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SUMMARY

Vasoactive intestinal peptide (VIP) receptor density is high in
the pineal gland, which receives VIP innervation and responds
to VIP with a relatively small increase in cAMP and cGMP levels.
In the present study, we show that VIP (5-200 nm) treatment
increased the intracellular calcium concentration ([Ca%*]) in
64% of isolated individual Einealocytes; in comparison, norepi-
nephrine (NE) elevated [Ca®*}],in 93% of the cells and produced
more robust responses. Analysis of the role of second messen-
gers indicated that [Ca2*], was strongly elevated by cGMP
analogs, but not by cAMP analogs. The nitric oxide-releasing
agent S-nitro-N-acetylpenicillamine and 2,2-diethyl-1-nitroxy-
hydrazine also elevated [Ca?*),. Investigation of the mecha-
nisms revealed that responses to VIP or 8-bromo-cGMP in-
volved Ca?* influx, as did the plateau component of the

response to NE; the large rapid component of the response to
NE, however, appeared to reflect release from intracellular
stores. Pharmacological studies indicated that the VIP-induced
Ca®* influx was mediated by a retinal rod-type cyclic nucleotide-
gated cation channel, expression of which was confirmed by
reverse transcription-polymerase chain reaction analysis.
These observations indicate that fundamentally different mech-
anisms generate the responses to NE and VIP. The dominant
effect of VIP causing transient elevation of [Ca®*], appears to be
through cGMP gating a /-cis-diltiazem-sensitive rod-type cyclic
nucleotide-gated cation channel. In contrast, the dominant ef-
fect of NE on [Ca?*], is due to enhanced Ca®* release from
intracellular stores; the plateau component is due to influx
through a /-cis-diltiazem-insensitive channel.

The pineal gland has one of the highest densities of VIP
receptors in the mammalian brain (1). This tissue receives
VIP innervation (2) and is responsive to VIP (3-7). However,
some pineal responses to VIP are smaller than those elicited
by NE, which is generally considered to be the primary reg-
ulator of pineal function (8). For example, whereas both
agents elevate pineal cAMP and ¢cGMP levels, the effects of
NE are ~10-fold greater than those of VIP; smaller differ-
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ences exist between the effects of VIP and NE on stimulation
of NAT and melatonin production (9-12).

An important element in NE signal transduction in the
pineal gland is a sustained, a-adrenergic receptor-mediated
elevation of [CaZ*]; (10, 13, 14). This is essential for NE to
generate maximal increases in the accumulation of cyclic
nucleotides (9, 11). In addition, elevation of [Ca%*]; potenti-
ates the effects of cAMP on K* efflux and on NAT activity
and may contribute to the relatively larger stimulation of
NAT activity by NE (6, 7, 12, 15).

A plausible reason why pinealocyte responses to VIP are
smaller than those to NE is that VIP might not elevate
[Ca?*},. This would explain why [Ca®*];-elevating agents
potently increase the effects of VIP on cyclic nucleotide levels
(6, 7). The effects of VIP on pinealocyte [Ca®*]; have not been
studied, although VIP does elevate [Ca%*], in other cells

ABBREVIATIONS: VIP, vasoactive intestinal peptide; NE, norepinephrine; [Ca?*], intracellular free Ca2* concentration; [Ca?*],, extracellular Ca?*
concentration; CNG, cyclic nucleotide-gated; DB-cAMP, N8,2'-O-dibutyryl-cAMP; DB-cGMP, N®,2'-O-dibutyryl-cGMP; 8-Br-cAMP, 8-bromo-
CcAMP; 8-Br-cGMP, 8-bromo-cGMP; SNAP, S-nitroso-N-acstylpenicillamine; EBSS, Eagle’s basal salt solution; AM, acetoxymethyl ester; DMEM,
Dulbecco’s modified Eagle’s medium; NAT, N-acetylitransferase; bp, base pair(s); NO, nitric oxide; HEPES, 4-(2-hydroxyethyl)-1-piperazineethane-

sulfonic acid; PCR, polymerase chain reaction; RT, reverse transcription.
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(16-19). To examine the effects of VIP on pinealocyte [CaZ*],,
we have measured fura-2 fluorescence changes in single cells
and found that VIP elevates [Ca%*]; in 64% of the pinealo-
cytes analyzed, apparently via cGMP-dependent stimulation
of influx through a rod-type CNG cation channel.

Materials and Methods

Pineal cell culture. A detailed description of pineal cell isolation
and culture has been published previously (13). Briefly, pineal
glands were isolated from female Sprague-Dawley rats (200-250 g,
2040 pineal glands/preparation), placed in ice-cold phosphate-buff-
ered saline, and gently disrupted using a pair of forceps. The tissue
pieces were then placed in EBSS containing papain (20 units/ml).
The EBSS contained, in addition, 0.5 mmM EDTA, 1.0 mM L-cysteine,
0.1 mg/ml DNase, 26.2 mM NaHCOj,, and 33.3 mM glucose. After an
incubation period of 50 min at 37°, the glands were triturated with a
pipette, incubated for an additional 10 min, and then triturated
again. The suspension was centrifuged (800 X g for 5 min at 4°) and
cells were resuspended in EBSS containing bovine serum albumin
(10 mg/ml) and trypsin inhibitor (10 mg/ml). Individual cells were
separated from cell clumps and tissue debris by centrifugation (800
X g for 5 min at 4°) through a layer of albumin (10 mg/ml) in EBSS.
Cells in the pellet were resuspended in DMEM (supplemented with
10% fetal calf serum), plated on Peptite 2000-coated, number 1, glass
coverslips at a density of 10%/coverslip, and allowed to adhere for 3 hr
in the incubator. A 2.0-ml volume of DMEM (containing 10% fetal
calf serum) was then added to the coverslips in 35-mm culture
dishes, and cells were maintained for 2448 hr before [Ca®*), mea-
surements.

[Ca**], measurements. Cells on coverslips were loaded with
fura-2/AM (2 uM), as described previously (13), in DMEM without
phenol red (containing 20 mM HEPES and 10% fetal calf serum) at
37° for 10 min, placed in a Leiden coverslip chamber mounted on the
microscope stage, and perfused with the same solution at a rate of 1.5
ml/min during experiments. Cells were maintained at 37° through-
out the experiments. Drug treatment was accomplished using the
“sewer pipe” technique, by changing to perfusion medium containing
appropriate concentrations of the drug. [Ca2*]; measurements were
carried out as described previously (13, 20, 21). Briefly, fura-2 fluo-
rescence was observed with an inverted microscope on a vertical
optical bench, using a Nikon 40%/1.3 NA CF Fluor DL objective lens.
The cells were illuminated with a mercury arc lamp (Oriel Optics),
with quartz collector lenses. A shutter (Uniblitz) and a wheel (Lamb-
da-10; Sutter Instruments) containing bandpass filters were
mounted in the light path. The computer controlled both the shutter
and the filter wheel, such that the cells were alternately illuminated
with 340- and 380-nm excitation beams (495 nm for fluo-3). Fluores-
cence images were acquired through a microchannel plate intensifier
(model KS-1380; Videoscope International, Washington DC), with a
charge-coupled device camera (Videoscope International). Images
were digitized and averaged (two frames at each wavelength) with a
Trapix 55/4256 image processor (Recognition Concepts, Incline Vil-
lage, NV). The time interval between image pairs was varied depend-
ing on the required temporal resolution (up to 210 msec/pair). After
all image pairs were collected and stored, ratio images were gener-
ated on a pixel-by-pixel basis after subtraction of appropriate blanks.
The average pixel values in the ratio image were measured on a
frame-by-frame basis for each cell in the field of view, to obtain the
average ratio as a function of time. The fluorescence ratio data were
converted to calcium concentrations from a calibration curve con-
structed according to the methods of Refs. 22 and 23; the details of
this calibration procedure have already been described (20). Data in
graphs represent [CaZ*], values in single cells (calculated in this
manner) plotted versus time. The resting [Ca2*], was estimated to be
72.6 * 0.8 nM (mean * standard error) in 500 cells, and the values
ranged from 36.4 nM to 162.3 nM. Data in tables represent [CaZ*],

responses calculated after subtraction of basal [Ca%*]; values, on a
cell-by-cell basis, before averaging. Basal values for each cell were
calculated by averaging the individual data points collected before
agonist addition.

RNA extraction, cDNA synthesis, and PCR. Total RNA was
isolated from groups of five rat pineal glands, from retinae, or from
cerebella, using a single-step protocol (24) with RNAsol B (Biotecx
Laboratories, Houston, TX). One microgram of total RNA was re-
verse transcribed to cDNA in 50 ul using a kit (Promega), according
to the manufacturer’s protocol. The CNG calcium channel cDNA was
amplified by PCR, using a Perkin-Elmer thermocycler, in Tris buffer,
pH 9.2, containing 1.5 mm MgCl,, 25 mM KCl, 50 uM deoxynucleoside
triphosphates, 0.5 unit/50 ul PerfectMatch DNA polymerase en-
hancer (Stratagene, Zurich, Switzerland), 1.25 unit/50 ul AmpliTaq
DNA polymerase, and 25 pmol/50 ul primers. The primers used,
GTACGAACAAGGACAGGTTAC (positions 637-657) and TGTTG-
GTCCACAGGTAGTCAA (positions 1321-1301), were selected based
on the sequence of the human CNG calcium channel (25). The PCR
product was amplified by 40 cycles of denaturation at 94° for 1 min,
annealing at 55° for 1.5 min, and extension at 72° for 2 min. PCR
products were resolved on 4-20% polyacrylamide gels (Novex, San
Diego, CA) and stained with ethidium bromide.

Sequence analysis of PCR products. PCR product bands were
identified using ethidium bromide (see Fig. 8), and sections of gel
containing bands of interest were removed. Product was extracted
from these bands and reamplified using the primers described above.
DNA from the reamplifed products was prepared for sequencing
using a Wizard PCR Preps DNA purification kit purchased from
Promega Corp. (Madison, WI). The purified products were sequenced
using the PRISM DyeDeoxy Terminator cycle sequencing kit (Ap-
plied Biosystems, Foster City, CA), following the manufacturer’s
protocol. Typically, 0.5 pmol of template and 3 pmol of primer were
used in each sequencing reaction. The sequencing reaction products
were purified using Select-D G-50 columns (5 Prime-3 Prime, Boul-
der, CO) and dried. Each sample was then dissolved in 5 ul of
formamide and 1 ul of 50 mM EDTA, heated, and loaded in a model
370A automated fluorescent sequencer (Applied Biosystems). Se-
quence comparison analysis was performed using the following pro-
grams from the Genetics Computer Group Sequence Analysis Soft-
ware Package (26): FASTA, BESTFIT, and PILEUP.

Materials. The following compounds were purchased or donated:
w-conotoxin (Bachem, Torrence, CA); DB-cGMP, 8-Br-cGMP, 8-Br-
cAMP, DB-cAMP, nicardipine, D-600 (methoxyverapamil), and
ascorbic acid (Sigma Chemical Co., St. Louis, MO); SNAP, isoproter-
enol, and prazosin (Research Biochemicals, Natick, MA); I-cis-dilti-
azem (Dr. King Wai Yau, Johns Hopkins School of Medicine, Balti-
more, MD); and 2,2-diethyl-1-nitroxyhydrazine (Dr. Tambra Duna,
National Cancer Institute, Bethesda, MD). The sources of all other
chemicals used have been reported (13).

Statistics. Student’s ¢ test was used for statistical analysis (27).
Statistical analysis was performed on data from all of the cells
analyzed on different coverslips that had been treated identically.
Typically, each coverslip in a treatment group was prepared on a
different day and results were pooled.

Results

Effects of VIP and NE. VIP (0.1 uM) treatment increased
[CaZ*), in 64% of the pinealocytes on 19 coverslips (number of
cells analyzed, 387). Examples of typical patterns of re-
sponses to VIP and NE appear in Fig. 1. The VIP response
profiles were heterogeneous. In nearly all VIP-responsive
cells, [Ca®*]; tended to return to base-line levels during VIP
treatment (Fig. 1), as indicated by the [Ca®*]; value 90 sec
after the beginning of VIP application (Tables 1 and 2). The
peak amplitude of the response increased with increasing
VIP doses within a concentration range of 5-200 nm (Table
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Fig. 1. Effect of VIP on [Ca?*], in
pinealocytes. Pinealocytes were
plated as described in Materials
and Methods, loaded with fura-2/
AM, and perfused at the rate of 1.5
ml/min at 37° for at least 10 min
before the beginning of the record-
ing (time 0). The cells were exposed
to VIP followed by NE (black bars).
Six of 52 cells from one experiment
are shown, with an offset on the
ordinate for clarity.

500 nM

VIP 0.1 yM

TABLE 1

Concentration-response analysis of the effects of VIP on
pinealocyte [Ca?*],

This is a summary of results obtained using three preparation of cells, samples of
which appear in Fig. 1. Data are presented as the mean *+ standard error. n,
number of cells analyzed.

NE 1pM

100s

TABLE 2

Comparative analysis of the effect of selected agonists on
pinealocyte [Ca?*],

This is a summary of the results of a series of experiments, samples of which
appear in Figs. 1, 2, and 3. Data are presented as the mean * standard error. n,
number of cells analyzed.

[Ca%*), response’ [Ca2*], response?
' o, - ' oy,
Peak® 90 sec? po! Peak® 90 sec? po!
M ] M-S6C M JM-SEC
1 368 20+ 7.7 22*+05 15 VIP (0.1 pum) 131 x5 19+4 9.5+ 0.6 129
5 50+6 31 *+4.0 3.0+x04 15 NE (1 pum) 288 + 8 1056+ 4 219 + 0.6 281
10 56 =7 23+3 29+04 20 8-Br-cGMP (1 mm) 100 £ 6 19 +2 78 0.3 204
50 639 28 + 6.6 3.8 = 0.6 31 SNAP (1 mm) 68 4 35+3 6.2+ 0.5 222
100 91 + 38 + 4.0 55*0.6 58 DB-cGMP (1 mm) 78 =8 7+3 53+ 0.6 11
200 127 = 8 23+ 28 7105 183

2 Response values have had pretreatment values subtracted on a cell-by-cell
°fhe integrated response reflects the response during the first 3 min of

€ In all cases peak responses occurred during the first 10 sec of treatment.
9 Values are [Ca®*], at 90 sec after initiation of treatment, which provides a
measure of the response during the plateau phase.

1). The number of cells responding to VIP also increased over
the concentration range tested (data not shown).

The [CaZ*]; responses of pinealocytes to NE and VIP were
compared. NE elevated [Ca2*]; in a greater percentage of
cells (93% of 281 cells) and typically generated an initial
spike response followed by a plateau (Fig. 1; Table 2), in
agreement with reports in the literature (13, 14). The [CaZ*];
response to VIP was approximately 50% smaller than the
response to NE, as indicated by the peak response and the
integrated response measured during the first 3 min of treat-
ment (Tables 2 and 3). In addition, analysis of the response to
these agonists 90 sec after treatment indicated that the NE

® Response values have had pretreatment values subtracted on a cell-by-cell

® The integrated response reflects the response during the first 3 min of
treatment.

¢ In all cases peak responses occurred during the first 10 sec of treatment.

9 Values are [Ca2*), at 90 sec after initiation of treatment, which provides a
measure of the response during the plateau phase.

response (37.8 + 1.4% of the peak NE response) was several-
fold greater than the VIP response (8.3 * 0.6% of the peak
VIP response). This analysis emphasizes the fundamental
differences in the response profiles of the two agonists, i.e.,
the response to VIP is transient, whereas the NE response
has a peak followed by a plateau as long as agonist is present
(Fig. 1).

Studies with cyclic nucleotide protagonists. cAMP is
thought to mediate VIP-induced elevation of [Ca%*]; in other
cells (16-18, 28). In our studies, however, the cAMP protag-
onist 8-Br-cAMP (1 mM) did not increase [Ca®*]; in any of 48
pinealocytes on three coverslips (Fig. 2D). This agrees with
observations on pinealocytes in suspension (11). Similarly,
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TABLE 3
Comparative analysis of the effects of selected agonists on [Ca®*], in pinealocytes in low-Ca?* (5 um) and normal-Ca?* (1.5 mm) medium.

This is a summary of the results of a series of experiments, examples of which appear in Fig. 5. Cells were tested first in low-Ca?* medium and then in normal-Ca?*
medium. Data are presented as the mean * standard error. n, number of cells analyzed.

[Ca%*), response?
Agent [Ca%*], :2‘:%'3:3 n
Peak® 90 sec? P
M M- SEC
VIP (0.1 um) 5 um 185 + 3.5 6.1 = 1.50 0.8 +0.10 106
1.5 mm 1235+ 28 11.2 + 0.60 11.8 £ 0.10 106
NE (1 pum) 5 um 2226 + 7.1 28.3 + 3.80 6.8 + 0.43 104
1.5 mm 265.7 + 49 135.4 + 4.00 189 + 0.4 104
8-Br-cGMP (1 mm) 5 um 10.8 = 0.8 0.1 =100 0.1 £ 0.05 51
15 mm 109.2 + 3.0 17.3 = 4.80 6.9 + 0.70 51
SNAP (1 mm) 5 um 123+ 2.8 5.2 + 0.04 0.6 + 0.05 39
1.5 mm 66.4 + 3.5 32.3 +6.10 5.8 = 0.60 39

* Response values have had pretreatment values subtracted on a cell-by-cell basis.

® The integrated response reflects the response during the first 3 min of treatment.

€ In all cases peak responses occurred during the first 10 sec of treatment.

9 Values are [Ca?*], at 90 sec after initiation of treatment, which provides a measure of the response during the plateau phase.
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Fig. 2. Effects of CAMP and cGMP protagonists on [Ca?*], in pinealocytes. Pinealocytes were plated as described in Materials and Methods,
loaded with fura-2/AM, and perfused at the rate of 1.5 mlI/min at 37° for at least 300 sec before the beginning of the recording (time 0). Treatment
was initiated as indicated (bars). Typical results are presented. A, Effect of 8-Br-cGMP. 8-Br-cGMP (1 mm) increased resting [Ca?*); in 204 of 267
cells on six coverslips. B, Effect of DB-cGMP. DB-cGMP (1 mwm) increased resting [Ca?*], in 111 of 159 cells on four coverslips. C, Effect of
forskolin. Forskolin (100 um) did not increase [Ca?*], in cells on two coverslips (26 cells). D, Effect of 8-Br-cAMP. 8-Br-cAMP (1 mwm) did not
increase [Ca?*]; on three coverslips (48 cells). A quantitative summary of experiments represented by A and B appears in Table 2.

forskolin (100 uM) treatment failed to increase [Ca2*), in 26 creases pinealocyte cAMP levels (8), also failed to elevate
cells on two coverslips (Fig. 2C). Selective B,-adrenergic stim- [Ca2*]; in 86 cells analyzed (six coverslips) (data not shown),
ulation (50 nM isoproterenol plus 1 uM prazosin), which in- in agreement with previous observations (11).



In contrast to the ineffectiveness of cAMP analogs, two
c¢GMP analogs elevated [Ca%*];. 8-Br-cGMP treatment (1 mm)
increased [Ca®*); in 76.5% of 267 cells on 12 coverslips (Fig.
2A; Tables 2 and 3). The response profile varied on a cell-to-
cell basis; some cells that were nonresponsive to 8-Br-cGMP
responded to NE. The responses to 1 mM and 0.1 mM 8-Br-
¢GMP were similar; a 10 uM concentration was generally
ineffective (data not shown). DB-cGMP treatment increased
[Ca%*]; in 70% of 159 cells on four coverslips (Fig. 2B; Table
2).

c¢GMP levels in the pineal gland appear to be regulated by
NE and VIP acting through an NO-dependent mechanism;
accordingly, NO generators elevate pineal cGMP levels (29—
31). In this study we found that the NO-generating agent
SNAP (1 mM) increased [Ca®*]; in 83% of 267 cells on 10
coverslips (Fig. 3; Table 2). We also tested the effect of three
different concentrations (10 uM, 100 uM, and 1 mM) of SNAP
on cells on one coverslip. All three concentrations were effec-
tive in eliciting a [Ca?*]; response. The peak responses
(A[Ca%*];) were 30.8 + 3.4, 37.4 + 3.1, and 82.5 * 59 nM
(mean * standard error, n = 36) for 10 uM, 100 uM, and 1 mM
SNAP, respectively, and the integrated areas under the
peaks were 1.4 = 0.2, 1.8 = 0.2, and 6.0 + 0.4 nM-sec,
respectively. Similar results were obtained with another NO
donor, 2,2-diethyl-1-nitroxyhydrazine (1 mm; 92 cells on
three coverslips). This NO donor caused a peak response
(A[Ca?*];) of 110.3 + 0.8 nM (mean * standard error) and an
integrated response of 2.6 *+ 0.2 nM-sec.

Comparison of the responses to SNAP and 8-Br-cGMP
revealed that the response to the former was more sustained,
as judged by the response at 90 sec (Tables 2 and 3). At 90 sec
after the start of treatment, the response to 8-Br-cGMP was
17.8 * 0.8% of the peak (162 cells from 12 coverslips),
whereas the response to SNAP at the same time point was
49.6 + 1.7% of the peak (261 cells from nine coverslips). This
difference was statistically significant (p < 0.001).

Role of extracellular Ca®*. It is known that agonist-
induced [Ca®*]; signals depend upon release of Ca?* from
intracellular stores, an increased influx of Ca%?* across the
plasma membrane, or a combination of these. To determine
the relative importance of these mechanisms in the [Ca®*];
responses of pinealocytes to VIP and NE, the [CaZ*]; re-
sponses of individual cells were determined in low-CaZ*
([Ca2%*], = 5 uM) and normal-Ca%* ([Ca®*], = 1.5 mM) media.
In normal-Ca%* medium, both VIP and NE elevated [CaZ?*];
(Fig. 4A), as described above. In low-Ca?* medium, however,
the VIP-induced increase in [CaZ?*]; was nearly completely
abolished, whereas only the plateau component of the NE-
induced response was eliminated (Figs. 4B and 5A).

To quantitatively compare the response profiles, cells were
initially challenged with either VIP or NE in low-Ca®* me-
dium, followed by stimulation in normal-Ca?* medium (Fig.
5). In medium containing 5 uM Ca2*, the response to VIP
treatment was absent and the initial response to NE was
present. However, after the [Ca%*], was increased to 1.5 mm,
VIP treatment caused an increase in [CaZ*]; (Fig. 5B) and
NE treatment caused an increase in [CaZ*]; that included
both transient and sustained plateau phases. The VIP-in-
duced peak [CaZ*]; response was inhibited by 856% in the
low-Ca?* medium (Table 3). In contrast, the initial NE-in-
duced peak response was reduced by only 16% (Table 3),
confirming the aforementioned indications that the peak
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component of the [CaZ*]; response to VIP is nearly entirely
dependent upon [Ca%*], and that the peak component of the
[Ca®*]; response to NE is primarily dependent upon mobili-
zation of stored Ca®*, in agreement with published results
(14). The NE-induced [Ca?*]; response after 90 sec of treat-
ment was 13% of the peak response in the low-Ca%?* medium,
compared with 51% in normal medium (Table 3), in agree-
ment with reports in the literature indicating that the pla-
teau component of the response is strongly dependent on
Ca?* influx (17, 20). This change in the shape of the NE-
induced [Ca®*); response in low-Ca%?* medium was reflected
as a large reduction (64%) in the integrated [Ca®*]; response
(Table 3).

Similar experiments were performed in which cells were
treated sequentially with cGMP protagonists in normal-Ca2*
medium and then low-Ca®* medium. The [Ca®*]; responses
to 8-Br-cGMP and SNAP were reduced 90% and 83%, respec-
tively, in low-Ca%?* medium (Fig. 6; Table 3).

Effects of l-cis-diltiazem and other channel blockers.
The experiments presented above point to Ca%?* influx as a
dominant mechanism driving the [Ca%*]; response to VIP or
c¢GMP protagonists. The effect of VIP was tested in the pres-
ence of three known blockers of voltage-dependent CaZ*
channels in a mixture, i.e., D-600 (1 uM), w-conotoxin (0.1
uM), and the dihydropyridine nicardipine (1 and 10 uM). None
prevented the VIP-mediated [Ca%*]; increase but all were
able to abolish or inhibit the increase in [Ca?*]; evoked by
treatment with high extracellular K* levels or veratridine
(data not shown).

l-cis-Diltiazem, a blocker of rod CNG cation channels (32),
was also tested (Fig. 7; Table 4). The concentration selected
(25 uM) was typically used to selectively inhibit these cation
channels in previously published studies (33-35). Cells were
challenged sequentially with VIP (100 nM), 8-Br-cGMP (1
mM), and NE (1 um). In the absence of /-cis-diltiazem (three
coverslips) (Fig. 7A), [Ca%*]; was increased by VIP in 69% of
the cells, by 8-Br-cGMP in 47%, and by NE in 93%, in general
agreement with the results described above. In a separate set
of experiments, cells were treated with [/-cis-diltiazem for 5
min and then with agonists in the presence of the blocker. In
the presence of l-cis-diltiazem (two coverslips) (Fig. 7B), the
peak [CaZ*]; responses to VIP (100 nm) or 8-Br-cGMP were
significantly reduced, by 87 and 82%, respectively (p <
0.001) (Table 4). In contrast, the peak [CaZ*]; response to NE
was reduced by only 24% (p < 0.7). This indicates that the
peak [CaZ?*]; responses to VIP and 8-Br-cGMP are strongly
dependent upon a l-cis-diltiazem-sensitive process and those
of NE are markedly less dependent. Analysis of the responses
detected at 90 sec and of the integrated responses supports
this interpretation (Table 4). For example, [-cis-diltiazem
significantly reduced the integrated response to VIP by 50%
and that to 8-Br-cGMP by ~85% (p < 0.005 and 0.001,
respectively) but did not significantly reduce the integrated
response to NE (p < 0.8). In four different trials on separate
coverslips, 25 uM d-cis-diltiazem was found to be ineffective
in inhibiting the VIP-induced [Ca®*}; response. For these
reasons we believe that our results are consistent with the
interpretation that CNG cation channels may be involved in
the VIP-induced [CaZ*]; response in rat pineal cells.

Evidence for the presence of mRNA encoding the
rod-type CNG cation channel in pinealocytes. Our data
indicate that a [-cis-diltiazem-sensitive mechanism mediates
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Fig. 3. Effect of SNAP on [CaZ?*], in pinealocytes. Pinealocytes were
plated as described in Materials and Methods, loaded with fura-2/AM,
and perfused at the rate of 1.5 ml/min at 37° for at least 300 sec before
the beginning of the recording (time 0). SNAP (1 mm) treatment was
initiated as indicated (bars). A quantitative summary of experiments
represented here appears in Table 2.
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the effects of VIP and 8-Br-cGMP in the pineal gland, sug-
gesting that a rod-type CNG cation channel is present in this
tissue. To examine this hypothesis, RT-PCR analysis was
conducted. mRNA was extracted from the rat pineal gland,
retina, and cerebellum. A single abundant product was gen-
erated with cDNA from pineal gland and retina (Fig. 8). The
size of the product (~650 bp) agrees well with that predicted
from the published sequence for the human rod-type CNG
cation channel (684 bp) (31). Using identical conditions, it
was not possible to generate a similar product using cDNA
prepared from rat cerebellum. Serial dilution indicated that
the mRNA encoding the CNG cation channel is manyfold
more abundant in the retina than in the pineal gland. Quan-
titative PCR analysis will be required, however, to clearly
establish the relative abundance of the mRNA encoding this
channel in these tissues. Sequence analysis of the pineal and
retinal RT-PCR products (Fig. 8) indicated that they are 92%
identical to the corresponding region of the mouse CNG chan-
nel sequence (36), confirming that the CNG channel is ex-
pressed in the rat pineal gland. While this manuscript was
under review, the presence of mRNA encoding retinal rod-
type CNG cation channels in the bovine pineal gland was
reported (37).

Discussion

The results presented here are of special importance for
three reasons. First, they provide the first indication that
VIP elevates [Ca%*]; in pinealocytes, as is true in anterior
pituitary cells, diencephalic neurons, and hippocampal neu-
rons in culture (16-19, 28). The observation that a [Ca®*]
signal is induced in most pinealocytes by VIP and NE indi-
cates that essentially all pinealocytes are sensitive to both
agonists and that distinct VIP-sensitive and NE-sensitive
subtypes do not exist. This is consistent with the observation
that the effects of VIP on cyclic nucleotide levels in pinealo-
cytes in suspension culture are potentiated by a-adrenergic
stimulation (7, 38), which probably reflects interactions dis-
tal to receptor activation within individual cells (6).

Second, the mechanism through which VIP increases
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Fig. 4. Role of extracellular Ca%* in the effect of NE and VIP on
[Ca?*],. Pinealocytes were plated as described in Materials and
Methods, loaded with fura-2/AM, perfused at the rate of 1.5 ml/min
at 37° for 300 sec before the beginning of the recording time (time 0).
A, normal medium; B, Ca2?*-depleted medium ([Ca®?*], = 5 uM). NE
(1 uM) or VIP (100 nm) treatment was initiated as indicated (bars).
Similar results were obtained with 52 cells on three coverslips.

[Ca2*], in pinealocytes appears to be novel. In several other
cellular systems, it has been found that cAMP mediates the
effects of VIP on [Ca2*]; (16, 17, 28, 39). However, cAMP does
not appear to play a similar role in pinealocytes, based on the
observations that cAMP protagonists, including DB-cAMP
and forskolin, do not increase [CaZ*];.

Rather, cGMP appears to mediate the effects of VIP on
pinealocyte [Ca®*];. The evidence from pineal studies is that
1) VIP elevates cGMP accumulation >10-fold (38); 2) the
¢GMP analogs 8-Br-cGMP and DB-cGMP elevate [Ca®*]; 3)
SNAP, a compound that elevates cGMP through generation
of NO, elevates [CaZ*];; 4) VIP, 8-Br-cGMP, and SNAP ele-
vate [Ca®*], through a mechanism that requires extracellu-
lar Ca2*; 5) the effects of VIP and 8-Br-cGMP are blocked by
l-cis-diltiazem, which is known to block the rod-type CNG
cation channel; and 6) RT-PCR analysis indicates that the
rod-type CNG cation channel is expressed in the pineal
gland. Accordingly, it seems reasonable to suspect that a
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Fig. 5. Comparison of the effects of VIP and NE in normal-Ca?* and low-Ca?* media. Pinealocytes were plated as described in Materials and

Methods, loaded with fura-2/AM, and

at the rate of 1.5 ml/min at 37° for at least 300 sec before the beginning of the recording (time 0).

Cells were initially perfused (white bars) with low-Ca2* medium ([Ca?*], = 5 um) and then perfused with normal-Ca?* medium ([Ca?*], = 1.5 mwm).
The duration of treatment (100 nm VIP or 1 um NE) is indicated (black bars). A quantitative summary of experiments represented here appears in

Table 3.

VIP/cGMP/[Ca?*]; regulatory mechanism exists in the pineal
gland and that a rod-type CNG cation channel mediates the
effects of cGMP.

Although our studies point to the probable existence of this
channel in mammalian pinealocytes, it should be emphasized
that appropriate electrophysiological, biochemical, and mo-
lecular analyses are required to fully characterize this chan-
nel and to determine whether it is identical to the channel
found in the retina or elsewhere (40). However, the expres-
sion of the retinal CNG channel in mammalian pinealocytes
would be consistent with electrophysiological evidence that
this channel occurs in avian pinealocytes (41). It would also
be consistent with the expression of a number of other retinal
phototransduction-related proteins, including S-antigen (ar-
restin), Met-Glu-Lys-Ala (phosducin), and opsin kinase (42),
in mammalian pineal gland.

A third reason the results of the studies presented here are
of special importance is that they establish a role for cGMP in
mammalian pinealocytes. Before these investigations, cGMP
was not thought to play a role in pinealocyte cell physiology,
although cGMP levels were known to be regulated by NE and
VIP (6, 38). The evidence indicating that cGMP influences

[Ca?*]; gives this second messenger a role in pineal cell
physiology.

In addition to the issues discussed above, several other
aspects of our investigation deserve further comment, includ-
ing comparison of the VIP- and NE-evoked [Ca?*]), signals in
pinealocytes and differences in the [Ca%*); responses to 8-Br-
c¢GMP and SNAP. These are discussed below.

Comparison of the [Ca®*); responses to VIP and NE ob-
served in our studies reveals some marked differences in the
peak and plateau components. Typically, the VIP response
has a smaller peak amplitude and is short lived, with rela-
tively little or no plateau response. The peak response to NE,
however, is typically of greater amplitude and the plateau
phase is sustained and pronounced. The results of our studies
and of others (11, 14) indicate that these agonists cause an
increase in [Ca®*]; through different mechanisms, which
probably explains the differences in the patterns of these
responses.

It appears that the primary mechanism involved in the
effects of VIP is an ionotropic mechanism, i.e., cGMP activa-
tion of a rod-type CNG channel, and that this response is
relatively transient. In contrast, this mechanism does not
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Fig. 6. Role of extracellular Ca®* in the effect of 8-Br-cGMP and SNAP. Pinealocytes were plated as described in Materials and Methods, loaded
with fura-2/AM, and perfused at the rate of 1.5 ml/min at 37° for 300 sec before the beginning of the recording (time 0). A, Effect of SNAP. Cells
were treated with 1 mm SNAP (first black bar), the medium was changed to a low-Ca?* medium ([Ca?*], = 5 uM) (white bar), and the treatment
was repeated (second black bar). B, Effect of 8-Br-cGMP treatment. Cells were treated with 1 mm 8-Br-cGMP (first black bar), the medium was
changed to a low-Ca?* medium ([Ca2*], = 5 um) (white bar), and the treatment was repeated (second black bar). Cells were then rechallenged
with 8-Br-cGMP in normal medium (third black bar). A quantitative summary of experiments represented here appears in Table 3.
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appear to play a major role in the peak component of the diltiazem. Rather, the dominant mechanism generating the
[CaZ%*]; response to NE, because it is only weakly reduced in peak component of the [CaZ*]; response to NE does not seem
low-Ca®* medium and is not strongly antagonized by l-cis- to involve extracellular Ca?* and is primarily dependent
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Effect of /-cis-diltiazem (25 um) on [Ca®*], responses to selected agents

Cells were treated with /-cis-diltiazem for 5 min and then with the agents listed, in the presence of /-cis-diltiazem. This summarizes the results of a series of experiments,
examples of which appear in Fig. 7. Data are presented as the mean * standard error. Response data were all obtained from the same preparations of cells on two

coverslips. n, number of cells analyzed.

Ca?*), response’

Agent I-cis-Diltiazem ! ] '"‘””“’2 n

Peak? 90 sec? response

] JM-S6C
VIP (0.1 um) - 153 + 5.50 19.8 + 6.00 10.2 £ 0.24 94
+ 20 * 4.00 (87%) 1.8+ 1.70 5.1+0.24 37
NE (1 um) - 243 + 13.1 133 £ 9.70 27.6 = 1.70 94
+ 186 + 20.0 (24%) 82 + 12.0 241 +2.00 37
8-Br-cGMP (1 mm) - 100 = 1.70 10 = 2.00 7.0 = 0.40 94
+ 18 * 3.00 (82%) 6 +2.00 1.1 £0.09 37

* Response values have had pretreatment values subtracted on a cell-by-cell basis.
® The integrated response refiects the response during the first 3 min of treatment.
¢ In all cases peak responses occurred during the first 10 sec of treatment. Numbers in parentheses are percentage reduction in the response, compared with the

when no drug was present.

response
9 Values are [Ca2*], at 90 sec after initiation of treatment, which provides a measure of the response during the plateau phase.
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Fig. 8. RT-PCR analysis of the presence of the rod-type CNG cation
channel in rat pineal gland and retina. mRNA was extracted from rat
retina and pineal tissue, cONA was synthesized, and PCR was per-
formed as described in Materials and Methods. The prominent band
migrated between the 600- and 700-bp standard markers, with an
estimated size of approximately 650 bp. Signals were not generated if
template was excluded or if one of the primers was excluded. Each lane
contained a 5-ul sample, as follows: /ane 1, standards; lane 2, retinal
(Ref) cDNA; lane 3, retinal cDNA, diluted 1/10; /ane 4, retinal cDNA,
diluted 1/50; lane 5, retinal cDNA, diluted 1/100; /ane 6, retinal cDNA,
diluted 1/1000; /ane 7, pineal (Pin) cDNA, batch 1; /ane 8, pineal cDNA,
batch 2; lane 9, cerebellum (Cereb) cDNA.

upon mobilization of stored Ca2*. It seems likely that this
reflects a metabotropic mechanism, i.e., a-adrenergic stimu-
lation of inositol trisphosphate generation through activation
of phospholipase C (43). The plateau component of the
[Ca2%*]; response to NE appears to be dependent upon en-
hanced influx, based on findings described here and else-
where (11, 14). This influx mechanism does not appear to be
highly sensitive to /-cis-diltiazem, and it is not clear whether
the enhanced influx is secondary to the metabotropic effect of
NE or represents an independent ionotropic mechanism, or a
combination of both.

The conclusion that NE elevates [Ca2*]; through a metabo-
tropic mechanism involving release of stored CaZ* is not in
total agreement with the conclusions of prior studies in
which pinealocytes were studied in suspension (11). In those
studies a rapid peak [Ca?*]; response was not evident, al-
though it was clear that NE caused a sustained elevation of
[Ca%*);. The failure to detect a rapid peak response in the
earlier studies might reflect experimental differences, includ-
ing the nature and concentration of Ca?* dyes used, the
temporal resolution of the detection system, and the fact that
a population of cells was studied.

The functional significance of the smaller and transient
[Ca®*]; response to VIP might be that this is the basis of the
smaller cAMP, NAT, and melatonin production responses
induced by VIP, compared with NE. Another possibility is
that the transient effects of VIP on [Ca®*]; reflect a special
action of VIP. Perhaps the release of VIP and the resulting
transient elevation of [Ca%*); are not primarily related to
melatonin production but, rather, are related to another
function that does not require long term elevation of [CaZ*],.
For example, transient elevation of [Ca?*]; might be suffi-
cient to release stored molecules or to maintain expression of
a gene.

Another interesting issue to consider is the basis of the
differences in the patterns of the [Ca®*]; responses to 8-Br-
c¢GMP and SNAP (Tables 2 and 3). If both were acting exclu-
sively through ¢cGMP, then the patterns of the [Ca®*); re-
sponses might be similar. However, it appears from the
limited observations made here that the [Ca%*]; response to
the NO generator SNAP was distinctly more sustained than
the response to 8-Br-cGMP. Two hypothetical explanations
for this can be considered. One is that NO elevates [Ca®*];
through ¢cGMP-dependent and ¢cGMP-independent mecha-
nisms. The cGMP-independent effects might produce a sus-
tained increase in [CaZ*];, perhaps through a mechanism
similar to that in bovine pulmonary artery endothelial cells
(44). Another explanation is that 1 mM 8-Br-cGMP treatment
produced autoinhibition of the response and SNAP did not. It
seems reasonable to suspect that this might occur, because
NO stimulation of endogenous generation of cGMP might not
elevate cGMP to levels that antagonize stimulation of the
channel, whereas 1 mm 8-Br-cGMP might do so. In addition,
the concentrations of SNAP used in this study greatly exceed
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the doses that maximally stimulate soluble guanylyl cyclase
and thus are expected to generate extremely high levels of
NO in cells. Under these conditions, the potential exists for
non-cGMP-mediated signaling to cause [Ca®*]; increases.
The fact that in cells treated with 1 mM SNAP the resting
[Ca?*]; returned to original levels after removal of SNAP and
the cells retained their responsiveness to NE suggests that
the observed response is not due to overt toxicity of SNAP. In
addition, we found that lower concentrations of SNAP were
also effective in eliciting the [CaZ*]; response and that the
structurally distinct NO generator 2,2-diethyl-1-nitroxyhydr-
azine also elevated [CaZ™];.

These studies emphasize the value of pinealocytes as a
model system for analysis of the molecular effects of VIP. It
will be of interest to determine whether cells in other neural
structures share the VIP/cGMP/[Ca®*]; transduction system
suggested by these studies or whether it is unique to pine-

alocytes.
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