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Rhythms of serum melatonin in rats with acute spinal cord injury
at the cervical and thoracic regions
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Objective: To evaluate the serum melatonin levels in acute period of the spinal cord injury (SCI)
caused by trauma in the rats.
Background: Traumatic SCI induces many types of physiological and pathological damage, including
hormonal level variations.
Methods: Forty male Sprague–Dawley rats were divided randomly into four groups. In the control
group, neither laminectomy nor SCI were performed; only a large laminectomy was performed without
SCI in the sham group. In the cervical and thoracic spinal trauma groups, laminectomies at C5-6 and a
T6-7 were performed, respectively, followed by clip compression of the spinal cord. Blood samples were
drawn 2, 6, 12 and 24 h after the procedures and assayed immediately.
Results: The levels of melatonin in the neurotrauma groups were high in the first 2 h, but at the end of
sixth hour, melatonin levels increased in sham-operated group, decreased in neurotrauma groups and
did not change in control group. At the 12th hour, melatonin levels continued to decrease in thoracic
group significantly. At the 24th hour, the melatonin levels decreased in the cervical, control and sham
groups, whereas melatonin levels increased in the thoracic group.
Conclusions: The present study revealed that (1) activation of endogen melatonin secretion of the
organism starts immediately after the SCI, but it shows a great lowering trend between 2 and 6 h post-
SCI, (2) the tetraplegic rats, which had complete injuries at the lower cervical spinal cord, could not
produce enough melatonin secretion; on the contrary, the paraplegic rats, which had complete injury at
the upper thoracic spinal cord, showed normal melatonin secretion.
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Introduction

Traumatic spinal cord injury (SCI) leads to the earliest

biochemical reactions, such as enzymatic lipid hydrolysis,

production of biologically active eicosanoids, decrease of

sodium, potassium and ATP-ase activity, and peroxidation of

lipids with the formation of free oxygen radicals.1–4 The

primary traumatic mechanical injury to the spinal cord

causes the death of a number of neurons that cannot be

recovered and none regenerated, but some neurons continue

to die for hours after traumatic SCI. This secondary neuronal

death may be caused by substances released from cells in

response to the primary injury.5

Recent studies have found that melatonin is a very

efficient scavenger of the hydroxyl and peroxyl radicals as

well as an electron donor.1–9 Being lipophylic and hydro-

philic, it has an extreme diffusability for scavenging in cells

and every subcellular compartment. In addition, it can

protect membrane lipids and protein components, nucleus

and all the cells.2 As the direct free-radical scavenging

activities of melatonin do not require its mediation by a

receptor, melatonin ability to protect against oxidative

damage is likely the result, at least in part, of its free-radical

scavenging activity. As it is highly lipophilic and quite

hydrophillic as well, it may potentially protect against the

occurrence of oxygen toxicity in nuclear deoxyribonucleic

acid. Fujimoto et al.1 showed that their results suggested not

only the protection conferred by melatonin on oxidative

damage, but also its ability to reduce neutrophil-induced

toxicity. It has been suggested that melatonin may also have

strong anti-inflammatory effects.5 Additional protective
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effects of melatonin may lie within the ability of this

hormone to reduce oxyradical-related oxidant processes by

either directly interfering with the oxidants or up-regulating

antioxidant systems, such as superoxide dismutase or

enhancing the catalytic activity of glutathione peroxidase.10

Melatonin has also been proposed as an antiapoptotic agent,

as it readily penetrates the blood–brain barrier and diffuses

into neurons and glia equally well.3,7,11

SCI induces many types of physiological and pathological

damage including variations in various hormonal levels. A

number of hormones are known to be involved in the

modulation of neurotrophic, neurogenic and neuroprotec-

tive events that take place within the central nervous system.

The purpose of this study was to evaluate the serum levels

of melatonin, which has been proved before by many

neuroprotective effects, in acute period of SCI caused by

trauma in rats.

Materials and methods

Forty male Sprague–Dawley rats weighting from 250 to 340g

were handled according to Principles of Laboratory Animal

Care. All experimental procedures were approved by the

Institutional Animal Care and Use committee. They were

housed three per cage under diurnal lighting conditions

(12h darkness and 12h light), fed by pellets (Purina Rodent

Chow) and allowed free access to water before the experi-

ment. They were kept under controlled temperature

(25±2 1C). All the rats were anesthetized by intraperitoneal

(i.p.) injection of sodium pentobarbital (50mgkg–1 BW,

Sigma Chemical Company, St Louis, MO, USA) and allowed

to breathe room air. The depth of anesthesia was monitored

by frequent testing of leg reflexes and muscle tonus. The rats

were divided randomly into four groups. Group C was the

control group (n¼9) and neither laminectomy nor SCI were

performed. It constituted the basal levels for the other

study groups. Group S was the sham group (n¼9), which

performed C6-T2 laminectomy without SCI. Group SCI-C

was the cervical spinal trauma group (n¼13), nine of them

survived within 24h period). The animals had a C5-C6

laminectomy and then spinal trauma was performed at this

level using the method described below. Group SCI-T was the

thoracic spinal trauma group (n¼9). The animals had a

T6-T7 laminectomy and then the same trauma procedure

was performed.

The surgical operations were conducted in 3 days. First

day, the sham group, the second day, SCI-C group and the

third day, SCI-T group of animals were operated. We started

the operations at 8 a.m. when the appropriate level of

anesthesia was reached and all the animals were completed

at around 9 a.m. for three groups (B20min for each animal).

By this way, we would be able to collect blood samples at the

same time for the groups. The first blood sample (2h after

the operation) was collected at around 11 a.m., the second

blood sample (6h after the operation) was collected at

around 3 p.m., the third blood sample (12h after the

operation) was collected at around 9 p.m. and the last blood

sample (24h after the operation) was collected the next day

at around 9 a.m. (Table 1). The animals underwent skin

incision, paravertebral muscle dissection and performed

either cervical or thoracal laminectomies under loop magni-

fication. The prominent spinous process of T2 was used as a

surgical guide. We used the clip compression model

described by Rivlin and Tator.12 SCI was accomplished by

extradural compression of the exposed spinal cord for 30 s

using an aneurysmal clip with a closing force of 50 g on the

cord. The same clip was used in all the animals in which SCI

was induced. This clip force was chosen, as it produces a

complete SCI as described by Rivilin and Tator.12 A complete

injury is characterized by loss of tone and flaccid paralysis

below the level of the lesion.

Blood samples were drawn 2, 6, 12 and 24h after surgery

and spinal traumas and assayed immediately (Table 1). For

melatonin measurements, blood samples were taken from

the orbital sinus of each animal under light ether anesthesia.

Samples during the dark phase were collected under dim red

light. The withdrawn blood was substituted by an equal

volume of 0.9% NaCl immediately injected i.p. after blood

collection. After the surgical procedures, hemodynamic

measurements were recorded continuously for 60min and

they averaged for each animal (Table 2). Blood samples were

centrifuged at 4 1C for 30min at 4000 rpm and serum

aliquots were frozen at �20 1C. Hormones were measured

by commercial ELISA kits according to the manufacturer’s

instructions. Serum melatonin levels were measured in

duplicate using 96-well microtiter plate coated with captured

antibody goat antirabbit Ig (Immuno-Biological Labora-

tories-Turkey Ltd Sti. Yenimahalle, Ankara, Turkey). After

extraction of samples, standards and controls with extrac-

tion columns, each microtiter plate was filled either with

50 ml of blanking reagent, zero calibrators, standard solutions

containing 5, 10, 20, 50, 500 and 1000pgml–1 of melatonin

and samples. An auotomatic well-washer was used for

washing (Wellwash 4 Mk2, Thermo Electron Corporation,

Vantaa, Finland). Optical densities were determined at

450nm in an automatic microplate reader (Multiscan

Ascent, Thermo Electron Corporation, Vantaa, Finland).

Serum melatonin concentrations were expressed as pgml–1.

The sensitivity of the melatonin assay was 3.0 pgml–1. Both

the intra- and inter-assay coefficients of variation were

o10% in the assays.

Statistical analysis

Data were analyzed by using Sigma Plot (SYSTAT Software

Inc., Ver. 11.0, Chicago, IL, USA). Hormone levels were

analyzed by Friedman Repeated Measures Analysis of

Table 1 Mean melatonin serum levels in four study groups following 2,
6, 12 and 24 h of the procedure are seen

Melatonin (pgml–1) Control Sham Cervical Thoracic

2 h 130±8 138±8 240±11.2 306±14
6 h 138±8 165±11 176±9 170±10
12 h 178±7.50 170±13.3 151±7 108±5
24 h 112±6.56 122±8.7 102±6 149±6
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Variance on Ranks followed by Tukey’s multiple range test.

Values were considered statistically significant at Po0.05.

Data were presented as mean±s.e.m.

Results

All the animals in the cervical spinal lesion group (SCI-C)

had flaccid tetraplegia and sphincter control loss immedi-

ately after cervical trauma. Three animals showed apnoea or

dispnoea after the procedure, but none was connected to

respirator. As four animals died in the first 6-h period, they

were excluded from the experiment. No important breathing

alteration was observed in the rest of the animals in this

group. All the animals in the thoracic spinal lesion group

(SCI-T) presented severe flaccid hind limb plegia and loss of

sphincter after spinal trauma. No apparent variation in

respiratory rhythm was observed in this group, and except

cervical group, there are no any statistical differences in

mean hemodynamic values (Table 2).

Serum melatonin levels were represented in Figure 1. At

the second hour, Friedman Test did not detect a significant

difference between the control and sham-operated groups

(F¼2.15, P¼0.092, df¼5), but cervical (B240pgml–1)

(F¼13.33, P¼0.002, df¼2) and thoracic (B300pgml–1)

(F¼17.21, P¼ 0.001, df¼2) groups were statistically higher

than control (B130pgml–1) and sham-operated animals

(B138pgml–1). At the sixth hour, Friedman Test detected

significant changes in sham-operated, cervical and thoracic

groups; melatonin levels increased in sham-operated group

(F¼4.88, P¼0.043, df¼5), decreased in cervical (F¼ 5.27,

P¼0.031, df¼4) and thoracic groups (F¼6.14, P¼0.012,

df¼3), and did not change in control group (F¼0.91,

P¼0.412, df¼5); however, at that time, the groups were

similar to each other (F¼0.56, P¼0.878, df¼6), except

controls (F¼4.55, P¼0.045, df¼4). At the 12th hour of the

experiment, Friedman Test detected significant changes in

control and thoracic groups; melatonin levels increased in

control (F¼5.64, P¼0.035, df¼5), decreased in thoracic

groups (F¼8.91, P¼0.0042, df¼3), but did not change

significantly in sham-operated (F¼1.63, P¼0.402, df¼4)

and cervical groups (F¼1.92, P¼0.380, df¼4). The groups

were similar to each other (F¼4.22, P¼0.060, df¼5), except

the thoracic groups (F¼4.63, P¼0.048, df¼5). At the 24th

hour of the experiment, Friedman Test detected significant

changes in all groups; melatonin levels decreased in control

(F¼6.50, P¼0.009, df¼3), sham-operated (F¼5.44,

P¼0.028, df¼4) and cervical groups (F¼5.12, P¼0.032,

df¼5); however, increased in thoracic group (F¼7.31,

P¼0.006, df¼3). Control, sham-operated and cervical

groups were similar to each other (F¼2.66, P¼0.076,

df¼4); however, thoracic group was significantly higher

from the others (F¼5.34, P¼0.029, df¼4).

Discussion

The hormone, melatonin (N-acetyl-5-methoxy-tryptamine),

which mainly produced by the pineal gland takes part in

many important physiological activities, such as regulating

of circadian rhythms and modulation of immune function.11

Its rhythmic production by the pineal gland was described in

human beings over 20 years ago. The presumptive protein

responsible for binding melatonin in blood is albumin.13 The

production of melatonin is cyclic with highest concentra-

tions being present during the dark phase of the light/dark

Table 2 Mean values of MAP and HR in four study groups following 2, 6, 12 and 24 h of the procedure are seen

Control Sham Cervical Thoracic

MAP (mmHg) HR (bpm) MAP (mmHg) HR (bpm) MAP (mmHg) HR (bpm) MAP (mmHg) HR (bpm)

2 h 136±8 356±9 126±8 380±8 118±9 360±8 140±8 340±7
6 h 132±7 360±5 135±5 390±7 98±6* 280±9* 128±7 340±9
12 h 134±6 395±7 138±6 365±9 78±9* 180±6* 123±7 350±5
24 h 128±9 386±4 132±6 380±7 69±12* 149±7* 126±8 370±8

Abbreviations: MAP, mean arterial pressure; HR, heart rate; spikes per second.

Values are mean±s.e.m. *Po0.05 vs baseline (ANOVA).
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Figure 1 Twenty-four hour serum melatonin levels (mean±s.e.m.)
in four study groups are seen. At the 24th hour, melatonin levels
decrease in control, sham-operated and cervical groups; however,
increase in thoracic group, which shows a significant difference from
the other study groups. Different letters indicate the statistically
significant difference among the groups (Po0.05).
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cycle. This rhythmic pattern is directly or indirectly

associated with other physiological functions. In most

mammals, the pineal gland produces and releases melatonin

into the circulation almost entirely at night. This nocturnal

secretion is circadian in nature and depends on stimuli

initiating from the supra chiasmatic nuclei, the site of the

biological clock. During the daily light phase, transmission

of adrenergic stimuli that initiate the biochemical transfor-

mation of serotonin to melatonin is inhibited by light.13,14

The day–night rhythm of melatonin levels is due to the

release of norepinephrine from the sympathetic nerve

endings in the pineal gland. The differences between leptin

and melatonin rhythms are the different peak levels of leptin

and melatonin; leptin is found during the day and

melatonin is found at night. Supra chiasmatic nucleus

controls the sympathetic input to the pineal gland. Thus,

the circadian control of leptin levels is important and shows

similarity with melatonin.14

The human circadian pacemaker, located in the paired

hypothalamic suprachiasmatic nuclei, regulates the timing

and amplitude of several endocrinological functions, includ-

ing cortisol and melatonin through a neural or neurohu-

moral circuit. Cortisol, controlled by neurohumoral

signaling in the hypothalamusFpituitary–adrenal axis, is a

pulsatile hormone secreted with daily rhythmicity. Melato-

nin is typically produced in a single night episode, with

onset occurring just before bedtime and offset occurring

soon after weaktime. Unlike cortisol, melatonin is thought

to be influenced by the suprachiasmatic nuclei primarily

through an efferent neural pathway passing through the

brain and spinal cord, with innervations of the pineal gland

by the superior cervical ganglia.15 However, in the absence of

innervation from the superior cervical ganglion, it is unclear

whether non-rhythmic pineal production of melatonin

continues.6,16

In addition, it has been hypothesized that parasympa-

thetic nerves and nerves that arise from the pretectum,

which circumvent the spinal cord, innervate the pineal and

may be able to significantly influence its production of

melatonin.3,17 Neurologically complete SCI would interrupt

sympathetic hypothalamic, but not parasympathetic or

pretectal, signaling to the pineal gland if the level of the

injury were above the nerve roots that innervate the superior

cervical ganglia. It has been hypothesized that such disrup-

tion abolishes rhythmic melatonin production.6,16 SCI also

disrupts afferent signaling to the hypothalamus from

somatic nerves below the level of the lesion. Such disruption

may indirectly affect the secretion of cortisol. In the

literature, anatomic studies in human beings indicate that

the innervation of the pineal arises from thoracic roots

1–4.18 In another study, their data further suggest that

neither the putative pathway that leads directly from the

pretectum to the pineal nor parasympathetic innervation is

sufficient to generate measurable pineal melatonin secretion

in human beings.3,17 In contrast to the disruption of the

melatonin circuit, the neurohumoral influence of the

hypothalamus on cortisol remains intact in SCI, although

the spinal influences on the adrenal cortex that convey

information about acute environmental changes may be

disrupted. However, very little data on the variation in serum

melatonin level during the acute phase of SCI are available.

In the present study, levels of melatonin in the neurotrauma

groups were high in the first 2h, but at the end of sixth hour,

melatonin levels increased in sham-operated groups, whereas

decreased in cervical and thoracic groups; however, at that

time, the groups were similar to each other except controls

(Figure 1). At the end of 12th hour of the experiment,

melatonin levels increased in control (Po0.05), whereas

decreased in thoracic group (Po0.05), but did not change

significantly in sham-operated and cervical groups (P40.05).

At the end of 24th hour of the experiment, melatonin levels

decreased in control and sham-operated groups; so we thought

that they returned the normal diurnal rhythm. The levels

decreased much more in the cervical group agonist to starting

point, whereas melatonin levels increased in the thoracic

group (Po0.05). This results may support that the tetraplegic

rats, which had complete injury at the lower cervical spinal

cord, could not produce enough melatonin secretion. This can

be explained as without peripheral sympathetic innervations

of the pineal gland, any parasympathetic or direct innerva-

tions of the pineal by the pretectum is insufficient to generate

significant melatonin secretion in rats similar to human

beings.6,16,17 In other words, our data support the hypothesis

that the human pineal must be stimulated by the sympathetic

nerves system to produce melatonin. On the contrary, the

paraplegic rats, which had complete injury at the upper

thoracic spinal cord, showed normal melatonin secretion

similar to human beings.6,17

Although it is known that surgery induces a release of

some hormones especially cortisol, surgical stress does not

seem to affect the serum levels of melatonin significantly in

our study, as it remained not changed so much after surgery

in sham group animals according to the control group.

Particularly, in the first 2 h, the levels of melatonin were

found significantly high in the neurotrauma groups accord-

ing to both control and sham groups. We thought that this

elevation might be directly related to parasympathetic

nerves and the nerves that arise from the pretectum, which

circumvent the spinal cord, innervate the pineal and may be

able to significantly influence its production of melato-

nin.3,17 However, it was seen that this stimulation was not

enough to continue producing melatonin secretion in the

cervical trauma group.

In conclusion, we can say that activation of endogen

melatonin secretion of the organism starts immediately after

the injury, but it shows a great hesitation period between 2

and 6h of post-SCI. This may support the importance of

beginning the neuroproductive treatment in the first 3-h

period after SCI as reported in NASCIS III.19 These findings

invite further investigation of their potential roles and the

timing of medical treatment in neuroprotective process of

neurological injury.
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