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Abstract 
 

The origin of circulating melatonin has been studied in Rana catesbeiana tadpoles 

and Rana pipiens frogs on a 12L:12D cycle. Previous work had indicated that in tadpoles 

the eyes were a significant source of scotophase plasma melatonin, so we investigated the 

contribution of the pineal gland in tadpoles and the eyes and the pineal gland in frogs. 

The findings showed that in both larvae and adults the pineal gland and lateral eyes 

secrete nearly equal amounts of melatonin into the blood as determined by destruction of 

the pineal gland and eye extirpation. Pinealectomy and ophthalmectomy together reduce 

the mid-scotophase blood plasma level to that of photophase, so that the scotophase rise 

in melatonin is solely due to secretion of the pineal gland and the eyes. These procedures 

singly or in combination do not change the low mid-photophase level of plasma 

melatonin. The tadpole digestive tract was studied as a possible source of the photophase, 

and residual scotophase, plasma melatonin. The gut was found to contain a high level of 

melatonin, not changed by pineal and eye removal. However, gut extirpation did not 

change the plasma melatonin level in photophase or scotophase. The findings indicate 
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that while the pineal gland and the eyes are the major sources of scotophase plasma 

melatonin in larval and adult frogs, there is a low level of blood melatonin coming from 

elsewhere, and that the source of this melatonin is not the gut. 

 

 

Introduction 
 

Melatonin acts as a link between environmental lighting conditions and the internal state 

of the organism. As such, the highest concentration is secreted during darkness, thus 

entraining circadian organization and rhythms of behavior and physiology. Many organs of 

amphibian larvae and adults contain melatonin. In addition to the plasma [1], pineal gland [2], 

lateral eyes [3], Harderian glands [4], and digestive tract [5] of adults, melatonin has been 

found in embryonic Rana pipiens, and in the plasma, eyes, pineal, thyroid, gills, intestine 

(gut), limb, tail and fat body [6;7] of the anuran larva. In addition to its well-known regulation 

of circadian periodicity, melatonin is a powerful antioxidant [8;9] and may have many other 

functions in various tissues. In the eyes, for example, melatonin has local effects on 

photoreceptors and pigment granules [10;11]. Melatonin has been detected in the gut of 

vertebrates ranging from fish to mammals[12], where it may modulate physiological 

processes such as digestion and absorption, the production of gut hormones and mucus, ion 

transport, and gut motility [13]. Melatonin might also play a role in the hormonal control of 

amphibian metamorphosis since it antagonizes the thyroid and significantly declines in 

concentration in the plasma at the metamorphic climax, when the thyroid hormone rises 

[14;15]. 

Melatonin is secreted mainly by the pineal gland in mammals, since the eyes do not 

release the hormone into the plasma [16]. Melatonin synthesis in the pineal gland is 

controlled by the suprachiasmatic nucleus of the hypothalamus with light input from the eyes 

[17]. In contrast, nonmammalian vertebrates have light-sensitive pineals often associated with 

accessory organs such as the parapineal (frontal organ in amphibians) which is also light 

sensitive [18]. In addition, deep brain photoreceptors have also been identified [19]. Thus, 

light perception in nonmammals is more complex and there may be other sources than the 

pineal for circulating melatonin. 

Little is known about the origin of circulating melatonin in amphibians. Pinealectomy 

(PX) in Ambystoma (an urodele amphibian) lowers scotophase plasma melatonin by 

approximately 55% [1], indicating that a substantial portion of the night peak of melatonin in 

the plasma comes from the pineal gland, but also that there must be other melatonin-

producing sites contributing to the blood level. Direct experimental evidence of an ocular 

contribution to circulating melatonin in amphibians comes from the demonstration that 

opthalmectomy (EX) in Rana pipiens and Rana catesbeiana tadpoles and froglets 

significantly reduces circulating melatonin [15]. This effect is independent of the light dark 

cycle and the developmental stage, and is primarily due to a reduction in the scotophase peak 

of plasma melatonin after EX. PX, EX, or the combined operations (PXEX) abolish day-night 

changes in Japanese newts [20]. However, there is no difference in plasma melatonin among 

the three procedures, and the scotophase peak is significantly lower than the control only in 

the pinealectomized group. Taken together, the findings above suggest that most of the 

scotophase peak of plasma melatonin comes from the eyes and the pineal gland, but that there 
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must also be other source (s) of blood melatonin. It is not yet clear how active the pineal 

gland might be in anuran larvae, however, nor how much eyes and pineal contribute to 

plasma melatonin in anuran adults. Although melatonin has been identified in the gut of both 

larval and adult amphibians as indicated above, it is not clear if gut melatonin is produced 

there or if it is secreted into the blood. 

The goal of the present work was to ascertain the contribution to plasma melatonin of the 

pineal gland in anuran larvae, and both the eyes and the pineal gland in the adult frog. In 

addition, we wanted to determine if the gut was also a contributor to circulating melatonin. To 

these ends, eyes, pineal gland, and both together were removed in frogs, and PX and PXEX 

done in tadpoles, and melatonin in the plasma was assessed. In another experiment, tadpoles 

underwent a combined PXEX procedure to lower plasma melatonin, and gut melatonin was 

assayed. If gut melatonin fluctuates with changes in plasma melatonin, it might indicate that 

the concentration of melatonin in the gut only reflects how much is taken up from the plasma. 

A unique gut extirpation (GX) procedure was then used in tadpoles to determine if the gut 

contributes to circulating melatonin. Pigmentation changes after all the surgeries were also 

observed since EX tadpoles darkened considerably in previous work [15]. 

 

 

Materials and Methods 
 

Animals 
 

Rana catesbeiana tadpoles and female Rana pipiens frogs were obtained from 

Connecticut Valley Biological Supply Co. (Southampton, MA, USA) and were maintained at 

22
o
 C on a 12L:12D cycle (L onset at 0800 h) in light and temperature controlled incubators. 

Newly acquired animals were acclimated to the LD cycle for a week or longer before an 

experiment. The tadpoles were kept in 10% Holtfreter's solution occasionally supplemented 

by spring water, which was changed three times weekly. They were given washed, canned 

spinach once a day early in the photophase. Tadpoles were staged according to Taylor and 

Kollros [21], and were in prometamorphosis at the beginning of the experiments. Frogs were 

kept individually in 2 gallon plastic tanks with a water bowl available and fed Tenebrio larvae 

three times a week. All experiments were performed in accordance with the NIH Guide for 

the Care and Use of Laboratory Animals and were approved by the IACUC at the College of 

Our Lady of the Elms. 

 

 

Pinealectomy and Ophthalmectomy 
 

Animals were kept at 8
 
or 12

0
 C for 24 h prior to PX operations. In animals undergoing 

both PX and EX, the operations were done on the same day, PX first. In addition to cold 

treatment, animals were anesthetized by immersion in 0.1% MS 222. Tadpoles and frogs were 

kept moist in 10% Holtfreter’s solution during the operation, supported by kimwipes. The 

pineal gland was cauterized by inserting a hot needle dorsally through the skull. In the case of 

frogs and older tadpoles, skin and skull were removed before cauterization due to the 

thickness of the skull bones. Eyes were removed (EX) by penetrating the skin under the eye 
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with watchmaker’s forceps, severing the optic nerve, and gently pulling out the eye. After the 

operations, animals were returned to the cold incubator for another 24 h to minimize blood 

loss and discomfort as they recovered from the anesthesia and surgery. 

Previous dissection of representative specimens, as well as the location of the frontal 

organ (brow spot), allowed for a precise measure of the location of the pineal region from the 

surface, even though the pineal glands were too small to see. In other work removing the 

pineal region for melatonin assay, histological studies confirmed the location of the pineal. 

Accuracy of the procedure was also indicated by the change of operated animals to a dark 

pigmentation following a successful operation. Finally, the pineal area was dissected out of 

control tadpoles, and those which had undergone both EX and PX, and analyzed for 

melatonin content according to procedures below. In the pineal area of control tadpoles there 

was 1951.00 +- 262.23 pg/g melatonin (n = 6) whereas in tadpoles that had undergone PX, 

there was only 193.27 +- 68.89 pg/g melatonin (n = 6). The results (p = 0.002) showed that 

comparatively little melatonin remained in the pineal region of the brain after PX, confirming 

the accuracy of the procedure. In PX and EX experiments, the controls were anesthetized, but 

did not receive sham operations. A preliminary experiment in tadpoles showed that there was 

no significant difference in plasma melatonin between untouched controls (30.57 +- 8.29 

pg/ml; n = 8) and sham-operated controls (35.99 +- 6.40 pg/ml; n = 10) which had undergone 

combined PXEX operation procedures without removal or destruction of organs. In frogs, 

untouched control values (114.77 +- 39.67; n=9) were likewise not significantly different 

from sham-operated controls (75.34 +- 22.58; n = 11). 

 

 

Gut Extirpation 
 

Three days prior to surgery, tadpoles were placed in a suspension of 0.85% sulfadiazine 

(Sigma) in order to sterilize the intestine since the tadpoles consume the suspension. At this 

time, other feeding was discontinued. Tadpoles were kept at 8
o
 C for 24 h prior to the 

operations, and anesthetized by 0.1% MS 222 just before surgery. The long, coiled intestine 

of the tadpole was removed from the stomach to the colon by gently pulling it out through an 

approximately 5 mm incision on the ventrolateral side of the animal and then cutting it off, a 

procedure which resulted in very little bleeding. In these experiments, control tadpoles were 

anesthetized and a ventrolateral incision was made into the body cavity, although the intestine 

was not disturbed or removed. Tadpoles were again returned to a cold incubator for 24 h for 

recovery. Neither control nor GX tadpoles were fed in the days after the operations. Tadpoles 

have large fat bodies which nourish them during starvation as previous studies have shown 

[7]. 

 

 

Tissue Collection Procedures 
 

Melatonin was sampled at 1300 and 0100 hr on a 12L:12D cycle in most experiments. 

Previous work sampling 6 times in 24 hr confirmed that plasma melatonin is low throughout 

the photophase and highest during the scotophase at 0100 hr on a 12L:12D cycle [15]. In all 

of the tadpole experiments, 1300 and 0100 hr data were collected on the same day. Because 

of the difficulty of getting enough frogs at one time, 1300 and 0100 hr data were taken on 
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separate days several weeks apart. Animals were anesthetized in 0.1% MS 222 and after 

dissection of the heart, blood was pipetted from the heart into siliconized microcentrifuge 

tubes. In most cases, the blood of one animal constituted a sample, but in a very few instances 

it was necessary to pool the blood of two animals in order to get the required volume for the 

melatonin assay. After centrifugation, the plasma was stored at -20
o
. Gut pieces measuring 6 

mm were cut from the central region of the intestine, cleaned of any food residue, weighed, 

and frozen at -20
o 

C. Before the assay, gut pieces were partially defrosted and homogenized 

with a glass rod in 500 µl of 0.7% saline. Following homogenization, the mixture was 

centrifuged to remove all solids and the supernatant was collected and frozen at -20
o 

C. When 

the protocol called for a collection during the scotophase, room lights were turned out, and 

animals were handled under a dim red light. 

 

 

Radioimmunoassay for Melatonin 
 

Melatonin in the plasma was assayed directly, without extraction, using a human 

melatonin kit obtained from IBL America (Minneapolis, MN, USA). The plasma was 

enzyme-treated prior to the assay to free the hormone from albumin and other binding 

proteins. Gut supernatants and pineal area were assayed without enzyme treatment since these 

tissues had been homogenized in a saline solution. Assays were described, and validated for 

use with amphibian plasma and some tissues, in Wright et al. [14;22]. The assay was further 

validated for use with pineal area and gut samples. The means of the slopes of the inhibition 

curves generated from serially diluted homogenate supernatants of pineal area (-2.1574) and 

gut (-2.1080) samples using a logit curve fit were not significantly different from the slope of 

the curves constructed from kit-supplied melatonin standards (-2.0140). The intra- and inter-

assay coefficients of variation were 8.1 and 16.1%, respectively. Tubes were counted in a 

Packard RIASTAR gamma counter with a counting efficiency greater than 80%. The 

calculations producing the standard curve and sample hormone content were performed by 

computer using manufacturer-installed software. 

 

 

Statistics 
 

Results were analyzed by ANOVA followed by Duncan's multiple range test, or t test, as 

appropriate. Differences were considered to be significant if P<0.05. 

 

 

Results 
 

The first experiment was designed to determine the contribution of the pineal gland to 

circulating melatonin in the tadpole and also to see if a combination of EX and PX would 

reduce blood melatonin to daytime levels. Since the contribution of the eyes to plasma 

melatonin had been studied previously [15], EX alone was not included. None of the surgeries 

affected photophase melatonin ( Figure 1), suggesting that the eyes and pineal gland are not 

its source. However PX reduced the nighttime peak of plasma melatonin by approximately 
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one-half whereas PXEX lowered the night peak to daytime levels ( Figure 1). Thus, the 

scotophase rise in plasma melatonin comes from the eyes and the pineal gland. Several 

supplementary experiments were also done on tadpoles which confirmed the drastic drop in 

circulating melatonin in scotophase after PXEX (Table 1). 

 

 

Figure 1. Plasma melatonin (mean +- S.E.) in tadpoles 14 d after PX or PXEX. N = 5 - 9 samples per 

group. ANOVA p < 0.0001. Means with different letters are significantly different with Duncan's 

Multiple Range test. 

Frogs were studied in the next experiment to determine if the origin of plasma melatonin 

was similar in the adult. Since EX had not been studied in frogs, a group which had only the 

eyes removed was also included. As in tadpoles, photophase plasma melatonin was not 

changed by PX, EX, or PXEX whereas in scotophase, PX and EX alone reduced the 

melatonin level to slightly less than one-half of the control ( Figure 2). PXEX lowered mid-

dark melatonin to daytime levels, although the differences between PX, EX or PXEX were 

not significantly different. The findings indicated that as in tadpoles the pineal gland and the 

eyes produce the scotophase rise in plasma melatonin, and that there was no fundamental 

difference before and after metamorphosis. 

One possible source of daytime and residual nighttime plasma melatonin is the gut. Since 

removal of the gut in tadpoles is easier than in frogs, and tadpoles recover more easily, the 

subsequent experiments utilized tadpoles. Gut melatonin was measured in mid-light and mid-

dark in control and PXEX tadpoles ( Figure 3). The gut contained a high concentration of 

melatonin (average of 1300 and 0100 hr values = 835.92+-162.02 pg/g intestine), which did 

not exhibit a circadian rhythm since the levels in photophase and scotophase were the same in 

both the controls and the PXEX groups. Additional experiments (data not shown) confirmed 

the lack of rhythmicity in gut melatonin. 

PXEX did not affect the melatonin level at either time of day, suggesting that gut 

melatonin may be synthesized in situ and not taken up from the plasma. 

 Finally, the effect on circulating melatonin of removing the gut in tadpoles was 

ascertained ( Figure 4). N GX had no effect on either photophase or scotophase plasma 
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melatonin concentrations. Thus it does not appear that the digestive tract is the source of 

daytime plasma melatonin or of the residual scotophase plasma melatonin remaining after 

PXEX. Interestingly, there was a small piece of gut regenerated in the longer experiments to 

connect the two cut ends of the digestive tract. 

The skin darkened to some extent in both tadpoles and frogs after removal of pineal or 

eyes, with animals showing this feature to varying degrees. PXEX resulted in extreme 

darkening of all animals, while GX did not alter the pigmentation in tadpoles. 

 

Table 1. Supplementary experiments with tadpoles showing the decrease in plasma 

melatonin after PXEX
1
 

 

 

  

 

 

 

1300 

 

0100 

 

Exp. 1 

 

 

Control 

PXEX 

 

 13.81+-3.94
a 
(4) 

 

 12.72+-3.40
a
 (4) 

 

 

 48.62+-17.64
b
 (4) 

 
6.50+-2.19

a
 (5) 

  

 

Exp. 2 

 

 

 

Exp. 3 

 

Control 

PXEX 

 

 

Control 

PXEX 

  
------- 

  

 

 

-------- 

  

  

 254.06+-132.89
a
 (4) 

 16.09+-2.50
b 
(7) 

 

  

 168.87+-35.46
a
 (4) 

 12.83+-2.56
b
 (4) 

1 
Means (+-SEM). The numbers in parentheses indicate the number of samples. Different letters 

indicate significant differences (P<0.05) within each experiment. 

 

 

Figure 2. Plasma melatonin (mean +- S.E.) in adult frogs 7 d after surgery. N = 5 - 6 samples per group 

except for 4 samples in control 0100 and 3 samples in EX 0100. ANOVA p < 0.0001. Means with 

different letters are significantly different with Duncan's Multiple Range test. 
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Figure 3. Gut melatonin (mean +- S.E.) in control and PXEX tadpoles 26 d after surgery. N = 5 samples 

per group. There were no significant differences. 

 

Figure 4. Plasma melatonin (mean +- S.E.) in tadpoles seven days after gut removal. N = 7 - 9 samples 

per group. ANOVA p = .0029. Means with different letters are significantly different with Duncan's 

Multiple Range test. 

 

Discussion 
 

In tadpoles, PX reduced scotophase plasma melatonin to about one-half of the control 

level, while PXEX reduced it an average of approximately 90% in the various experiments 

reported here, bringing it to about the photophase level. In a previous paper [15] EX reduced 

mid-scotophase plasma melatonin an average of 78% in several experiments comparable in 

LD cycle and other characteristics to the ones reported here. Similar results were found in 
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frogs, where mid-scotophase plasma melatonin was reduced 69% by EX, 57% by PX, and 

87% by PXEX. 

Thus, it appears that both the eyes and the pineal gland contribute to nighttime circulating 

melatonin in both larvae and adults, and that these organs together are responsible for the 

scotophase peak. The findings also show that there is a baseline level of plasma melatonin 

present in both day and night, which does not derive from either the pineal or the eyes. These 

results on anuran larvae and adults are essentially in agreement with Gern and Norris [1] who 

did PX in Ambystoma, and Chiba et al. [20] who utilized PX, EX, and PXEX on the Japanese 

newt, except that Chiba et al. did not find a significant decrease in scotophase plasma 

melatonin after EX. The observations that melatonin is higher in the eyes than in the pineal 

gland in frogs, and melatonin circadian rhythms in the plasma are synchronized more to 

ocular melatonin profiles than to those of the pineal [2] are in agreement with a contribution 

of the eyes to blood melatonin. An ocular contribution to circulating melatonin has also been 

found in Japanese quail [23] and in the pigeon [24]. 

Bayarri et al. [25] had similar results to ours in sea bass, but attributed the decrease in 

blood melatonin after EX to the hypothesis that the pineal gland needs the eyes for proper 

melatonin output rather than that the eyes contribute to blood melatonin. This conclusion 

came from the finding that cutting the optic nerve had the same effect as EX in lowering 

plasma melatonin. This interpretation does not explain how PXEX reduces scotophase 

melatonin significantly more than PX alone. If the pineal gland were the sole source of 

circulating melatonin, PX should decrease the melatonin level to the same extent as PXEX, 

yet that was not the case in the present work or in Bayarri et al. [25]. 

Although PX was not done, Martinez-Chavez and Migaud [26;27] found that EX 

completely suppressed the scotophase rise in plasma melatonin, yet also attributed this to the 

pineal gland being dependent on the eyes for proper output. On the other hand, Kezuka et al. 

[28] found that EX had no effect on plasma melatonin in the goldfish. The origin of blood 

melatonin may differ in fish and amphibians. It has been hypothesized that there might be 

different roles for the eyes in the circadian physiology of various groups of fish [27]. 

The gut has a relatively high level of melatonin, which could be taken up from the blood 

rather than synthesized in the gut. If it was derived mainly from the circulation, gut melatonin 

would be expected to decrease proportionately to plasma melatonin after PXEX, but it did 

not. Since the level of melatonin in the gut did not fluctuate with the level in the plasma, 

melatonin must be synthesized in situ in the tadpole gut. In rats [29] and pigeons [30], 

pinealectomy does not affect the level of melatonin in gut tissues although it reduces plasma 

melatonin. 

Our findings are in agreement with compelling evidence from other vertebrates that 

melatonin is made in the gut. For example, melatonin and the chief enzymes responsible for 

its synthesis, are localized in the enterochromaffin cells of the mucosa [12] together with the 

melatonin precursor, serotonin [31]. The level of melatonin differs in various parts of the gut 

[5;13], suggesting independent synthesis. 

Gut melatonin was not significantly higher in the dark than in the light, indicating that the 

dial rhythm of melatonin in the plasma is not found in tadpole gut tissues. It is not yet clear if 

gut melatonin synthesis or secretion in other vertebrates shows circadian rhythmicity [13;32], 

but no diurnal variation was found in the digestive tract of the rat [33], nor was there diurnal 

variation of the enzyme N-acetyltransferase in the rat intestine [29]. There was no circadian 

rhythm of melatonin in the gill, small intestine and kidney of three fish species, except for the 
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gill in sea bream [34]. In many mammals, only retina and pineal gland exhibit circadian 

rhythms of melatonin production [35], and that may be true of amphibians as well. 

There was residual melatonin in the plasma of tadpoles and frogs after PXEX. It is 

unlikely that the residual scotophase melatonin came from an incomplete PX. Care was taken 

to remove the entire pineal area including the frontal organ which lies under a nonpigmented 

area on the surface called the brow spot [36]. 

The brain also contains melatonin [37] and this probably explains the melatonin left in 

extracts of the pineal area after PX as described in the Materials and Methods. Kezuka et al. 

[28] found melatonin remaining in the blood of goldfish and Bayarri et al. [25] in the plasma 

of sea bass after PXEX and in both cases it was suggested that it may have come from the gut. 

Many indirect experiments indicate that at least some of the residual melatonin found in the 

plasma after PX comes from the gastrointestinal tract, mainly in mammals [12]. However, in 

the present work the gut was removed in what, to our knowledge, is the first experiment of its 

kind. Yet GX did not affect the level of blood melatonin in photophase or scotophase, 

indicating that in amphibians it is not likely that the gut contributes to plasma melatonin. 

Although the long coiled tadpole intestine, by far the longest part of the digestive tract in the 

larva, was removed and not the larval stomach and short colon, it seems that there would be at 

least some reduction in plasma melatonin after the surgery if the gut secreted into the blood. 

The photophase and residual scotophase (after PXEX) melatonin was at a fairly constant 

low level, which might indicate it is not from the gut, since gut melatonin has been reported 

to fluctuate with the diet or digestive activity [12]. The source of photophase and residual 

scotophase blood melatonin still has to be determined. 

Both tadpoles and frogs darkened considerably after PXEX, even more than with PX or 

EX alone. Darkening after similar surgeries was also noted in sea bass [25]. EX-induced 

darkening did not appear to be due to an increase in - melanotropin (-MSH) since the 

pituitary content of this hormone in darkened tadpoles did not change [15]. Melatonin has 

been associated with tadpole lightening [38], so it is possible that a decrease in melatonin 

after PX, EX, or PXEX might cause darkening, especially since melatonin has been reported 

to antagonize the action of -MSH [39]. Since plasma melatonin decreased more after PXEX 

than after PX or EX alone, it might be expected that PXEX animals would be the darkest, as 

they were. Loss of light perception by lateral eyes and/or the light-sensitive pineal might also 

be involved since amphibians regulate coloration by background [40]. 

 

 

Conclusion 
 

The scotophase rise in circulating melatonin originates from the pineal gland and the eyes 

in both anuran larvae and adults. The gut contains a high level of melatonin which lacks day-

night rhythmicity. Gut removal failed to affect the level of photophase or scotophase plasma 

melatonin. Therefore, in the species studied the photophase and residual (after PXEX) 

scotophase plasma melatonin does not come from the gut. The pronounced darkening of the 

skin of both larvae and adults after PXEX might be due to loss of the lightening action of 

melatonin, or to loss of light perception by eyes and pineal producing dark background 

adaptation. 
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