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Abstract
Pineal Gland (PG) neuromodulation is possible via invasive, electrical stimulation of its sympathetic pathway. The present study
aimed to investigate the potential of non-invasive neuromodulation of the pineal and salivary glands via electrical stimulation.
Bilateral electrical stimulation at 10 or 80 Hz or sham stimulation was applied to either the C2 or T1 dermatomes of rats during the
dark period for 2-hours. PG, salivary, and lacrimal glands were removed following stimulation and qPCR used to assess expression
changes in genes associated with melatonin synthesis, regulation, and signalling. 80 Hz C2 dermatome stimulation signi�cantly
upregulated Hiomt within both the PG and submandibular glands, and Rarβ within PG only. 10 Hz C2 dermatome stimulation
upregulated Mt3 within the submandibular gland, and both 10 and 80 Hz C2 dermatome stimulation upregulated Rorβ within the
parotid gland. Expression was unchanged following 10 or 80 Hz T1 dermatome stimulation and no changes were found in the
lacrimal gland following stimulation of either dermatome. Our �ndings demonstrated that non-invasive, electrical stimulation can
modulate gene expression within both the PG and salivary glands with frequency- and dermatome-speci�c effects. The potential
therapeutic effects of this neuromodulation modality need to be uncovered through further research.

1.0 Introduction
The pineal gland (PG) is responsible for signalling darkness onset to the rest of the body via synthesis and secretion of the hormone,
melatonin. Whilst several other extrapineal sites of melatonin synthesis exist [1], the PG is responsible for its nocturnal peak.
Melatonin is synthesized in response to an absence of light detected by the retina. This information is transmitted via a multi-synaptic
sympathetic pathway involving both the intermediolateral column of the spinal cord (IML)[2] and the superior cervical ganglia (SCG)
(Fig. 1). The two key enzymes involved in the synthesis of melatonin are aralkylamine N-acetyltransferase (AANAT) and
hydroxyindole-o-methyltransferase (HIOMT; Fig. 2).

Melatonin is a potent antioxidant and free-radical scavenger [3]. Reduction of peak night-time melatonin levels is associated with
sleep disorders [4, 5] and neurodegenerative diseases [6–8]. The ‘melatonin replacement hypothesis’ postulates that restoration of the
‘normal’ melatonin night-time peak may help treat such diseases [9]. Oral melatonin supplements are one treatment option, however,
the e�cacy of these supplements is questionable due to inter-individual differences in melatonin pro�les [10–12], meaning a one-�ts-
all dose cannot be applied. Moreover, melatonin’s half-life is very short, which raises questions around dose levels and how much is
reaching target tissues. Further, melatonin supplements are not regulated by the Food and Drug Administration, and the actual dosage
can vary greatly to that advertised on the packaging. Also, symptom aggravation can occur with these supplements in individuals with
blood-clotting disorders, epilepsy [13], depression [14], and diabetes [15]. These issues advocate for alternative treatment options to
restore endogenous melatonin levels.

Previous studies show modulation of AANAT, HIOMT, and therefore melatonin levels is possible via invasive electrical stimulation of
the adrenergic pineal sympathetic innervation pathway [16]. However, using invasive stimulation with surgical intervention incurs
substantial risk. If similar results are possible using non-invasive electrical stimulation, then this may have direct clinical applicability
due to improved practicality and substantial risk reduction.

We identi�ed the cervical and thoracic spinal nerve dermatomes as potential targets for non-invasive electrical stimulation of the
pineal sympathetic pathway. Stimulation of these dermatomes may anterogradely stimulate corresponding spinal nerves and, in turn,
sympathetic �bres associated with these spinal cord levels. This may stimulate structures directly implicated in the PG sympathetic
pathway. The SCG contribute to the innervation of the C2-C4 dermatomes and inferior cervical ganglia (ICG) contribute to innervation
of the C7, C8, T1, and T2 dermatomes [17, 18]. As the SCG are directly implicated in the PG sympathetic pathway, and pre-ganglionic
�bres in this pathway ascend through the ICG to reach the SCG [18, 19], stimulation of dermatomes associated with these structures
may stimulate the pineal sympathetic pathway. To test this, we investigate whether either 10 or 80 Hz non-invasive electrical
stimulation of cervical and thoracic dermatomes are capable of modulating gene expression within the rat PG. We also investigate
possible gene changes in the submandibular, parotid, and lacrimal glands due to them being similarly sympathetically innervated by
the SCG.

3.0 Results
3.1 Reference Gene Selection
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Although B-actin and Hrpt demonstrated the highest primer e�ciencies out of the four reference genes investigated, the resulting
melting curves showed non-speci�c ampli�cation. Rpl-13 showed the lowest e�ciency out of all four genes tested and was therefore,
not selected as a reference gene. Gapdh showed high e�ciency with uniform melting curves indicating ampli�cation of only the
speci�c target sequence. Therefore, Gapdh was chosen as the reference gene for downstream analysis.

3.2 Pineal gland
Data for GOI are presented as fold-change in expression relative to the appropriate sham group (Fig. 3). All examined GOI were
expressed in the PG in all the stimulation and sham groups, as previously reported. No signi�cant differences were observed between
experimental groups for Aanat, Clock, Bmal1, Mt3, Per2, Rorβ, Tph1, or Cry1. No signi�cant differences were found for any genes with
T1 dermatome stimulation (Figure S1 and Table S1). A signi�cant upregulation in Hiomt (p = 0.0142, F(2,27) = 5.27, n = 10 for all
groups) and Rarβ (p = 0.0324, F(2,25) = 3.95, n = 9 for all groups) expression was observed following 80 Hz stimulation of C2
dermatome compared to sham controls. This increased expression was approximately 1.5-fold for Hiomt and 2.5-fold for Rarβ.

3.3 Parotid Gland
In the sham groups, the Cq values for Aanat, Hiomt, Bmal1, Mt3, Rarβ, Per2, Rorβ, Reve-erbα, Tph1, and Cry1 were all ≧ 33 (Table 1)
and signi�cantly higher than those of Gapdh (p < 0.0001, n = 19) indicating that usual expression of these genes within the parotid
gland is very low in rats during the dark period.

Data for GOI expression following C2 dermatome stimulation are presented as fold-change in expression relative to the appropriate
sham group (Fig. 4). There was an approximate three-fold increase in Hiomt expression following 10 Hz stimulation (n = 10) compared
to sham (n = 8) (p = 0.0487, F(2,23) = 0.0461). There was also a signi�cant increase in Rorβ expression following 10 Hz (p = 0.0032,
F(2,24) = 9.12, n = 10) and 80 Hz (p = 0.0023, F(2,24) = 9.12, n = 9) stimulation compared to sham controls (n = 8). These increases
were ~ 3-fold and ~ 2.5-fold, respectively. No differences were found for any other GOI for either 10 or 80 Hz stimulation. Similarly, no
differences in gene expression were found following T1 dermatome stimulation in the parotid gland (Figure S2 and Table S2).

3.4 Submandibular Gland
Cq values for Tph1 in the sham groups all exceeded 33 cycle thresholds indicating that its expression within the submandibular
glands of rats is very low (Table 1).

As was found in the PG, an approximate 3.5-fold increase in expression for Hiomt was observed following 80 Hz (n = 10) stimulation
compared to the sham group (n = 10) at the C2 dermatome (p = 0.0205; F(2,28) = 4.16; Fig. 5). An approximate 1.5-fold increase in
expression was also found for Mt3 following 10 Hz (n = 11) stimulation compared to sham (n = 10) at the C2 dermatome (p = 0.0094,
H = 8.29; Fig. 6). No other signi�cant changes in gene expression were found for any other GOI in the submandibular gland. No gene
expression differences were found following T1 dermatome stimulation (Figure S3 and Table S3).
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Table 1
Average Cq values for sham stimulated groups for lowly

expressed genes.

  Gene Average Cq Value n

Parotid gland Aanat 33.4 18

Hiomt 33.4 16

Bmal1 34.4 19

Mt3 34.2 19

Rarβ 34.5 19

Per2 34.1 19

Rorβ 34.1 17

Rev-erbα 34.3 19

Tph1 34.8 16

Cry1 32.1 13

Submandibular gland Tph1 33.9 19

Lacrimal gland Aanat 30.5 17

Hiomt 32.1 17

3.5 Lacrimal Gland
The average Cq value for the sham groups exceeded 30 cycle thresholds for Aanat and 32 cycle thresholds for Hiomt indicating that
their expression within the rat lacrimal gland is very low. No differences in expression were found between any group or for any gene
in the lacrimal gland (Figures S4,S5 and Tables S4, S5).

4.0 Discussion
Neuromodulation of key proteins within the PG is possible via invasive electrical stimulation of the sympathetic pathway [16].
Modulation of salivary proteins has also been shown through both invasive and non-invasive electrical stimulation [20–22]. However,
ours is the most comprehensive study to date investigating both intracranial (PG) and extracranial (salivary and lacrimal glands)
changes in gene expression in response to non-invasive electrical stimulation at different dermatomes and frequencies.

Our research shows stimulation at the C2 dermatome can modulate expression of genes encoding melatonin machinery with
frequency-speci�c effects. These effects might be mediated via a transcriptional regulatory mechanism that encodes extracellular
signals as bursts of nuclear localization of a transcription factor responsible for activating speci�c GOI [23]. In this manner, higher
frequency stimulation is potentially necessary to stimulate both the pineal and submandibular glands’ innervation pathways, and
lower frequency stimulation favors that of the parotid gland. Indeed, low frequency (20 Hz) electrical stimulation can enhance parotid
protein output in sheep [24] and high frequency (50 Hz) stimulation can increase saliva secretion from the submandibular gland in
rats [25]. This frequency preference between the glands could be attributed to differing gene expression pro�les that have been noted
between the parotid and the submandibular glands [26, 27], which is supported by our data showing very low expression of GOI in the
parotid gland and moderate expression in the submandibular gland. Such frequency-speci�c effects between structures are not
unusual and have been documented extensively in previous literature surrounding neuromodulation.

We observed a change in Hiomt expression levels but saw no change in Aanat. Whilst Aanat upregulation is driven by adrenergic input
from the post-ganglionic sympathetic �bres, HIOMT activity can be signi�cantly increased in vitro via acute administration of
neuropeptide Y (NPY)[28]. Moreover, no change in HIOMT activity occurs following administration of the β-adrenergic receptor agonist,
isoproterenol, nor the α1-adrenergic receptor agonist, phenylephrine [28]. This suggests that, unlike AANAT, rapid changes in pineal
HIOMT activity are regulated via a noradrenergic-independent mechanism. The PG possesses NPY-ergic �bres in a variety of
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mammals such as the rat [29–31], Syrian hamster [32], guinea pig [33], cow [34], cat [35], monkey [36], and human [37]. Moreover, NPY
is co-localized with NE in perivascular, sympathetic nerve terminals [38, 39]. The SCG provides perivascular innervation to the pineal as
perivascular nerve terminals disappear from the gland following bilateral SCG-ectomy [40, 41]. Release of NPY from such terminals
shows a preference for receiving stimulation at a higher frequency compared to lower frequency [42]. NPY is known to inhibit pineal
melatonin release via inhibiting the stimulatory effect of NE on pinealocytes [43–45]. In this context, 80 Hz stimulation at the C2
dermatome in rats is potentially exerting its effect through the sympathetic innervation route of the PG via a potential NPY-ergic
mechanism, causing an increase in Hiomt expression.

A previous study by Brownstein and Heller found a decrease in HIOMT levels following invasive stimulation of the preganglionic
sympathetic �bres [46]. Methodological differences likely account for why we instead found an increase in Hiomt expression. Firstly,
they stimulated at a frequency of 10 Hz, whereas we observed no change following 10 Hz and a signi�cant upregulation with 80 Hz.
This indicates higher frequencies can induce an stimulatory effect on Hiomt, whereas lower frequencies cannot, further emphasizing
frequency-speci�c effects on pineal neuromodulation. Secondly, Brownstein and Heller found a decline in HIOMT levels with
stimulation periods greater than two hours and did not sacri�ce animals immediately following stimulation cessation, whereas we
stimulated for two hours and opted for immediate sacri�ce. Waiting one hour prior to sacri�cing stimulated animals causes AANAT
levels to decline [47] indicating that without immediate sacri�ce and extraction of pineals following stimulation, any increase in
AANAT levels might not be observable. Moreover, two hours of stimulation optimally upregulates AANAT levels, with a decline
observed following three hours of stimulation [47]. Based on these observations, longer stimulation times offer a further explanation
for why Brownstein and Heller observed a decrease in HIOMT levels.

Modulatory effects of C2 dermatome stimulation on the salivary glands are likely due to them receiving sympathetic innervation from
the SCG which are also associated with innervation of the C2 dermatome, as previously described. The lack of any modulatory effects
via T1 dermatome stimulation may be due to the absence of such anatomical connections between the T1 level of the spinal cord and
these glands. Previous invasive stimulation studies all utilized either pre- or post-ganglionic �bres or the cervical sympathetic trunks
[16] and, to the best of our knowledge, no other studies have attempted to non-invasively stimulate the SCG and ICG separately via
their corresponding dermatomes.

Retinoic acid is a potent transcriptional and translational regulator [48], involved in signalling and regulation within the PG [49]. Rarβ is
a noted tumor suppressor gene [50] and encodes for a retinoic acid receptor. Its expression is either low or silenced in various
cancerous cells [51–57] and its increase in expression in these cells increases their sensitivity to chemotherapeutic agents, making it
an ideal chemosensitisation target [58]. As 80 Hz stimulation at the C2 dermatome was able to signi�cantly upregulate Rarβ
expression within the PG, utilization of this effect to may help sensitize PG tumours to chemotherapeutic agents and improve the
likelihood of positive treatment outcomes.

With regards to our upregulation of Rorβ in the parotid gland, this effect was observed following both 10 and 80 Hz stimulation
indicating that this effect is not frequency-speci�c, but dermatome-speci�c. Retinoic acid-related orphan receptors (RORs) are a
subfamily of nuclear hormone receptors for which a high-a�nity, endogenous ligand has not been identi�ed. RORs are not only
involved in the modulation of circadian rhythms but also have important roles in the progression of certain cancers as both a tumour
suppressor agent [59] and a tumour-promoting agent [60]. Research into Rorβ functioning and activity in this regard is still in its
infancy with no clear identi�cation of its role in oncogenesis and cancer progression. Therefore, the extent of the clinical signi�cance
for the increase in expression in the parotid gland in this study cannot yet be identi�ed.

Our 10 Hz stimulation increased Mt3 expression in the submandibular gland. Whilst named as a third melatonin receptor, MT3 has a
greater a�nity for the melatonin precursor NAS [61]. NAS has greater antioxidant and free-radical scavenging abilities than even
melatonin [62–64] and this antioxidant effect might be mediated via the MT3 receptor [65–68]. There exists evidence for melatonin-
independent roles for NAS in vivo as it can activate the tropomyosin receptor kinase B receptor which is involved in mediating the
effects of brain-derived neurotrophic factor, whereas melatonin cannot [69]. Further, as much as 15% of melatonin synthesized is
converted back to NAS [70, 71] and both NAS and melatonin are secreted from the PG [72]. Since it has previously been shown that
melatonin is synthesized and likely secreted from the submandibular glands [73, 74], they may also secrete NAS. If this is true, then
perhaps our 10 Hz stimulation at the C2 dermatome may promote an antioxidant effect via increased NAS signalling. Further, as brain-
derived neurotrophic factor decreases with age [75, 76] and is also a potent regulator of plasticity [77, 78], it plausible to suggest that
low frequency stimulation of the C2 dermatome could have potential as an adjunct for dementia prevention [79].
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The overall low expression of most of our GOI within the parotid gland suggests that the synthesis, regulation, and signalling of
melatonin within this gland is extremely low during the night. Moreover, despite melatonin being present in human tears [80] and the
presence of AANAT, HIOMT with the lacrimal glands of Syrian hamsters [81], our experiments indicate that the expression of both
Aanat and Hiomt within the lacrimal gland are also extremely low. This suggests that the rat lacrimal gland is not an extrapineal site
of melatonin synthesis during the night, thus explaining a lack of any modulatory effect observed here.

Due to the tiny size of the PG, utilization of the whole gland for RNA extraction was necessary to collect enough total RNA for
downstream analysis by qPCR. This meant there was not enough tissue available for assaying protein levels. As gene expression does
not necessarily directly equate to protein levels, with correlation between the two estimated to be as little as 40% [82, 83], our study is
limited to only making inferences regarding modulatory changes in gene expression. Therefore, for example, whilst we may have
observed an increase in Hiomt expression, this might not necessarily equate to an increase in HIOMT activity.

Further, as our experiments were conducted in rats, any clinical implications drawn from our �ndings are merely speculative as there is
no guarantee that similar results would be achieved with the same stimulation in humans. Therefore, future work is necessary to
determine whether the results can be replicated in humans, and whether the stimulation protocols are able to elicit changes in both
gene expression, corresponding protein levels, and what effect this may have on subsequent melatonin levels.

We have shown that non-invasive electrical stimulation of the C2 dermatome can modulate gene expression within the pineal,
submandibular, and parotid glands with frequency-speci�c effects. Also, to the best of our knowledge, we have demonstrated the
expression levels of Mt3, Rorβ, Tph1 within the submandibular gland; Hiomt, Clock, Bmal1, Mt3, Rarβ, Rorβ, Rev-erbα, Tph1, Cry1,
within the parotid gland, and Aanat, Hiomt, Gapdh, Mt3, Rorβ, Rev-erba, and Tph1 within the lacrimal gland of the rat for the �rst time.
As Aanat expression did not change with stimulation, our �ndings offer further evidence of a non-adrenergic innervation pathway to
the PG through which Hiomt expression is regulated. This may occur through a NPY-ergic mechanism. These results have potential
clinical applications in the sensitization of pineal tumour cells to chemotherapeutic agents via Rarβ upregulation. Future directions for
this research should investigate the mechanism behind such upregulation, if changes in gene expression correspond to changes in
protein levels within the same glands, and whether clinical translation of these �ndings is possible.

2.0 Methods

2.1 Animals
Male Wistar rats (2–3 months old; 300–550 g)(n = 54) were allowed access to food and water ad libitum. Animals were group housed
in reverse 12-h light:12-h dark cycle (lights on 19:00–07:00). During the light phase, animals were exposed to cool, white, �uorescent
light. During the dark phase, animals were exposed to complete darkness (light sources eliminated using blackout fabric). Animals
were acclimatized to the light cycle for at least two weeks prior to experimental manipulation. All procedures for animal use were
approved by the University of Otago animal ethics committee. All animals were procured from the Biomedical Resource Facility at the
University of Otago and the study was carried out in compliance with the ARRIVE guidelines.

2.2 Transcutaneous Electrical Nerve Stimulation Experiments
Animals were randomly assigned to an experimental group: sham, 10 Hz, or 80 Hz stimulation at either the C2 or T1 dermatomes. We
chose to investigate the C2 and T1 dermatomes, due to their interconnectivity with the SCG and ICG, respectively. Dermatome
stimulation sites were determined based on rat dermatome maps [84] and are detailed in Fig. 6. As neighbouring rat dermatomes have
overlapping borders, the C3, the lower cervical/upper thoracic dermatomes contributed to our C2 and T1 stimulation sites, respectively.
However, as they are sympathetically innervated by the SCG (C3) or related with the ICG (cervical/upper thoracic) any non-speci�city
does not impose any limitations on results.

Animals were exposed to bright light (170–220 Lux) for 30-minutes to lower melatonin levels. Animals were then anaesthetized
(iso�urane) and subjected to either active stimulation using a frequency of either 10 or 80 Hz, or sham stimulation at either C2 or T1
dermatomes for a period of two hours. Active stimulation used a current of 2 mA via a transcutaneous electrical nerve stimulation
device (Acus 4, Cefar; Lund, Sweden). Sham stimulation involved placement of electrodes without any current being passed. Animals
were then sacri�ced via overdose of inhalation anaesthetic, and pineal, submandibular, parotid, and lacrimal glands immediately
collected and frozen on dry ice.
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2.3.Real-Time Quantitative PCR (qPCR)

2.3.1 RNA Precipitation and Extraction
Entire pineal and left parotid, submandibular, and lacrimal glands were used for downstream analysis. Harvested glands were washed
in PBS solution to remove any residual blood. RNA extraction was performed using commercially available RNeasy Plus Mini kits
(Qiagen, Germany) as per manufacturer’s instructions. Eluted RNA was immediately placed on ice for quanti�cation.

2.3.2 RNA Quanti�cation
Total RNA was spectrophotometrically quanti�ed using a Nanodrop 2000. Absorbance measurements were taken at 260 nm
(minimum acceptable value = 1.75). Following quanti�cation, all RNA was stored at -80°C until used for cDNA synthesis.

2.3.3 cDNA Synthesis
Commercially available kits (SensiFast cDNA synthesis kit; Bioline, Australia) were used to synthesize cDNA. Each reaction well
contained reverse transcriptase buffer (4 µl), reverse transcriptase (1 µl), calculated volumes of RNA, and RNase-free water to
synthesize cDNA from 100 ng total RNA for pineal samples, and 1000 ng for all other tissue. Cycling conditions for cDNA synthesis
were as follows: 25°C for 10 minutes (primer annealing), 42°C for 15 minutes followed by 48°C for 15 minutes (reverse transcription),
85°C for 5 minutes (inactivation), and 4°C until sample removal (holding temperature). Synthesized cDNA was diluted with RNase-free
water for (30 µL pineal samples and 10 µL for all other samples) to increase the total volume available for qPCR.

2.3.4 Primers
Genes of interest (GOI) were: Aanat/Snat, Hiomt/Asmt, Clock, Bmal1/Arntl, Rarβ, Rorβ/Nr1f2/Rzrβ, Rev-erbα/Nrd1, Tph1, Mt3/QR2, and
Cry1. All GOI are expressed in the rodent PG [49, 85–90] apart from Mt3. GOI were chosen to examine any expression changes relating
to melatonin synthesis, regulation, and signalling. Although expression has not been con�rmed in the rodent PG, Mt3 was also chosen
as a GOI due to its high a�nity for binding NAS [61], which is also secreted from the PG [91]. Primers were selected from existing
literature and ran though Primer BLAST to check speci�city. Forward and reverse primers are detailed in Table 2. B-actin, Hprt, Rpl-13,
and Gapdh were investigated for suitability as reference genes. All primers were diluted with RNAse-free water (�nal concentration of
100 µM). Standard curves were generated for each GOI via 2:1 serial dilutions of cDNA derived from pineal tissue and from these,
primer e�ciencies were calculated.
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Table 2
Forward and reverse primer sequences for all genes of interest.

Gene Forward Primer Sequence (5’-3’) Reverse Primer Sequence (5’-3’) Amplicon
Length
(bp)

Gene Accession
Number/NCBI
Number

E�ciency
(%)

Aanat GCGCGAAGCCTTTATCTCAGTCTCG AGGCCACAAGACAGCCCTCCT 122 NM_012818.2 93.7

Hiomt GGTAGCTCCGTGTGT GTC TT GAAGTCACCAGCGACAAACC 108 L78306 91.1

Clock CCACAACAGTTC TTA
CAGACATCTC

AGGAGGGAAAGTGCTCTGTTG 101 NM_021856 97.4

Bmal1 CGGGCGACTGCACTCACACA GCCAAAATAGCCGTCGCCCTCT 135 NM_024362.2 95.3

Mt3 TGG GAT AGA AGC CTA TGA AGC
CTA C

GGATTGCTGGAACGCTGAAC 134 NM_001004214.1 95.8

Rarβ ACACCACGAATTCCAGCGCTGAC CAGACCTGTGAAGCCCGGCA 134 NM_031529.1 100.6

Per2 GCAGCCTTTCGATTATTCTCCC GGACCAGCTAGTGTCCAGTGTG 75 NM_031678.1 87.7

Rorβ CCTTCCTCTCTGCAACTGAACA AAGAAAGAAAGGCGGCATGG 110 NM_001270958.1 94.9

Rev-
erbα

AGGTGACCCTGCTTAAGGCTG ACTGTCTGGTCCTTCACGTTGA 81 NM_145775.1 92.8

Tph1 CTCTTGGAGCTTCAGAGGAGAC GACTCTCAGCTGCCCATCTTG 98 NM_001100634 92.1

Cry1 TTCGCCGGCTCTTCCAA ATTGGCATCAAGGTCCTCAAGA 74 NM_198750.2 87.4

Gapdh GGGCTCTCTGCTCCTCCCTGT CAGGCGTCCGATACGGCCAAA 119 NM_017008.4 96.2

B-
actin

CCCGCGAGTACAACCTTCTTG GTCATCCATGGCGAACTGGTG 71 NM_031144.3 99.1

Hprt GTCATGTCGACCCTCAGTCC GCAAGTCTTTCAGTCCTGTCC 752 NM_012583.2 100.3

Rpl-13 AAGATCCGCAGACGCAAGG TGCGTGCCATTTTCTTGTGG 184 NM_031101.1 80.7

2.3.5 Plate Setup and Cycling Parameters
qPCR was carried out in 96-well plates. Master mixes for each GOI were created for each plate. Each well contained a total reaction
volume of 20 µl comprising: cDNA (3 µl), SensiFAST SYBR green Lo-ROX (10 µl), forward primer (0.2 µl), reverse primer (0.2 µl), and
RNase-free water (6.6 µl). All samples were assayed in triplicate, or duplicate when this was not possible. Controls for each plate were
wells containing RNase-free water only (20 µL), and ‘no template control’ wells containing all the reaction components listed above
except for cDNA which was substituted for an equivalent volume of RNase-free water. The cycling protocol for the LightCycler 480
(Roche; Switzerland) is detailed in Table 3.

Table 3
Cycling conditions for qPCR.

Programme
Name

Cycles Analysis
Mode

Target
(°C)

Analysis
Mode

Hold
(mm:ss)

Ramp
Rate
(°C/s)

Acquisition
(per °C)

Sec
Target
(°C)

Step
Size
(°C)

Step
Delay
(cycles)

Pre-
incubation

1 None 95 None 02:00 4.4 / 0 0 0

Ampli�cation 40 Quanti�cation 95 None 00:05 4.4 / 0 0 0

65 None 00:10 2.2 / 0 0 0

72 Single 00:15 4.4 / 0 0 0

Melt Curve
Analysis

1 Melting
Curves

95 None 00:01 4.4 / 0 0 0

50 None 01:00 2.2 / 0 0 0

95 Continuous / 0.10 6 0 0 0
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2.4 Data Analysis
Raw Cq values were normalized to Gapdh, to calculate ∆Cq values. ∆∆Cq values and fold-changes in gene expression relative to
sham stimulation were also calculated [92]. ∆Cq values were used for hypothesis testing (α < 0.05) which was carried out in GraphPad
Prism 9. ∆∆Cq values were used for graphical representation of fold-change differences between groups. Statistical signi�cance was
determined via one-way analysis of variance (ANOVA) with Tukey’s multiple comparisons test for post-hoc testing for normally
distributed data. For non-normally distributed data, the non-parametric Kruskal Wallis test was used followed by Dunn’s multiple
comparisons test for post-hoc testing.
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Figures

Figure 1

Sympathetic pathway innervation of the PG. An absence of light is detected by the eye which sends signals via the retinohypothalamic
tract to the suprachiasmatic nucleus (SCN). From here, signals are sent to the paraventricular nucleus of the hypothalamus (PVN) and
then the pathway descends the spinal cord to synapse at the intermediolateral column of the spinal cord (IML). Pre-ganglionic
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sympathetic �bres that project from the IML ascend the spinal cord to synapse at the superior cervical ganglia (SCG) with post-
ganglionic �bres that directly innervate the PG. This stimulates melatonin synthesis and secretion through release of norepinephrine.
Yellow highlights structures involved in the pineal sympathetic innervation pathway, blue lines represent the �ow of the pathway, and
red dashed arrows represent �ow to dermatome targets of the cervical ganglia.

Figure 2

Melatonin synthesis pathway. Melatonin is synthesized via a multi-step pathway in which tryptophan is hydroxylated by trptophan-5-
hydroxylase (TPH) to form 5-hydroxytryptophan (5-HTP). This is then decarboxylated by 5-HTP decarboxylase to form serotonin.
Serotonin undergoes acetylation via the enzyme aralkylamine N-acetyltransferase (AANAT) to form N-acetylserotonin (NAS). NAS is
acetylated by the enzyme hydroxyindole-o-methyltransferase (HIOMT) to form melatonin. The penultimate step involving AANAT in
this pathway is generally considered to be the rate-limiting step. 
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Figure 3

Results from qPCR of PG samples of C2 dermatome stimulated rats. Results are expressed as fold-change in expression relative to
sham stimulated control ± SEM. Hypothesis testing and subsequent statistical signi�cance refers to ∆Cq values of GOI expression
relative to reference gene expression (Gapdh). Expression of Hiomt and Rarβ is signi�cantly upregulated in response to 80 Hz
stimulation. ‘Low’: 10 Hz stimulation; ‘High’: 80 Hz stimulation; *= p <0.05.
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Figure 4

Results from qPCR of parotid gland samples of C2 dermatome stimulated rats. Results are expressed as fold-change in expression
relative to sham stimulated control ± SEM. Hypothesis testing and subsequent statistical signi�cance refers to ∆Cq values of GOI
expression relative to reference gene expression (Gapdh). Expression of Rorβ is signi�cantly upregulated in response to both 10 Hz
and 80 Hz stimulation. ‘Low’: 10 Hz stimulation; ‘High’: 80 Hz stimulation; * = p<0.05; ** = p<0.001.
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Figure 5

Results from qPCR of submandibular gland samples of C2 dermatome stimulated rats. Results are expressed as fold-change in
expression relative to sham stimulated control ± SEM. Hypothesis testing and subsequent statistical signi�cance refers to ∆Cq values
of GOI expression relative to reference gene expression (Gapdh). Expression of Hiomt is upregulated in response to 80 Hz stimulation
whilst expression of Mt3 is upregulated following 10 Hz stimulation. ‘Low’: 10 Hz stimulation; ‘High’: 80 Hz stimulation; * = p<0.05.
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Figure 6

Bilateral electrode placements for C2 (left panel) and T1 (right panel) dermatome stimulation.
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