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SUMMARY

The visual pathway and central neural structures involved in the photic and
endogenous regulation of the activity of pineal N-acetyltransferase and hydroxy-
indole-O-methyltransferase were investigated. The results indicate that the visual
pathway regulating both enzymes is the retinohypothalamic tract, and that the inferior
accessory optic tract is clearly not involved in the regulation of hydroxyindole-O-
methyltransferase activity, as has been previously thought. In addition, the supra-
chiasmatic nucleus was found to be necessary for the generation of a rhythm in N-
acetyltransferase activity in blinded animals, and to be responsible for the tonic
elevation of hydroxyindole-O-methyltransferase activity in blinded animals. Finally, it
was concluded that the rapid and large daily changes in N-acetyltransferase activity
seen in a normal lighting cycle and the much slower and smaller changes in hydroxy-
indole-O-methyltransferase activity seen only after weeks in constant lighting condi-
tions are mediated by the same neural tract; the different time courses of the effects of
environmental lighting may be explained on the basis of different intracellular
regulatory mechanisms. '

INTRODUCTION

Neural signals mediate the phetic control of the two pineal enzymes which
convert serotonin to melatoninl?.21, N-acetyltransferase3® (EC 2.3.1.5) and hydroxy-
indole-O-methyltransferasel (EC 2.1.1.4). The final portion of the neural pathway
regulating these enzymes in the rat, and probably in mammals in general?.12:18,27,29 is
composed of axons from postganglionic cells in the superior cervical ganglia. These
ganglia are innervated by fibers from cell bodies in the upper thoracic interomedio-
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lateral cell column; these in turn are innervated by central structures!2.21, In contrast
to the clear picture which has developed regarding the peripheral neural regulation of
these enzymes, a puzzling situation exists regarding the identity of the visual pathways,
nuclei, and other central structures which regulate the activity of these pineal enzymes.

On one hand, the retinohypothalamic tract has been thought to transmit photic
signals which control pineal N-acetyltransferase activity!2:21.25, This visual pathway
terminates in the suprachiasmatic nucleus!®.26, which appears to be essential to
maintain the 20- to 70-fold circadian rhythm in N-acetyltransferase activity25, and
might in fact be the central oscillator driving this rhythm, and influencing others22.33,

The effects of light on the activity of N-acetyltransferase are complex. First, light
entrains the circadian clock mechanism to the environmental lighting cyclel5.25.
Second, light acts by an unidentified pathway to rapidly block transmission of neural
signals to the pineal gland!6. As a result, when N-acetyltransferase activity is elevated
during the night, an exposure to light results in an extremely rapid ‘turn-off’ of enzyme
activity.

On the other hand it has been generally assumed?3.24, until recently?!, that the
inferior accessory optic tract, which terminates in the medial terminal nucleus of the
accessory optic system, transmits photic signals which control hydroxyindole-O-
methyltransferase activity. Whereas a daily rhythm in this enzyme is not readily
apparent20-30.3L Jight has a distinct tonic effect on this enzyme. After animals have
been in a normal lighting cycle, exposure to constant light causes a gradual decrease
in activity occurring over a period of weeks?:12.39,

The puzzling aspect of these observations is obvious when they are considered
together. It is difficult to conceive of a simple scheme through which two sets of visual
pathways and central structures could act via a single peripheral innervation to control
remarkably different dynamic changes in two enzymes probably located in the same
cell. In addition, this issue has recently become more complex. First, attempts to
replicate the original effect of inferior accessory optic tract transection on the photic
control of hydroxyindole-O-methyltransferase were unsuccessful?l. Second, a re-
examination of the anatomy of the central retinal projections using the autoradio-
graphic tracing method demonstrated that the inferior accessory optic tracts, rather
than being completely crossed as previously described?3, also contained an uncrossed
component?!. This finding invalidated a basic assumption used in our conclusion that
the retinohypothalamic tract, not the inferior accessory optic tract, regulated N-
acetyltransferase activity?5 because the visual pathway lesions we used to study the
neural control of pineal N-acetyltransferase activity left this crossed component of the
inferior accessory optic tract intact. Thus, our assumption that the only visual
projection surviving following the lesion was the retinohypothalamic tract is incorrect.

~ In the present report the question of the central neural structures and visual
pathway regulating pineal N-acetyltransferase and hydroxyindole-O-methyltrans-
ferase activites is re-examined using blinded and sighted rats kept in constant light.
Our results indicate that one series of central and peripheral neural structures and a
single visual pathway, the retinohypothalamic projection, are responsible for the
neural regulation of both enzymes.
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MATERIALS AND METHODS
Protocols

Experiment I. The effects of blinding, suprachiasmatic nucleus ablation, retrochiasmatic
hypothalamic deafferentation on pineal enzyme responses to constant light ( Figs. 2-6;
10, 11)

Female albino rats (Sprague-Dawley, Zivic Miller Co.) were obtained at
180-200 g body weight during the early spring. They then were subjected to a sham
operation, bilateral suprachiasmatic nucleus ablation or retrochiasmatic hypothalamic
deafferentation as described below. Following surgical treatment the animals were
housed either in a room providing constant environmental lighting or one with a
light/dark 14/10 h lighting cycle; lights were turned on at 06.00 h. Animals were
decapitated 4 weeks later at 05.00, 11.00, 17.00 and 23.00 h. When animals were killed
during the dark period all procedures were performed under dim red light (15 W ruby
lamp, Sylvania). Pineal glands were removed, placed in tubes on solid COz, and stored
(—72°C). Brains were removed and fixed in 10 % formalin for histological preparation
and examination.

Experiment II. The effects of postchiasmatic optic tract transection on pineal enzyme
responses to constant light (Figs. 7-9)

Female albino rats (Hilltop Farms, Scottsdale, Pa.) were obtained at 180-200 g
body weight during the late spring. After surgical treatment (sham operation or
optic tract transection) the animals were housed in a room providing constant lighting.
Animals were decapitated 4 weeks after operation at 08.00, 13.00, 19.00 and 01.00 h.
Pineal glands and brains were obtained as described above.

Experiment III. The effects of a postchiasmatic optic tract transection on pineal N-
acetyltransferase responses to diurnal light and the acute response to light at night (Table
1)

Female albino rats similar to those used in Experiment II were used. After
surgical treatment (sham operation or postchiasmatic optic tract transection) the
animals were housed in a room with a light/dark 12/12 h lighting cycle; lights were on
from 06.00 to 18.00 h. After 4 weeks in this lighting cycle each operated groups was
divided into three subgroups. One was sacrificed at 09.00 h with the lights on, one at
24.00 h in darkness, and one at 24.00 h after a 30 min exposure to light. Pineal glands
and brains were prepared as described above.

Surgical and histological procedures

The details of surgical preparation, of the procedures for sham operation and
blinding and the methods used for lesion localization and histological examinations
have been given?25.
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Postchiasmatic optic tract transection (Fig. 1C)

Large bilateral radiofrequency lesions were placed in the optic tract caudal to the
optic chiasm using a Kopf radiofrequency lesion maker and insect pins insulated
except at the tip. The coordinates for these lesions were incisor bar, 0; lateral, 1.2 mm
from bregma and ventral 9.5 mm below the skull. A radiofrequency current of 10 V
was passed for 45 sec. This lesion totaily transects both the primary and accessory
optic tracts as they leave the optic chiasm and in this regard significantly differs from
the operative procedure used in earlier studies23-25, In each case a lesion was judged
successful one week later if the rat had fixed, dilated pupils in bright light at that time.

Retrochiasmatic hypothalamic deafferentation ( Fig. 1D)

This was made by placing animals in the stereotaxic apparatus with tooth bar at
horizontal zero, the sagittal sinus was exposed and incised and a modified Halasz knife
(vertical and horizontal components 2.4 mm) was stereotaxically lowered through the
midline at a level | mm caudal to the bregma until it touched the skull base. It was then
rotated approximately 90° in each direction and removed vertically through the
midline. These lesions are similar to the postchiasmatic hypothalamic knife cuts
described in a previous study?25

Enzyme analysis

Pineal glands were prepared for enzyme analysis by sonicating each gland in 75
#l of 0.1 M sodium phosphate buffer, pH 6.8; N-acetyltransferase activity and
hydroxyindole-O-methyltransferase activity were measured in 25 ul samples: of this
homogenate as described3.28

Data presentation

All data are based on 5-6 determinations, except where indicated. The vertical
bars represent the standard error in groups of 3 or more animals or the range of values
in groups of 2 animals.

Statistical analysis was performed using a two-tailed ‘¢#’-test for differences.

The results of enzyme assays from Experiment F are presented in Figs. 2, 6and 11.
The data for sighted or blinded animals with no central neural lesion and maintained
in constant light are presented first in Fig. 2 and again in Figs. 6 and 11 to facilitate
comparison of lesion data with the control groups.

As indicated above, only a single group of animals for any one treatment was
obtained at each of the 4 chosen times. However, in all figures the data for the 11.00
or 12.00 h groups are presented at both the beginning and end of the 24-h sampling
period.

RESULTS

Blinding
The normal rhythm in pineal N-acetyltransferase and the activity of hydroxy-
indole-O-methyltransferase during a 24-h period in a light/dark 14/10 h lighting cycle
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A. BLINDED B. SUPRACHIASMATIC C. POSTCHIASMATIC OPTIC D. RETROCHIASMATIC
NUCLEUS ABLATION TRACT TRANSSECTION HYPOTHALAMIC
DEAFFERENTATION

Fig. 1. Diagrammatic representation of the lesions used in this study. A : blinding by bilateral orbital
enucleation. B: suprachiasmatic nucleus ablation. C: postchiasmatic optic tract transection. D:
retrochiasmatic hypothalamic deafferentation.

is presented in Fig. 2B. Exposure to constant light for 30 days resulted in a reduction
of hydroxyindole-O-methyltransferase and the disappearance of the rhythm in N-
acetyltransferase activity (Fig. 2A). Destruction of all three known visual pathways, by
blinding (Fig. 1A), prevented the suppressive effects of light on hydroxyindole-O-
methyltransferase activity and allowed the rhythm in N-acetyltransferase activity to
persist, in agreement with earlier reports212,14,15,21,24,25,39
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Fig. 2. Pincal N-acetyltransferase and hydroxyindole-O-methyltransferase activities in sighted and
blinded animals bearing no centrallesions. Data is presented as the mean (& S.E.) of 4-6 determinations.
The lighting cycles are indicated below the figure. A : sighted and blinded animals with no central lesion.
B: sighted animals in a normal lighting cycle.
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Suprachiasmatic nucleus ablation

We determined whether lesions of the suprachiasmatic nucleus alter the activity
of hydroxyindole-O-methyltransferase (Fig. 1B). The 43 animals prepared fell into two
distinct groups according to histological analysis of the lesions. One was composed of
13 animals bearing incomplete lesions of the suprachiasmatic nuclei. Even though
some of these lesions also destroyed descending projections from the suprachiasmatic
nucleids, apparently sufficient numbers of neurons survived to allow for the elevation
of N-acetyltransferase activity to occur. All data from these animals with incomplete
lesions as judged histologically was eliminated. The remaining animals had complete
bilateral lesions of the suprachiasmatic nuclei. In some the lesions were small and
almost exclusively destroyed the suprachiasmatic nuclei, with only minimal and
varying extension into the anterior hypothalamus area, the periventricular nucleus, the
optic chiasm and the retrochiasmatic area. In other animals the lesions were
significantly larger (Fig. 3) and, in addition to ablating the suprachiasmatic nuclei, also
transected the optic chiasm, extended into the anterior hypothalamic area and nucleus
and into the retrochiasmatic area. No significant difference between the enzyme values
from animals with large and small suprachiasmatic nuclei lesions could be detected;
the data from all animals with complete suprachiasmatic nucleus ablation were
pooled. A diagrammatic representation of a coronal section through the anterior

e nk § A0 RN fed

Fig. 3. Photomicrograph of a suprachiasmatic nucleus lesion. The lesion is large, extending into the
anterior hypothalamic area and nucleus. The optic chiasm is transected. Marker bar = 0.5 mm.
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Fig. 4. Diagram of the suprachiasmatic region of the hypothalamus showing structures involved in
lesion of the suprachiasmatic nucleus and optic tract (Figs. 3, 6, 7). Abbreviations: A, arcuate nucleus;
AQC, anterior commissure; AH, anterior hypothalamic area; AN, anterior hypothalamic nucleus; F,
fornix; LH, lateral hypothalamicarea; OC, optic chiasm; OT, optic tract; PA, paraventricular nucleus;
PV, periventricular nucleus ; SCN, suprachiasmatic nucleus ; SO, supraoptic nucleus ; TA, tuberal area;
3, third ventricle.

hypothalamus is shown in Fig. 4. Representative large and small suprachiasmatic
lesions are shown diagrammatically in Fig. 5.

Destruction of the suprachiasmatic nuclei abolished the rhythm in pineal N-
acetyltransferase activity in blinded animals25 and resulted in low levels of hydroxy-
indole-O-methyltransferase activity (Fig. 6B), significantly lower than that in blinded
animals without the lesion. A significant difference was not detectable between the
group of sighted and the group of blinded animals, both with bilateral suprachiasmatic
nucleus ablation.

Postchiasmatic optic tract transection

As observed above, when all visual pathways are destroyed by blinding, the
rhythm in pineal N-acetyltransferase persists and the suppressive effects of light on
hydroxyindole-O-methyltransferase activity are blocked. To determine if the effect of
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Fig. 5. Diagram showing the locus and extent of typical small (stipple) and large (horizontal lines)
suprachiasmatic nucleus lesions. Structures as in Fig. 4.

light is mediated only by the retinohypothalamic tract, lesions were made which spare
this tract but destroy all components of the accessory and primary optic tracts (Fig.
1C). Histological inspection indicated that the optic tracts leaving the chiasm were
destroyed (Fig. 7) by the large bilateral lesions used, which were placed lateral to the
suprachiasmatic nuclei. The lesions extend into adjacent anterior hypothalamic area
and, to a varying extent, into the lateral hypothalamic area. Diagrams indicating the
extent of the lesions in this group are shown in Fig. 8.

N-Acetyltransferase and hydroxyindole-O-methyltransferase activities in these
animals were identical to sighted animals in constant light indicating that the
retinohypothalamic pathway could mediate the chronic suppressive effects of light on
both pineal enzymes (Fig. 9), and that neither the primary nor accessory optic tracts
are required for these photic effects.

To determine if the acute and rapid effects of light on pineal N-acetyltransferase
activity were also mediated by the retinohypothalamic tract, and if the rhythm in N-
acetyltransferase activity persisted in animals with this lesion, a second group of
animals was prepared in which the only visual pathway left intact was the retino-
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Fig. 6. Pineal N-acetyltransferase and hydroxyindole-O-methyltransferase activities in sighted and
blinded animals with a lesion of the suprachiasmatic nucleus and retinohypothalamic projection. Data
is presented as the mean (4 S.E.) of 46 determinations except where indicated in brackets. The
vertical bars indicate the S.E. in all cases except where there were only two animals in a group; in that
case the vertical bar represents the range of values. The lighting cycle is indicated telow the figure. A:
sighted and blinded animals with no central lesion (from Fig. 2A). B: sighted and blinded animals with
suprachiasmatic nuclei ablation.

Fig. 7. Photomicrograph of a representative postchiasmatic optic tract transection. The lesion complete-

ly transects the optic tracts immediately lateral to the suprachiasmatic nuclei (arrows). Marker bar =
0.5 mm.
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Fig. 8. Diagrams showing the extent of a typical small (stipple) and large (horizontal lines) postchiasm-
atic optic tract transection. Structures as in Fig. 4.

hypothalamic tract (Table I). These animals were maintained in a light/dark 12/12 h
lighting cycle. N-Acetyltransferase activity at 24.00 h was 14.29 4- 1.82 nmol/gland/h;
a 30-min light exposure decreased enzyme activity 959 to a value equivalent to that
observed during the light period (09.00 h) in both sham-operated and optic tract tran-
section animals (Table I). This indicates that the retinohypothalamic tract mediates the
rapid effects of light on N-acetyltransferase activity, and that the lesion used does not
destroy the suprachiasmatic nucleus or other structures required to generate a rhythm
in N-acetyltransferase activity.

Retrochiasmatic hypothalamic deafferentation

To determine if retrochiasmatic projections from the suprachiasmatic nucleus
are involved in the regulation of pineal hydroxyindole-O-methyltransferase activity,
animals were prepared bearing a knife cut through this area of the hypothalamus (Fig.
1D). The tip of the knife passed through the retrochiasmatic hypothalamic area
between the chiasm and the median eminence, cutting known projections from the
suprachiasmatic nucleus3. It appeared as a thin necrotic zone about 2 mm long (Fig.
10). This was a very reproducible lesion and was successful in all but one animal.
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Fig. 9. Pineal N-acetyltransferase and hydroxyindole-O-methyltransferase activities in sighted and
blinded animals with a postchiasmatic optic tract transection. Data is presented as the mean (+ S.E.)
of 4-6 determinations. The lighting cycle is indicated below the figure. A : sighted and blinded animals
with no central lesion. B: animals with a postchiasmatic optic tract transection.

TABLE1

Postchiasmatic optic tract transection: effects of the acute response of N-acetyltransferase activity to light
and on the N-acetyltransferase system

Adult female albino rats, 180 g, were subjected to either sham operation or bilateral postchiasmatic
optic tract transection. They were maintained in light/dark (LD) 12/12 h (lights on 06.00 to 18.00 h)
for 45 days and then sacrificed under one of these conditions; at 09.00 with lights-on (L), at 24.00 with
lights-off (D) and at 24.00 following a 30-min exposure to light (D—~L30). Pineals were removed and
analyzed for N-acetyltransferase activity. Each value is the mean (+ S.E.) of 7 or 8 determinations.

Operated group N-Acetyltransferase activity (nmol
product formed|gland|h)

Time of day and lighting condition

09.00 (L) 24.00 (D) 24.00 (D—~L30)

Sham-operated 0.80 4 0.09 13.68 4+ 1.87 0.87 £ 0.06
Postchiasmatic optic
tract transection 0.80 + 0.08 1429 4+ 1.82 0.87 £ 0.11




Fig. 10. Photomicrograph of the knife cut lesion produced by the retrochiasmatic hypothalamic de-
afferentation. The cut crosses the medial hypothalamus, extending from the fornix on one side to that
on the other in the retrochiasmatic area just caudal to the point where the optic tracts (OT) separate.
Marker bar = 0.5 mm.

The knife cut had an effect on pineal enzymes similar to that of the supra-
chiasmatic nucleus lesion (Fig. 11). It blocked the maintenance of the elevated levels of
hydroxyindole-O-methyltransferase in blinded animals and the rhythm in N-acetyl-
transferase in both the intact and blinded animals with this lesion; the activity of
hydroxyindole-O-methyltransferase was equivalent to that of the sighted animals in
constant light.

DISCUSSION

On the basis of observations presented in this report and in previous ones it
appears reasonable to reach the following three conclusions.
(1) Photic regulation of pineal N-acetyltransferase and hydroxyindole-O-methyl
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Fig. 11. Pineal N-acetyltransferase and hydroxyindole-O-methyltransferase activities in sighted and
blinded animals with a retrochiasmatic hypothalamic cut. Data is presented as the mean (+ S.E.) of
4-6 determinations. The lighting cycle is indicated below the figure. A: sighted and blinded animals
with no central lesion (from Fig. 2A). B: sighted and blinded animals with a retrochiasmatic hypo-
thalamic cut.

transferase is via the retinohypothalamic tract, not the inferior accessory optic tract. It is
quite clear that the activities of the two pineal enzymes studied are regulated by photic
input. In the present study pineal glands were analyzed from animals in which all
components of the primary and accessory optic tracts were transected at the level of
the optic chiasm and the only known surviving central retinal projection is the retino-
hypothalamic tract. Light clearly acts in these animals, as it does in intact animals, to
suppress the activity of hydroxyindole-O-methyltransferase, to entrain the rhythm in
N-acetyltransferase in animals maintained in diurnal light, and block the rhythm in
constant light. In addition, exposure to light during the dark period of a diurnal cycle
causes a rapid decrease in the activity of N-acetyltransferase. None of these effects of
light are detectable in animals in which the retinohypothalamic tract is also destroyed,
as in the case of blinded animals16, Based on these observations it seems appropriate to
conclude that the visual pathway involved in the photic regulation of both pineal N-
acetyltransferase and hydroxyindole-O-methyltransferase activities is the retinohypo-
thalamic projection.

(2) The suprachiasmatic nucleus is the endogenous source of signals which generate
the circadian rhythm in pineal N-acetyltransferase activity and tonically elevate hydroxy-
indole-O-methyltransferase activity. Evidence to support the idea that these signals are
endogenously generated derives from the observation that the activities of N-acetyl-
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transferase and hydroxyindole-O-methyltransferase in blinded animals as compared to
sighted animals maintained in a light/dark 14/10 h lighting cycle are the samel4.15.25,
except that the circadian rhythm in N-acetyltransferase activity in the blinded animals
is free-running and is not entrained to the light-dark cycle as it is in the sighted
animals. There are no major quantitative differences in the magnitude of the peak
levels of N-acetyltransferase or the high levels of hydroxyindole-O-methyltransferase?:
14,39 These findings clearly indicate that the mechanisms required for generating the
N-acetyltransferase rhythm and for maintaining high levels of hydroxyindole-O-
methyltransferase activity are endogenous and fully functional in the ‘absence of
environmental lighting.

Evidence to support the idea that the location of this endogenous signal
generator appears to be the suprachiasmatic nucleus is that lesions which destroy a
number of projections to this area do not block the generation of the rhythm in N-
acetyltransferase activity25, whereas lesions that ablate the suprachiasmatic nucleus
do abolish the rhythm?5. In the present study this latter finding was confirmed and it
was also determined that lesions of the suprachiasmatic nucleus prevent the endoge-
nous maintenance of hydroxyindole-O-methyltransferase activity at an elevated level.
Accordingly, it appears appropriate to conclude that both enzymes are regulated by
signals originating in the suprachiasmatic nuclei.

Two aspects of the function of the suprachiasmatic nucleus and its relationship
with the retinohypothalamic pathway require additional comment. First, in view of
both the functional evidence reviewed above and the anatomical evidence?-18:26, it is
highly likely that the retinohypothalamic projection alters pineal function by directly
interacting with structures in the suprachiasmatic nucleus. In this regard, light can be
viewed as having an entraining function and a transmission function. The effect of
light in entraining the endogenous oscillator to the environmental lighting cycle is
apparently slow; it takes approximately a week to entrain the N-acetyltransferase
rhythm to a 12-h phase shift4.6. The effect of light on signal transmission appears to
be extremely rapid, and probably accounts for the ‘turn-off” of N-acetyltransferase by
light, the blocking of a circadian rhythm in N-acetyltransferase activity by constant
light, and eventually in the gradual decrease in the activity of hydroxyindole-O-methyl
transferase activity in constant light2.9:16, The nature of these interactions is not
known. One of us (R.Y.M.) believes that they represent direct effects on the
endogenous oscillating mechanism. In contrast, the other (D.C.K.) believes that acute
alterations of the oscillating mechanism are not required for these effects, but that
signal transmission is blocked independently.

The second aspect of this proposal that should be discussed is the question of
how a single hypothalamic nucleus can regulate two pineal enzymes that exhibit
diverse dynamic responses. In the case of N-acetyltransferase, central neural stimula-
tion results in rapid 20- to 100-fold increases in enzyme activity over a period of hours
and cessation of neural stimulation results in an immediate turn-off of enzyme activity.
In contrast, hydroxyindole-O-methyltransferase decreases gradually over a series of
weeks2:3? following tonic cessation of neural stimulation, and varies little on a daily
basis. The best explanation we can offer is that the nature of the intracellular
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mechanisms regulating N-acetyltransferase, perhaps the stability of the required
mRNA and the stability of the enzyme protein, are significantly different than those
regulating the activity of hydroxyindole-O-methyltransferase. As a result, in response
to daily neural stimulation there is a large rapid daily increase in the number of active
molecules of N-acetyltransferase, but only a slight change in the number of active
molecules of hydroxyindole-O-methyltransferase, one that is sufficient to maintain a
steady state20.30,

(3) A single neural pathway from the suprachiasmatic nucleus to the pineal gland
regulates pineal hydroxyindole-O-methyltransferase and N-acetyltransferase activities.
It is apparent from previous studies and the present report that removal of the superior
cervical ganglia, lesions of the medial forebrain bundle, and lesions of the retro-
chiasmatic area of hypothalamus, through which axons from the suprachiasmatic
nucleus project35, block the stimulatory effects of the suprachiasmatic nucleus on
pineal enzymes!8.23,24,25,27_ On this basis we propose that there is a common neural
pathway which transmits all signals that regulate the enzymes involved in the control
of the formation of melatonin from serotonin in the pineal. Details concerning the
precise localization of hypothalamic connections regulating the autonomic innerva-
tion of the pineal gland are not well known; interestingly, recent observations3? have
indicated that the pathway from the eye to the pineal may require no more than 5
synapses2l. Thus, in view of all of the data available, it appears that pineal N-acetyl-
transferase and hydroxyindole-O-methyltransferase activities are regulated by a single
neural system. A schematic representation of this regulatory pathway is presented in
Fig. 12.
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Fig. 12. A schematic representation of the neural control of the pineal gland. NE, norepinephrine;
cyclic AMP, adenosine 3’,5-cyclic monophosphate; Tp, tryptophan; OHTp, 5-hydroxytryptophan;
5-HT, 5-hydroxytryptamine; serotonin; HIAA ; 5-hydroxyindole acetic acid; HTOH, S-hydroxytryp-
tophol; N-AcSHT, N-acetylserotonin. The question marks indicate unproven hypotheses. This
scheme is a modification of one that was previously published!?,
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The case has been made that N-acetyltransferase is a key neurally controlled
‘regulating enzyme’ that specifically turns one biochemical pathway on and off12; as
such it may be a general model for neural control of cell-specific unique metabolism.
This idea evolved when it became apparent that the entire neural pathway from the eye
to the pineal gland and the mechanisms involved in converting neural signals into
biochemical signals appeared to exist and function for the single purpose of control-
ling this one key regulating enzyme. In view of our findings here, it would appear
necessary to expand this to include hydroxyindole-O-methyltransferase as well.
Interestingly, these enzymes together provide distinct yet complementary types of
responses to neural stimulation. One is a dynamic minute-to-minute response which is
relatively rapid reflection of neural stimulation. The other is a tonic, dampened
response that is an integrated measure of the amount of neural stimulation the tissue
has received during the previous week or so. Simultaneously, therefore, these enzymes
provide both an index of ongoing neural stimulation and an integrated measure of
previous neural stimulation of the pineal gland. As such this system offers an
intriguing demonstration of how dynamically different biochemical responses can be
generated in a cell by the same central neural stimulation.

As a final point it would appear appropriate to comment on the nature of the
transsynaptic and intracellular regulation of these two enzymes (Fig. 12). Pineal N-
acetyltransferase activity appears to be regulated by the release of norepinephrine from
presynaptic stores. This transmitter stimulates N-acetyltransferase activity through a
mechanism which depends upon interaction with fi-adrenergic receptors, the genera-
tion of cyclic AMP, a change in membrane physiology resulting in hyperpolarization,
the synthesis of new protein and stabilization of N-acetyltransferase molecules3:5.7.8,
12,13,14,17,28,34 In contrast there is little evidence available to explain how neural
signals stimulate hydroxyindole-O-methyltransferase activity. Organ culture studies
have produced only negative results in this area3.13 perhaps because of the slow
response time of hydroxyindole-O-methyltransferase activity. In addition no report of
in vivo effects of adrenergic agonists on the activity of this enzyme are known to us. It
is possible that this enzyme is regulated by a fi-adrenergic cyclic AMP mechanism
similar to that regulating N-acetyltransferase activity. Alternatively, it also is possible
that another transmitter is released from pineal sympathetic nerves with nore-
pinephrine, perhaps octopamine, dopamine, or serotonin, and that it is involved in the
regulation of hydroxyindole-O-methyltransferase enzyme!®.11.29. Future studies using
long-term drug treatment may clarify this issue.
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