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1987.—The paraventricular nucleus of the hypothalamus (PVN) is thought to be a part of the neural circuit comprising the
melatonin rhythm generating system (MRGS). Electrical stimulation of the PVN during the early lights-on period signifi-
cantly elevated urinary 6-hydroxymelatonin content to nearly 50% of night levels; stimulation during the lights-off period
did not produce significant changes. In contrast to the effects of PVN stimulation, stimulation of surrounding brain areas

was without effect at either time. This observation confirms the participation of the PVN in the MRGS.
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THE anatomical structures and neural circuits that partici-
pate in the control of melatonin secretion from the pineal
gland appear to include the retina, retinohypothalamic tract,
suprachiasmatic nucleus (SCN), paraventricular nucleus
(PVN) of the hypothalamus, intermediolateral cell column of
the spinal cord, superior cervical ganglion (SCG), inferior
carotid nerve and nervi conarii [2, 7, 8, 11, 16]. Together
with the pineal gland these structures constitute a melatonin
rhythm generating system (MRGS). The SCN appears to
contain a circadian oscillator which determines the timing of
pineal gland activity. Light acts through the retina to adjust
the phase of the oscillatory system, ensuring that it is
entrained to the environmental lighting cycle {10]. Light also
acts to override transmission to the pineal gland, and thereby
block stimulation of the pineal gland at night [4,6].

The latest addition to the MRGS is the PVN. Histochemi-
cal studies first demonstrated SCN projections to the PVN
[1, 20, 21], as well as PVN projections to the intermediolat-
eral cell column of the spinal cord, the region containing the

preganglionic cell bodies that project to the SCG [22-24].
Later it was found that lesions of the PVN abolish the light/
dark differences in pineal N-acetyltransferase activity,
pineal melatonin and urinary 6-hydroxymelatonin [9]. PVN
lesions also mimic pinealectomy in their ability to prevent
short-day-induced testicular regression [12,15].

Recently, short-term electrical stimulation of the PVN in
acutely blinded, urethane anesthetized animals has been re-
ported by Reuss et al. [17] to decrease late dark period rat
pineal N-acetyltransferase activity without significantly af-
fecting pineal melatonin content. In the guinea pig similar
stimulation also alters the electrical activity of single
pinealocytes [18,19]. Such data provide physiological evi-
dence of the importance of the PVN in the regulation of the
pineal gland, but are in conflict with one proposed operation
of the MRGS, that at night excitatory signals from the SCN
pass through the PVN to stimulate the pineal gland [6]. The
data from Reuss e al. [17] suggest that excitation of the PVN
by the SCN might inhibit stimulation of the pineal gland.
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The purpose of the current study was to further define the
neural circuit mediating the transmission of photic and cir-
cadian information from the hypothalamus to the pineal
gland. We examined the effects of electrical stimulation of
the PVN on pineal melatonin production in awake, freely
moving animals during the day and night. Melatonin produc-
tion was estimated by measuring the urinary content of 6-
hydroxymelatonin conjugates. Urinary 6-hydroxymelatonin
conjugates are the major urinary metabolites of melatonin
[7], and serve as a valid approximation of melatonin released
by the pineal gland [13].

METHOD

Animals

Female Sprague-Dawley rats (275 to 350 gram, Charles
River Co., Wilmington, DE) were maintained in a window-
less facility under controlled lighting conditions (LD 14:10,
lights on at 1800). Food and water were provided ad lib.

Stereotaxic Surgery

Rats were anesthesized with intraperitoneal ketamine hy-
drochloride (120 mg/kg) and acepromazine (2.4 mg/kg). Each
rat was implanted with a 0.25 mm monopolar stainless steel
stimulating electrode (MS303; Plastic Products Co.,
Roanoke, VA), aimed stereotaxically at either the junction of
the parvo- and magnocellular parts of the PVN or the lateral
preoptic area (LPO), which served as a control stimulation
site. Coordinates were derived from the stereotaxic atlas of
Paxinos and Watson [14] and were confirmed by histological
evaluation in a pilot study. The PVN coordinates were 1.8
mm posterior to bregma, 0.5 mm lateral to the midline, and
8.0 mm below the surface of the skull, with the skull horizon-
tal between bregma and lambda. The LPO coordinates were
0.1 mm rostral to bregma, 1.5 mm lateral to the midline, and
8.0 mm below the surface of the skull.

A stainless steel wire loop, placed subcutaneously over
the frontal periosteum and wrapped around the stainless
steel screws used to support the electrode assembly, served
as an indifferent electrode. All subjects were allowed at least
three weeks to recover from surgery before electrical stimu-
lation.

Sample Collection

Animals were placed in Nalgene metabolic cages
(Thomas Co.) within a light-tight, anechoic, temperature
regulated chamber and provided food and water ad lib. Dur-
ing the 14-hour lights-on period, the room was illuminated by
a single 25 watt bulb (approximately 75 lux at cage level).
The chamber was lit by a Kalt giant red safelight during the
10-hour lights-off period. Animals were housed for two days
within the metabolic cages prior to the commencement of the
urine collection.

Samples were collected in tubes on dry ice and stored at
—30°C until analysis. Urine samples were obtained in two
12-hour collections, from 0700 to 1900 and from 1900 to
0700. The lighting schedule was LD 14:10, with lights on
at 0600. Therefore, the dark period collection included an
hour of light before the beginning of the dark time and
after its conclusion. The anechoic chamber was never
entered during the dark period.

Urine was collected during the light and dark periods on
consecutive days, first without and then with electrical
stimulation.
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TABLE 1

URINARY 6-HYDROXYMELATONIN OF PVN-IMPLANTED RATS
DURING CONTROL AND STIMULATION PERIODS

Urinary 6-Hydroxymelatonin
(ng/collection period)

Location Light Dark
of
Electrode Control Stimulated Control Stimulated
PVN 57«25 270 £79% 425+ 11.8f 77.1 =253
(N=93)
Caudal 124 =48 15272 585+ 205t 79.8 +21.5
and Rostral
(N=4)

Animals were classified according to the results of histological
examination as PVN (electrode within the PVN), CAUDAL (elec-
trode far caudal to the PVN) and ROSTRAL (electrode far rostral to
the PVN) placements. Three-way analysis of variance revealed sig-
nificant effects of PVN stimulation (*p <0.05) and light/dark condi-
tion (Tp<0.01). Pre-planned s-tests for dependent measures were
subsequently performed and are reported in the text.

TABLE 2

URINARY 6-HYDROXYMELATONIN OF LPO OR VENTRAL
PALLIDUM IMPLANTED RATS DURING CONTROL AND
STIMULATION PERIODS

Urinary 6-Hydroxymelatonin
(ng/collection period)

Location Light Dark

of

Electrode Control Stimulated Control
LPO (N=5) 226 + 29 20.6 + 2.8 110.3 = 16.3
VP (N=3) 36.9 + 11.4 15.6 + 8.9 99.3 + 39.3

Animals were classified according to results of histological exam-
ination as LPO (electrode in LPO) or VP (electrode in ventral
pallidum). There were no significant differences between control and
stimulated rats following early stimulation.

Electrical Stimulation of the PVN

Rats were electrically stimulated for 3 hours at either of
two times: one hour after lights-off or one hour after lights-
on. Stimulation characteristics were modeled after those
used by Bowers and Zigmond (2] to stimulate the SCG and
elevate pineal N-acetyltransferase activity. Stimulations
were 310 A (constant current source) of 10 Hz bursts (pulse
duration 1.0 msec), lasting for 2 seconds, initiated every 20
seconds. Half the animals were first stimulated during the
day and the other half during the night. A two week period
separated the two stimulation periods.

Biochemical Analysis

Quantitative analysis of urine samples for 6-hydroxy-
melatonin content was performed by gas chromatography-
negative chemical ionization mass spectrometry [25].

Data are presented as the mean+SE of urinary
6-hydroxymelatonin. Statistical analysis was performed
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FIG. 1. Diagram of stimulating electrode placements using a hori-
zontal brain section. AC, anterior commissure; ACB, nucleus ac-
cumbens; F, fornix; IC, internal capsule; LPO, lateral preoptic nu-
cleus; ME, mamillothalamic tract; PVNm, paraventricular hypotha-
lamic nucleus pars magnocellularis; PVNp, paraventricular hypotha-
lamic nucleus pars parvocellularis; SI, substantia innominata; SON,
supraoptic nucleus; VDB, nucleus of the vertical limb diagonal
band; VIII, third ventricle; VP, ventral pallidum; ZI, zona incerta; *,
electrode aimed at PVN lying within the PVN; +, electrode aimed at
PVN lying outside the PVN; x, electrode aimed at LPO lying within
LPO; vy, electrode aimed at LPO lying outside the LPO.

using 3-way analysis of variance with repeated measures,
and dependent ¢-tests [26].

Histological Analysis

Frozen brains were placed on specimen plates and sec-
tioned in a cryostat. Coronal sections (20 wm) were cut
through the area of the implant, and stained with 1% thionin
for verification of the electrode site. None of the electrode
placements obliterated the PVNs, although occasionally
there was a unilateral loss of cellular content (see Fig. 1).
Two evaluators, blind to the outcome of the experiment,
examined brain sections to determine the location of the
electrodes and the extent of PVN damage.

RESULTS
Histology

Histological verification of implantation sites was ob-
tained for the seventeen rats used to obtain the data pre-
sented in Tables 1 and 2. Nine rats were implanted wih elec-
trodes aimed at the PVN. In five animals the electrode
placement was within the PVN; in four it was far outside the
bounds of the PVN (Fig. 1). These four inaccurate place-
ments contained two overly caudal and two excessively ros-
tral implantations. None of the electrodes produced bilateral
PVN damage, although as much as 40 to 50% of the im-
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FIG. 2. Photomicrograph of typical PVN stimulation site. Top: Line
drawing of a coronal section through the PVN from a rat which had
an electrode implanted within the right PVN. Abbreviations PVN,
hypothalamic paraventricular nucleus; III V, third ventricle; AH,
anterior hypothalamic nucleus. Right: Photomicrograph of same co-
ronal section (20 m, 1% thionin stain X 10).

planted PVN was damaged in two of the animals with accu-
rate implantation sites (Fig. 2). All eight rats whose elec-
trodes were aimed at the lateral preoptic area (LPO) were
found to have electrode placements within the LPO or ven-
tral pallidum (Fig. 1).

Day/Night 6-Hydroxymelatonin

The average urinary 6-hydroxymelatonin values of the
two groups of ‘‘PVN implanted’’ animals (Table 1) were
about 9 ng during the light period, and 50 ng during the dark
period prior to stimulation. There was a significant differ-
ence between unstimulated dark and light period values in-
dependent of whether the electrode had been accurately im-
planted in the PVN (t=3.9, p>0.005); on an individual basis
it was found that each animal produced more
6-hydroxymelatonin during the dark period (p>0.005, sign
test for matched pairs; [3]).

Similar results were obtained for animals with LPO im-
plants (Table 2); the dark period 6-hydroxymelatonin con-
tent, 106.2+17.3 ng was significantly elevated when com-
pared to the light period content, 28.0+5.2 ng (#=35.6,
p<0.001).

Effects of Stimulation in Animals With Accurate PVN
Implants

For 5 animals with electrode placements within the PVN,
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the mean light urinary 6-hydroxymelatonin content after
stimulation during the early light stimulation was signifi-
cantly greater than the pre-stimulation value (r=3.57,
p<0.02). However, after stimulation in the early portion of
the dark period, the 6-hydroxymelatonin content for the dark
collection period was not significantly greater than
prestimulation nocturnal values.

Effects of Stimulation at Implant Sites Qutside the PVN

For animals in which electrode placement was outside of
the PVN, stimulation during the day or night did not alter
urinary 6-hydroxymelatonin (Table 1). Similarly, stimulation
of LPO during early light period did not produce a significant
increase in urinary 6-hydroxymelatonin (Table 2).

DISCUSSION

These results demonstrate that electrical stimulation of
the PVN during the light period can significantly increase
daytime urinary 6-hydroxymelatonin conjugates. The ef-
fects of electrical stimulation of the PVN on melatonin ap-
pear to be specific: stimulation of brain regions outside of the
PVN but within the hypothalamus does not change urinary
6-hydroxymelatonin. Destruction of the PVN has previously
been shown to mimic pinealectomy and eliminate the circa-
dian rhythms of the enzymes involved in melatonin produc-
tion, in pineal melatonin content, and in urinary
6-hydroxymelatonin {9, 12, 15). Taken together, these find-
ings support the hypothesis that the PVN is a functional part
of the MRGS, and that the PVN is driven by the SCN.

All animals whose electrodes were accurately implanted
in the PVN also showed some increase in their urinary
6-hydroxymelatonin levels following dark-time stimulation.
However, the magnitude of the change was variable. The
failure to detect a significant increase in dark-time urinary
6-hydroxymelatonin following stimulation above normal
nocturnal levels may be due to the fact that the stimulation
parameters were not optimal. Alternatively, it is possible
that dark-time pineal melatonin output may be nearly maxi-
mal, making it impossible for electrical stimulation to in-
crease the production of more melatonin. If the latter expla-
nation is the case, experiments examining the pineal re-
sponse to electrical stimulation of the PVN after nighttime
exposure to light, which decreases nocturnal melatonin pro-
duction [4,5], might unmask a larger effect of dark-time PVN
stimulation.

The results also support the view that SCN neurons gen-
erate the rhythm in melatonin production by stimulating the
neural activity of the PVN at night in the dark, thus, increas-
ing the firing rate of PVN neurons [6]. Alternatively, SCN
neurons may not make synaptic contact within the PVN
which are required for the control of melatonin production.
Rather, there might be a monosynaptic pathway from the
SCN to the intermediolateral cell column that passes through
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the PVN. Stimulation of the PVN with neuroactive chemi-
cals could help distinguish between these two possibilities,
i.e., synaptic communication versus fibers of passage at the
level of the PVN.

It is interesting to note that the 3-hour daytime stimula-
tion period increased 6-hydroxymelatonin production to
more than half that produced normally during an entire night
period. Apparently the stimulation parameters used mimic
physiological stimulation of the downstream system. The
stimulation parameters employed were based on a determi-
nation of the minimal intensity of stimulation of the superior
cervical ganglia necessary to maximally stimulate
N-acetyltransferase activity [2].

The results presented in this study are not in complete
agreement with those of Reuss e¢r al. [17]. Although both
studies indicate that PVN stimulation influences some pa-
rameters of pineal function, the effects of stimulation are
opposite. In the present study, the effect of stimulation was
to elevate melatonin production during the day; the effect of
stimulation in the previous study was to inhibit pineal
melatonin and N-acetyltransferase activity to a small degree
during the day; the inhibitory effects of stimulation at night
were larger. These results may not be incompatible because
of a number of fundamental differences in experimental de-
sign. For example, in the previous study the investigators
used an acute surgical preparation, blinding and anesthesia
during the stimulation period {17]; none of these were part of
the present study. Also, the time of stimulation relative to
the light-dark cycle was also different; a 24-hour rhythm in
sensitivity to stimulation might produce different responses
to PVN stimulation at different times of day in the two
studies. Finally, results in the present study reflect total
melatonin release during a 12-hour collection period follow-
ing a 3-hour stimulation period. The previous study used a
short stimulation period (0.25 to 1 hour stimulation) and
measured pineal melatonin and N-acetyltransferase activity
only at a single point in time, at the end of stimulation. This
choice of a single time point for analysis, in contrast to the
integrated response measured in the present study over a
period of 12 hours, probably precluded detection of an in-
crease in melatonin production. The reason for this conclu-
sion is that stimulation of melatonin production by adminis-
tration of adrenergic agonists or electrical pulses is charac-
terized by a marked lag period followed by a rapid increase
in N-acetyltransferase activity and melatonin [2, 5, 6]. It is
probable that large increases in pineal function will not be
detected in a single point-in-time analysis after a 0.25 to 1
hour stimulation period, and that a longer period is required.

The successful use of the electrical stimulation technique
in this study indicates it may also help identify neural struc-
tures involved in the MRGS which connect the PVN and the
SCG. In addition, the use of the “C-2-deoxyglucose au-
toradiographic method in conjunction with PVN electrical
stimulation may enhance the description of this circuit.
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