsubisi Kagaku , Tokyo). Data are expressed as means :t st飢dard

eηors of me釦s. The statistical significances of differences were assessed 

by analysis of variance (ANOV A) by repeated measure. 

RESULTS 

Figure 1 shows changes in the plasma A VP concentration after waterｭ

deprivation for 24 hours in control and SCN-lesioned rats. In control 

rats , the plasma A VP level was 1.2 ::t 0.3 pg/ml and 10.8 ::t 1.2 pg/ml , 

before and after the water由deprivation ， respectively, and these values 

showed statistically significant difference. In SCN-lesioned rats , the 

plasma A VP level was similar as normal , 0.8 土 0.2 pg/ml 叩d 4.8 ::t 1.2 

pg/ml before and after the water-deprivation , respectively , and difference 

of these values were also statistically significant. However, the difference 
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between the plasma A VP level before and after the water-depri vation was 

significantly lower in the SCN-lesioned rats than in the control rats. 

Figure 2 shows changes in the plasma A VP level after intraperitoneal 

i吋ections of hypertonic (3.6 %) saline solutions in control and SCN-

lesioned rats. In control rats , the plasma A VP concentration before 

i吋ection was 0.7 :1: 0.2 pg/ml , and after the injection it markedly 

increased and a peak value (12.2 :t 1.5 pg/ml) was observed 15 min after 

injection. In SCN-lesioned rats , the A VP concentration was 0.9 :f: 0.7 

pg/ml before i町ection and it elevated and a peak value (6.0 :f: 1.0 pg/ml 

pg/ml) was also observed 15 min after injectio:n. However, the net 

increase in plasma A VP concentration from 0 lmin to 15 min was 

significantly lower in SCN-lesioned rats than in control rats. 

Effect of intracerebroventricular injection of VIP on the increase in the 

plasma A VP concentration after intraperitoneal injection of hypertonic 

(3.6 %) saline is shown in Fig. 3. A combinatilon of intracranial aCSF 

and intraperitoneal isotonic (0.9 %) saline injections had almost no effect 

on the plasma A VP concentration. As shown in Fig. 2, the addition of 

peripheral i吋ection of hypertonic saline (3.6 %) to intracranial i吋ection

of aCSF induced a statistically significant increase in the plasma A VP 

concentration, a peak value (9.5 :1: 1.3 pg/ml) was observed 15 min after 

the saline injection, and the A VP level stayed at a higher level until 90 

min after the i町ections. A combination of intracranial i吋ections of VIP 

and intraperitoneal injection of isotonic saline also induced a significant 

increase in the plasma A VP concentration, a peak value (4.4 :f: 1.4 pg/ml) 

was observed 15 min after injections , and the }¥.. VP level retumed to the 

level before injection within 30 min after i吋ec:tions. Furthermore, a 

combined injections of VIP and hypertonic saline induced a statistically 

significant increase in the plasma AVP concentration, a peak value (13.1 

:f: 1.7 pg/ml) was observed 15 min after i吋ections ， and A VP stayed a 
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higher level until 90 min after i吋ections. Ho\~ever， the increase after 

addition of VIP i吋ection to hypertonic saline ilnjection was much greater 

than those after combined injections of VIP+isotonic saline and 

aCSF+hypertonic saline, and the effect of VIP was not additive but 

synerglStIc. 

Figure 4 shows the effect of intracerebroventricle injection of a VIPｭ

antagonist on the increase in the plasma A VP concentration after 

intraperitoneal injection of hypertonic (7.2 %) saline. Intraperitoneal 

injection of hypertonic saline with aCSF induced a striking increase in the 

plasma A VP concentration, a peak value (20.5 :f: 1.1 pg/ml) was observed 

15 min after injections , and the A VP level stayed at a higher level until 

90 min. Intracr釦ial i吋ection of the VIP-antagonist significantly 

suppressed this increase in the A VP concentration, even though the peak 

value (14.1 :f: 2.3 pg/ml) was observed 15 min after injections and the 

A VP level stayed at a higher level until 90 min. 

DISCUSSION 

A VP acts as an antidiuretic hormone in peripheral organs. It was 

repo口ed that osmotic stimulations such as water-deprivation and 

hypertonic saline injection induced an increase in the plasma A VP 

concentration [4]. In this paper, the results were confirmed (Fig. 1, 3). 

However, in SCN-lesioned rats the increase in the plasma A VP 

concentration induced by these stimulations was lower than in normal rats 

(Fig. 1,3). In SCN-lesioned rats the plasma A '/P value before the 

stimulations was from 0.9 to 1.8 pg/ml and this value was similar to that 

in control rats (Fig. 1,3). In this connection, the increase in the plasma 

A VP concentration after 24 hours water-deprivation was lost in 

congenital blind rats , hereditary microphthalmic rats , which had 

morphologically abnormal SCN. In these blincl rats , however, the A VP 
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concentration before water-depri vation was also similar to the level 

observed in control rats [13]. These results suggest that the SCN is not 

essential for maintaining the basal level of the plasma A VP. From the 

results that the increase in the plasma A VP to these challenges were 

significant but lower in SCN-lesioned rats , it is likely that the SCN has a 

role to enhance the response of plasma A VP by these osmotic challenges 

through the neural pathways terminating to oUltside of the SCN. 

1n this study it was also observed that intracerebroventricular i吋ection

of V1P itself induced the increase in the plasma A VP concentration, and 

that it synergistically elevated the plasma A VP concentration after 

intraperitoneal injection of hypertonic saline (Fig. 3). On the other hand, 

intracerebroventricular injection of a V1P-antagonist significantly 

reduced the increase in the plasma AVP conce:ntration after 

intraperitoneal injection of hypertonic saline (Fig. 4). These results 

suggest that endogenous V1P has a role to stimulate the response of the 

plasma A VP. Considering this effect of V1P and the potential role of the 

SCN in the response of the blood A VP to osmotic challenges , it is likely 

that the neurons containing V1P (V1P-neurons) in the SCN are involved 

in the regulation of the plasma A VP concentration under these stressful 

condition. 

1t is considered that the information about osmotic condition in the 

blood is transmitted to the hypothalamic PVN and SON through the 

osmoreceptors that exist in organum vasculosum of the lamina terminalis , 

medial preoptic 訂ea and subfomical organ [6-8 , 17]. 1t is repo口ed in 

rats that V1P-neurons in the SCN project to the ventral border of the 

hypothalamic PVN (termed as subparaventricular zone, sPVHz) , that 

from sPVHz there are neural connections to the preoptic area, 

retrochiasmatic area and dorsomedial nucleus of the hypothalamus , and 

that the latter three nuclei send efferent fibers t:o all parts of the PVN 
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[20]. Therefore, it is possible that in rat the innervations of VIP-neurons 

in the SCN to PVN with nebular pathways like these modulate the neural 

network responsible for the regulation of the plasma A VP level. 

1t has been repo口ed that central administration of VIP affect the 

secretion of pituitary hormones such as prolact:in [5 , 18] , growth 

hormone [18] , luteineizing hormone [18] and adrenocorticotropic 

hormone [1]. However, it is not clear that VIP endogenously regulates 

these hormone secretion from the pituitary. From the evidence the V1Pｭ

neurons "in the SCN project to the hypothalamic PVN indirectly , it might 

also be possible that secretion of these hormones were regulated by VIP 

contained in the neurons in the SCN like AVP. 

In conclusion, the SCN has a role to enhance the plasma A VP 

concentration. Furthermore, it is likely that VIP-neurons in the SCN is 

the mediator of this role. 
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Fig. 1. Effect of 24 hours water-�privation 011 the plasnla A VP concentratioll in control 

and rats with bilaterallesiol1s of the SCN. 

PlasIna A VP cOl1ccntration before and after water deprivation wcrc ITleasured in 

control (opcn colUInn) an� SCN-Icsioned rats (closed colUlnn). Data are expresscd as 

Ineans.:t S.E.M. for groups of rats. In control group and SCN-lesioned group consisted 

of 5 and 6 rats. The significance of diffcrences werc analyzed by ANOV A. *: p< 0.05 
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f�. 2. Effect of intraperitoneal injcction of hypcrtonic saline on the pJasma A VP 

concentration in control rats and rats with bilatcl叫 lcsions of the SCN. 

Hypertonic (3.6 0/0) saline was injccted intraperitoneally in control rats and rats with 

SCN lesions. Data arc expressed as means .::t S.E.M. for group of rats. In control 

group and SCN-Iesioncd group consisted of 3 rats. Differences betwecn these initial 

values were not statistically signif�ant by the Mann-Whitney U-test. The significant 

difference between control and SCN-Iesioned groups (0-30 min) were p<0.05 (F=9.366 

by ANOVA). 
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Effect of VIP on increase of plasma A VP concentration induced by hype口onicFig.3. 

saline injection. 

Hypertonic (3.6 %) or isotonic (0.9 0/0) saline was injected intraperitoneally with 

intracerebroventricular injection of VIP (3 nmol) or aCSF. Data are expressed as means 

:t S.E.M. for group of rats. Group of hypertonic saline plus VIP consisted of 7 rats , 

group of isotonic saline plus VIP consisted of 8 rats , group of hype口onic saline plus 

aCSF consisted of 6 rats and group of isotonic saline plus aCSF consisted 4 rats. 

Differences between these i凶tial values were not statistically sig凶白cant by the Mann-

Whitnみ U-test. The significance of differences between groups (0-90 min) were 

釦alyzed by ANOVA. 
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Fig. 4. Effects of a VLP-antagonist on increase in the plasma A VP concentration induced 

by hype口onic saline i吋ection.

Hypertonic (3.6 0/0) saline was i吋ected intraperitoneally with 

in甘acerebroventricular i町ection of a VIP-釦tagonist(1.5 nmol) or aCSF. Group of VIPｭ

antagonist consisted of 5 rats and group of aCSF consisted of 4 rats. Differences 

between these i凶tial values were not statistica1ly significant by the Mann-Whitney U-test. 

The significant difference between these two groups (0・・90 min) were p<O.05 (F=7.47 by 

ANOVA) 
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Chapter 4 

Suppressive effect of central A VP on the hyperglycemic response to 

intracranial injection of 2DG 

Sillvf1vL生RY

Previously, we presented evidence that in rat the SCN is involved in 

glucose homeostasis. Neurons in the dorsomedial parts of the SCN are 

known to contain AVP-like immunoreactive substance (AVP-neurons). 

To clarify the role of these neurons in the SCl'~， 1 examined the effect of 

intracranial injection of A VP on the hyperglycemia and electrical activity 

of the sympathetic efferents to the adrenal after intracranial injection of 

2DG and obtained the following results. These hyperglycemic and 

hyperglucagonemic responses to 2DG were significantly suppressed and 

enhanced by intracranial co-injections with A VP and an A VP-antagonist, 

respectively. However, intracranial co-injection with A VP and an A VPｭ

antagonist had no effect on the plasma insulin concentrations. In contrast, 

peripheral (intravenous) injection of A VP enhanced the hyperglycemia 

due to intracranial injection of 2DG without affecting the changes in the 

plasma glucagon and insulin concentration due to 2DG i吋ection.

Furthermore, intracranial i吋ection of A VP lO'Nered the increase in 

electrical activity of the sympathetic efferents to the adrenal. These 

findings suggest that endogenous A VP plays a suppressive role in the 

hyperglycemic and hyperglucagonemic responses to intracranial i吋ection

of 2DG probably through modulating sympathetic nerve activity , and it is 

possible that AVP-neurons in the SCN are involved in the mechanism of 

glucose homeostasis in the opposite way of VIIコーneurons in the SCN. 
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INTRODUCTION 

In the previous chapter, 1 showed that hyperglycemic and the 

hyperglucagonemic responses to intracranial injection of 2DG were 

enhanced by simultaneous injection of VIP, but that they were suppressed 

by preinjection of a VIP-antagonist into the brain. 

A VP has been shown to act as a neurotransJnitter or neuromodulator on 

memory and le訂ning processes in the central l1ervous system [1] and exist 

in the neurons in the dorsomedial part of the SCN [15]. These findings 

prompted me to examine whether A VP is also invol ved in the central 

regulation of glucose metabolism. In this chapter, 1 describe a 

suppressive effect of centrally administered A 'VP 011 the hyperglycemic 

response and the increase in neural activity of the sympathetic efferents to 

the adrenal after intracranial injection of 2DG. 

MATERIALS AND METHODS 

Animals 

Twenty three male Wistar strain rats weighting 280-350 g were used. 

They were housed in a room maintained at 24 土 1 oC and illuminated for 

12 hours (0700-1900h) by fluorescent light bulbs (mean light intensity , 

801ux). Food (type MF; Oriental Yeast Co. , ~rokyo) and water were 

freely available. Rats were adapted to the environmental conditions 

described above for at least one week before the experiment. 

Administration of drugs and blood sampling 

Three days before the experiment, a catheter made of silastic and 

polyethylene tube (PE-50; Clay Adams, NJ) was inserted into the right 

atrium of the heart through the subclavian vein and another cannula (PE-

10; Clay Adams, NJ) was inserted into the right lateral cerebral ventricle 

(LCV) of rats under pentobarbital anesthesia (40 mg/kg , i.p.) as 

previously described [9]. For the experiment, rats were divided into 4 
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groups and depri ved of food for 2 hours from 1000 h. At 1200 h, the 

first group was given an injection of 2DG (80μmol) plus AVP (100 

pmol) (Peptide Institute Inc. , Osaka) and the second group was given only 

2DG (80μmol) in a volume of 20μ1 via the cannula in the LCV. The 

third group received 2DG (20μmol) plus a A 'VP-antagonist, [Pmp 1, 

Tyr(Me)2]-Arg8-vasopressin, (100 pmol) (Peptide Institute Inc. , Osaka) 

and the fourth group recei ved 2DG (20μmol) in a volume of 10μ1 via 

the cannula. The agents used were dissolved in artificial cerebrospinal 

fluid (aCSF) [12]. Solutions were injected at a rate of 2μl/sec. Blood 

samples (200μ1 each) were withdrawn through the heart catheter 0, 10, 

20, 30, 60 and 90 min after the injections, and mixed with aprotinin (100 

kIU) (Boehringer-Mannheim, Mannheim) and EDTA (300 nmol) in a 

volume of 10μ1. The samples were centrifuged, and the plasma 

separated were stored at -60 oC for assays of glucose, glucagon and 

insulin. Food was withheld until the end of blood sampling. 

Measurements ofplasma glucose , glucagon and insulin concentrations 

The plasma glucose concentration was measured by the glucose oxidase 

method with a F吋i Dri-chem system (F吋 i Filrn Co. , Tokyo). 百le plasma 

glucagon and insulin concentrations were dete1・mined by 

radioimmunoassays with a Daiichi Glucagon Kit (Daiichi Radioisotope, 

Tokyo) and a Shionoria Insulin Kit (Shionogi lPharmaceutica1s, Osaka) , 

respectively. Data are expressed as means 土 S.E.M. Statistical 

significance was assessed by analysis of variance (repeated measurements 

by ANOBA) and the Mann-Whitney U-test. 

M easurement of sympathetic nerve activity 

百le experiments were done during 1200h and 1800h. After the 

insertion of polyethylene cannula (PE-1 0) into the right LCV of rats as 

described above under urethane anesthesia (1 g/kg). Electrical activity 

was recorded as described in previous chapter. 2DG (80μmol) and AVP 
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(100 pmol) dissolved in aCSF were i吋ected into the right LCV through 

the brain cannula. 

RESULTS 

Figure 1 shows changes in the plasma concentrations of gl ucose , 

glucagon and insulin after intracranial i吋ection of 2DG or 2DG+AVP. 

In jection of 2DG (40μmol) into the LCV resulted in a marked increase 

in the plasma glucose concentration with a peak value (193 mg/ml) 60 

min after injection (Fig. 1 A). It also caused dramatic increases in the 

plasma glucagon and insulin concentrations with peak values (about 15-

fold and 2.5-fold) 10 and 30 min after injection (Fig. 1 B & C) , 

respectively. Additional injection of A VP (100 pmol) significantly 

suppressed the hyperglycemia (pく0.05 by AN()V A) and 

hyperglucagonemia (p<0.05 by ANOV A) induced by intracranial 

injection of 2DG, but it had no effect on the plasma insulin level after 

2DG in jection. 

Figure 2 shows changes in the plasma concentrations of glucose, 

glucagon and insulin after injections of 2DG and 2DG+A VP-antagonist. 

2DG (20μmol) induced only a slight increase in the glucose 

concentration and the highest value was 141 m.g/ml 90 min after injection 

(Fig. 2A), a slight elevation in the glucagon concentration with a peak 

value (122 0/0) 60 min after i吋ection (Fig. 2B) , and had no effect on the 

plasma insulin concentration (Fig. 2C). 百le intracranial i吋ection of 

A VP-antagonist significantly enhanced both the hyperglycemic and 

hyperglucagonemic responses (pく0.05 by ANC)V A) due to the 2DG 

i吋ection ， but did not affect the plasma insulin level after i吋ection.

Changes in the plasma concentrations of glucose, glucagon and insulin 

after intracerebroventricular injection of 2DG with or without 

intravenous injection of A VP are shown in Fig. 3. Injection of 2DG (80 
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μmol) into the LCV elicited a marked hyperglycemia and a peak value 

(211 mg/dl) was observed 60 min after injection. It also caused increases 

in the glucagon and insulin concentrations up to 90 min after injection. 

Intravenous i吋ection of A VP (100 pmol) significantly (p<0.05 by 

ANOV A) enhanced the increase in the plasma glucose level after 

intracranial 2DG injection without affecting the changes in the glucagon 

and insulin concentrations. 

Figure 4 shows effects of intracranial i吋ection of A VP (100 pmol) on 

the elevation of neural activity of the sympathetic efferents to the adrenal 

after intracranial 2DG (80μmol) injection. 2])G injection induced a 

gradual and prolonged increase in the electrical acti vity of the 

sympathetic efferents. This increase was observed for more than 150 min 

after 2DG in jection. A VP was gi ven twice at about 54 and 154 min after 

2DG injection. The first A VP injection slightXy inhibited the increase in 

neural activity, and the second one elicited a clear inhibition of the 

lncrease. 

DISCUSSION 

In the present study, the following findings 'were obtained: 1) 

In汀acranial injection of A VP suppressed the hyperglycemic and 

hyperglucagonemic responses to intracranial i吋ection of 2DG. 2) 

Intracranial i吋ection of an A VP-antagonist enlhanced the hyperglycemic 

and hyperglucagonemic responses to intracranial i吋ection of 2DG. 3) 

Peripheral (intravenous) injection of A VP enhanced the hyperglycemic 

response but not the hyperglucagonemic one to intracranial i吋ection of 

2DG. 4) Elevation in electrical activity of the sympathetic efferents to 

the adrenal was clearly suppressed by intracranial injection of A VP. 

These results suggest that endogenous A VP in the brain, not in the 

peripheral site, plays a suppressive role in the hyperglycemic and 
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hyperglucagonemic responses and the increase in neural activity of the 

sympathetic efferents to the adrenal which are induced by intracranial 

injection of 2DG. Furthermore, these findings also suggest that 

suppression of the hyperglycemic response due to the intracranial 

i吋ection of A VP is closely related with suppression of the 

hyperglucagonemia after intracranial injection of 2DG. 

In rats , the hyperglycemic response to 2DG has been shown to be 

associated with the activation of the sympathetic nervous system; that is , 

intracranial i吋ection of 2DG increased activities of the sympathetic 

efferents to the pancreas, liver and adrenal ancl the hyperglycemia was 

blocked by adrenergic blockers [17]. Considering this , it is likely that the 

suppression of the 2DG-hyperglycemia by A VP was elicited through the 

suppression of the sympathetic nerve activity to these organs. Since it is 

suggested that in rats the neurons containing A VP in the SCN suppress the 

release of corticosterone under ether exposure [4] , and that 

glucoco口icoids have a "permissive" role in the: sympathetic action of 

catecholamines [2] , the suppressive effect of central A VP might be due to 

not only the reduction of sympathetic nerve acti vity, but the reduction in 

the blood corticosterone level due to it, the latter resulting which results 

in a decrease in the "permissi ve" action of the corticosterone on 

sympathetic activity. 

Intracranial i吋ection of an A VP-antagonist enhanced the 

hyperglycemic and hyperglucagonemic responses to 2DG (Fig. 2). In our 

preliminary experiments , 1 observed that the A.VP-antagonist had an 

enhanced effect on the hyperglycemia, thus submaximal dose of 2DG (20 

μmol) was i吋ected for obtaining clear results on the effects of the A VPｭ

antagonlst. 

Peripheral administration of A VP enhanced the hyperglycemic 

response to 2DG (Fig. 3). In accordance with this, it was reported that 
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peripheral administration of A VP caused a hyperglycemia by enhancing 

glycogenolysis and gluconeogenesis in the liver [3]. In contrast, central 

administration of A VP enhanced the hyperglycemic response to 2DG 

rather than suppressed it (Fig. 1). Thus the suppressive effect of A VP on 

the hyperglycemic response seems to be induced in the central nervous 

system. 

In the previous chapter, 1 showed that VIP had a synergistically 

stimulatory effect on the hyperglycemia ind~ced by 2DG [13]. 

Therefore, the effect of central A VP seems to be opposite to that of 

central VIP in regard to the regulation of glucose metabolism. Similarly, 

it has been reported that central administration of these two peptides have 

opposite effects on the blood concentration of corticosterone; that is, VIP 

elevates [5] , and A VP lowers [4] its concentration. These facts might 

suggest opposite functions of these two in the brain of other physiological 

functions except for those of the blood glucose and glucocorticoid. 

It is not clear yet where A VP acts in the braJln to enhance the 

hyperglycemic response to 2DG. In this connection , it was repo口ed that 

in rats sympathetic nerve activity was enhanced by injection of A VP into 

the medulla oblongata and the spinal cord [6 , 10] and that it was 

suppressed by intravenous i吋ection of A VP [14]. In this study, it was 

found that intracerebroventricular i吋ection of A VP suppressed the 

increase in neural activity of the sympathetic efferents to the adrenal after 

intracranial injection of 2DG (Fig. 4). From these facts , it can be 

speculated that A VP has a reciprocal actions on the activity of the 

sympathetic nerve, depending on which it acts centrally or peripherally, 

and that the suppressive role of A VP might be elicited through the brain 

sites near the lateral cerebral ventricle such as the thalamus and 

hypothalamus. 
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1t is not clear yet where is the origin of A ¥rp that suppressed 2DG司

hyperglycemia endogenously in central nervous system. 1t is known that 

A VP exists in the thalamus and hypothalamus including dorsolateral p訂t

of the SCN [15]. However, it c釦 be speculated that a suppressive role of 

A VP on 2DG-hyperglycemia is played by A V'P contained in the neurons 

in the SCN. 1n the previous chapter, 1 presented the evidence suggesting 

that the V1P-neurons in the SCN is involved i:n the central regulation of 

the blood glucose level and showed that intracranial i吋ection of VIP into 

rats elicited a long-lasting increase in activity of the sympathetic efferents 

to the adrenal. Therefore, A VP suppressed the 2DG-hyperglycemia (Fig. 

1) and increase in activity of the sympathetic efferents to adrenal by 2DG 

(Fig.4). These findings suggest that both V1P-and A VP-neurons in the 

SCN are candidates that are involved in reciprocal control of the 

functions regulated by the sympathetic nervous system such as 

maintaining glucose homeostasis and other horneostatic mechanisms. The 

investigation of the problem of whether this is the case is now under 

progress. 
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Fig. 1. Effects of intracranial injection of A VP on changes in the plasma concentrations 

of glucose (A), glucagon (B) and insulin (C) after intracranial injection of 2DG. 

Data are expressed as mean.:t S.E.M.. Groups of 4 and 5 rats received injections of 

2DG and 2DG+A VP, respectively. Data on the plasma glucagon concentrations are 

shown ぉ percentages of the values at 0 min (41.2:t 6.5 pg/ml for 2DG and 56.4:t 3.2 

pg/ml for 2DG+A VP). Data on the plasma insulin concentrations are also shown as 

percentages of the values at 0 min (49.7:t 2.6μU/ml for 2DG and 38.7:t 4.9μU/ml for 

2DG+A VP). Di仔'erence between these initial values we陀 notstatistically significant by 

the M加n-WhitneyU-test. Other explanations are given in the text. The significances of 

differences between groups (10-90 min) were 加alyzed by ANOV A. 
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Fig. 2. Effects of intracranial injection of a A VP-antagonist on changes in the plasma 

concentrations of glucose (A), glucagon (B) and insulin (C) after intracranial injection of 

2DG. 

Data are expressed as means .:t S.E.M.. Groups of 7 rats received injections of 

2DG and 2DG+A VP-antagonist. Data on the plasma glucagon concentrations are shown 

as percentages of the values at 0 min (159.4:t 14.2 pglml for 2DG and 182.2:t 68.2 

pglml for 2DG+A VP-antagonist). Data on the plasma insulin concentrations are shown 

as percentages of the values at 0 min (89.7:t 36.3μU/nll for 2DG and 83.3 :t 6.1μU/ml 

for 2DG+A VP-antagonist). Differences between these imitial values we陀 notstatistically 

significant by the Mann-Whitney U-test. Other explanations are given in the text and 

legend to Fig. 1. The significances of differences between groups (10-90 min) we陀

analyzed by ANOV A. 
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Fig. 3. Effects of intravenous injection of A VP on the plasma concentrations of glucose 

(A), glucagon (B) and insulin (C) after intracranial injection of 2DG. 

Data are expressed as means :t S.E.M.. 4 rats received injections of 2DG and 5 rats 

received 2DG+A VP. Data on the plasma glucagon concentrations are shown as 

percentages of the values at 0 min (134.3 :t 15.3 pg/ml for 2DG and 114.3:t 38.7 pg/ml 

for 2DG+A VP-antagonist). Data on the plasma insulin concentrations are shown as 

percentages of the values at 0 min (41.0 :t 8.1μU/ml for 2DG and 53.0 :t 10.2μU/ml 

for 2DG+A VP-antagonist). Differences between these initial values were not statistically 

significant by the Mann-Whitney U-test. Other explanations are given in the text and 

legend to Fig. 1. The significances of differences between groups (10-90 min) were 

analyzed by ANOV A. 
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Fig.4. Effects of intracerebroventricular injection of 2DG and A VP on electrical activity 

of the sympathetic efferents to the adrenal. 

2DG (80μmol) 加dAVP (100 pmol) were i吋ected into the lateral cerebral 

ventricle. Horizontal bar : 10 min, vertical bars : 100 impulses / 5 s. 
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General Discussion and Conclusion 

It was shown in our laboratory that the SCÌ'~ is involved in the 

hyperglycemic response and increase in neural activity of the sympathetic 

efferents to the adrenal after intracranial i吋ection of 2DG that causes 

energy deficiency in the brain. In this study, ilt was shown that the SCN is 

involved in increase in the plasma A VP concentration after stressful 

osmotic stimulations. Furthermore, it was suggested that the VIPｭ

neurons in the SCN had roles in enhancing the hyperglycemia and 

increase of sympathetic nerve activity after intracranial i吋ection of 2DG, 

and increase in the plasma A VP concentration after intraperitoneal 

injection of hype口onic saline. On the other hands , from the evidence that 

endogenous A VP had a role in suppressing the hyperglycemia to 2DG, it 

is speculated that A VP-neurons in the SCN is responsible for the 

suppressing of the 2DG-hyperglycemia. 

Natural environmental1ighting condition is changed with a period of 24 

hours by rotation of the earth. In order to adapt to this en vironmental 

change, organisms show the circadian rhythms in various physiological 

phenomena such as behaviors , hormones and enzyme activities and the 

rhythms are considered to be generated by the temporal signal formed in 

the SCN. In addition to adapt to this environn1ental change brought about 

rotation of the earth, organisms should respond to various extemal and 

intemal stressful challenges for maintaining homeostasis of their intemal 

conditions. Taken these facts into consideration, it seems quite reasonable 

that the SCN involved in the generation of the circadian rhythms and also 

related with the mechanisms responding to the stressful challenges such as 

2DG injection and water田deprivation. In this study, 1 found that VIP had 

a role in facilitating the hyperglycemic response to 2DG through 

enhancing sympathetic acti vity and in enhancing the increase of the 

plasma A VP concentration induced by osmotic stimulations. From 
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several lines of evidence, it can be speculated that VIP contained in the 

neurons in the SCN works as an enhancing mediator in the response to the 

stressful challenges as described above. On the other hand , 1 found that 

in the brain A VP suppressed the hyperglycemic and hyperglucagonemic 

responses and the increase of sympathetic nerve activity due to 2DG. 

These findings suggest that A VP-neurons in the play a critical role in 

counteracting the function of VIP-neurons in the SCN. However, it 

remains unsolved yet , where VIP and A VP work in eliciting these 

functions and how their signals are transduced in their target neurons. 

Further works must be required for detailed ellucidation of these 

problems. 
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