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Abstract

VARIATION IN THYROID HORMONE CONCENTRATION IN BRAIN
MICRODIALYSATESFROM FREELY-MOVING ADULT RATS
By: Namrata Choudhari

Thesis Committee: Professors Joseph. V. MatrtitrjidRal. Mcllroy, William M. Saidel
Thyroid hormone has genomic and non-genomiorectin the developing and
mature human. The focus of this research was to fitliteile was a measurable amount
of thyroid hormone in the extracellular fluid of theéudt rat brain and how it varied over
time. To study the levels of thyroid hormone concerirain the adult brain, stereotaxic
surgery was performed to implant a microdialysis canaothelectrodes for the study of
electroencephalogram (EEG), electromyogram (EMG). Tsiglet blocking the
microdialysis cannula was removed and the probe wastedsat the beginning of the
study for sample collection. EEG and EMG waves weterded concurrently. Artificial
cerebrospinal fluid (aCSF) was run through the inlet tibthe probe and sample was
obtained from the outlet using a refrigerated fractiolector. Collected samples were
analyzed by high pressure liquid chromatography (HPLC),dighromatography mass
spectrometry (LC/MS) and radioimmunoassay (RIA) forspnee of the thyroid
hormone. Samples run through the C18 column on the HRAW€ a peak for thyroid
hormone at a retention time of 4.1minutes. Similaulteswere generated when the
microdialysate samples were analyzed using LC/MS. Te1Lthe microdialysate gave
the peak at the retention time of 4.1 minutes. This peak fwether studied for
confirmation by MS ionization. MS gave a fragmentatiatigrn which corresponded to

the breakdown products of the thyroid hormone. The RIAwkih thyroid hormone



standards prepared in aCSF was used for the detectiomeotthiyroid hormone
concentration. The level of thyroid hormone in samp&geg over time. The variation in
thyroid hormone level over time was compared to the det@ obtained concurrently.
The variation seen in the thyroid hormone concentratieer time was detected by
HPLC, LC/MS and RIA. This variation suggests some podsibiif a mechanism of
release of thyroid hormone in adult brain. This findinguld be consistent with the

potential signaling role of TH suggested by earlier experisneerformed in our lab.
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Introduction

1. Thyroid hormone: - Thyroid hormone (TH) is important for normal growth and
development of human. In early developmental, ieguired for brain developmern
the adult, TH helps in maintenance of metabolic stgbiby regulating oxygen
requirement, body weight and intermediary metabolifnaficiency of TH in early
developmental results in condition called cretinisrmental and growth retarded effect.
Deficiency in the adult results in an accumulation mficopolysaccharides in
subcutaneous tissues and other organs, a condition termedienya. Hyperthyroidism
or excess TH during growth leads to protuberant eyes arudged| thyroid gland or
goiter. Grave’'s disease is caused when auto antibatjasist thyroid stimulating
hormones are produced, which stimulates thyroid glandhfopid hormone production
and release. This results in increased thyroid hormose ile circulation. Other causes
of hyperthyroidism are toxic uninodular or multinodulartgnoi

1.1 Thyroid hormone synthesis and secretion:-

TH is released in the blood from the thyroid dladocated just below the larynx in
humans. Thyrotropin-releasing hormone (TRH) is released the hypothalamus. TRH
stimulates cells termed thyrotrophs within the antepduitary to release thyroid
stimulating hormone (TSH). TSH stimulates releasd¢hgfoid hormone from thyroid
gland. TSH binds to the TSH receptors present on thglaiad. This binding stimulates
adenylate cyclase catalysed cyclic adenosine monophosgbaidP) production,
phospholipase C activation and calcium mobilization. T8Hvates a sodium iodide
symporter which helps to actively take up iodide in thedidyfollicle cell. lodoamino

acids are precursor amino acids for TH production with& matrix of thyroglobulin.



lodination of tyrosine residues within the cell resuits iodoamino acids like
diiodotyrosine and monoiodotyrosine. Thyroxins ()l and triiodothyronine (3) are
formed within thyroglobulin by a coupling reaction catalygd thyroid peroxidase,
involving two diiodotyrosyl residues or a monoiodotyrosgtiaa diiodotyrosyl residue
respectively (Nilsson, 2001). Thyroglobulin is a soluble @ropresent in the lumen of a
thyroid follicle in the thyroid gland. The TH formed sleased when TSH stimulates the
thyroid gland. TSH regulates hormone production, storageseacttion by the thyroid
gland (Griffin, 2004).

1.2 Thyroid hormone transport and tissue delivery:-

Thyroid hormone released by the thyroid gland getxlat to thyroid hormone-
binding globulin (TGB) (Terry, 1992), transthyretin, albumite(itpas, 2003) and other
proteins in the blood. A very small amount of TH in fheomolar range is found to be
free of binding protein in the serum (Shi, 2002). Thyroid lamrenbound to protein is
transported to tissue. Before entering the tissue, $gbdiates from the binding proteins.
The binding proteins are necessary for maintenanceeof th half life in the serum.
Movement of TH into the tissue cell from circulatitakes place by plasma membrane
carriers present on the plasma membranes. The tramspoess is energy dependent and
requires adenosine triphosphate (ATP). Various THsparters have been identified to
transport TH to intracellular sites. They are sodtambcholate co-transporting
polypeptides, various organic anion transporters, and theiheaacid transporters

(Friesema, 2001).



1.3 Activation and inactivation of thyroid hormone: -

Thyroid hormone is released from the thyroid glamaihly as T. The two chemically
possible forms of Fare the L- and D-isomers. The L-isomer is the onlydpct of
thyroid glandin vivo (Schwartz, 1983). Also, the L-isomer is more potentlicitiag
thyroid hormone nuclear receptor binding and function (@beener, 1985)Most
circulating T3 is produced by monodeiodination of i peripheral tissues (Braverman,
1970). K is the most active form of TH for the nuclear thyroidrhone receptor. Three
types of deiodinase enzymes are responsible for TH #otivand inactivation. Type 1
deiodinase (D1) has both inner-and outer-ring deiodireasd converts jJ/to T; and
5,5’,3-reverse-triiodothyronine (r3l) to 3,3-diiodothyronine (7). This D1 enzyme is
responsible for the circulatingsn liver, kidney and brain. D1 along with D3 works in
deiodinating § to another less active form, 3, 5-diiodothyroning) (lToyoda, 1994).
Type 2 deiodinase (D2) has outer ring activity and is thoteghé an important source of
intracellular & in certain tissues and brain as well as circulatarylm humans D2 is
found in the pituitary, brain, brown adipose tissugradid gland, placenta and both
skeletal and cardiac muscle. Type 3 deiodinase (D3) has mmg activity and is
important for inactivating Fand T; It converts T, to rTs, a less active iodothyronine,
thereby deactivating it (Visser, 1982). D3 is present innpialacenta and skin. D3 is
enhanced in brain by TH excess and decrease by TH deficiEneypposite regulation
of D3 and D2 activities helps in maintenance @fcdncentration in the excess and
deficiency of TH. D1 is sensitive to propylthiouracil (PTWhereas D2 and D3 are
insensitive to PTU. There are other decarboxylated metebalf thyroid hormone that

are present in our body.



1.4 Genomic action of thyroid hormone: -

The classical genomic actions of TH are medidte the thyroid hormone nuclear
receptors (TR) that have a high affinity fog [Samuelset al., 1973). In addition to
binding Tz, a true TR must also bind to a thyroid response elemdRiE) Ta specific
DNA sequence in the promoter region of thyroid responsive @darveyet al., 2002).
The TREs is a direct repeat of AGGTCA with 4 nucleotigacer. The binding of TR to
TRE is independent ofsIBinding of T;and TR to TRE results in an alteration of gene
transcription (either activation or suppression). Whenis bound to TRE in the absence
of T3, it silences the gene transcription. On the other hahenwi; is bound to TR it
dissociates a co-repressor complex and recruitsagibeator complex containing histone
acetyltransferase. This dissociation results in thi@aiion of transcription of TR
responsive gene (Tsai, 1994). The TH nuclear receptor ppnsible for its effect in
almost all tissues of the body except adult brain.

Genomic effects are mediated by the action ofohHhe expression and activity of
enzymes. Some of the genomic actions are
1. TH stimulates synthesis of membrane Na+, K+ -A€P@d<i et al., 2004). The
increase in ATPase number increases energy expenditdirexsggen consumption. TH
binding to a mitochondrial nuclear receptor stimulatesrcpnesis.
2.TH regulates energy metabolism by stimulating exprassiouncoupling proteins.
Uncoupling proteins allow the return of protons to the rhibmdrial matrix, bypassing

ATP synthase and therefore uncoupling oxidative phospditaygl Fatty acid oxidation



takes place with generation of heat but no ATP productibns increasing basal
metabolic rate (BMR) (Biancet al., 1987).

3. While TH stimulates protein synthesis, an exceg3béccelerates protein catabolism,
leading to increased nitrogen excretion (Griffin, 2004).

4.Thyroid hormone stimulates glycogenolysis and gluconeegie by enhancing the
action of epinephrine due to increased expression ofadnenergic receptor (Griffin,
2004).

5. TH increases the breakdown of lipids and fatty acidseulating expression of the
appropriate enzymes (Oppenheirgeal., 1987).

6. TH has a synergistic role with growth hormone andatomedins in bone formation
and maturation (Lakataa al., 2003). Hypothyroidism is associated with increased bone
fracture risk. Hence, TH affects growth.

7. The molecular action of thyroid hormone is importantgrowth and development of

brain in the early developmental stages. (Schwetidk, 1993; Oppenheimest a,11997).

1.5 Non-Genomic action of thyroid hormone: -

Genomic actions take place when a ligand binds to aanuaeeptor to regulate gene
transcription, whereas non-genomic actions are indeperaf the gene expression and
the action of ligand is mostly confined to plasma membraceptors. Non-genomic
actions regulate membrane channels (Incetpal., 1999, Sunet al., 2000), protein
trafficking, ( Zhuet al., 1998, Maruvadat al., 2003) and signal transduction (Lehal.,
1999, Daviset al., 2000, Linet al., 2003). Non-genomic actions of TH take place on

mitochondria, the actin cytoskeleton, certain cytaplasproteins and ribosomes (Davis



et al., 1996). In addition non-genomic actions of thyroid hormamekaown to increase
activities of N&/H" exchange (Incerpit al., 1999), sodium current (Swet al., 2000),

inward rectifying K current (Sakaguclet al , 1996), and Ca- ATPase activity (Smith
et al ,1989). Evidence shows involvement of TH in regulationmitogen activated
protein kinase (MAPK) (Davigt al., 2000), protein kinase C (Liat al., 1997), and

phospholipid dependent protein kinase (Lawrestict., 1989).
2. Thyroid hormone action in brain: -

Thyroid hormone has genomic and non-genomic actions ibrdie. Genomic actions
of TH are responsible for early brain development wdereon-genomic actions are

mostly found in adult brain (Sarkar 2003, 2004, 2006).

2.1 Genomic action of thyroid hormonein brain:-

Thyroid hormone is important for brain growth dgrearly developmental stages
(3rd month of gestation-birth). Cretinism, a diseasso@ated with severe mental
retardation, is associated with hypothyroidism during dereént. Hypothyroid prenatal
brain appears to be normal morphologically but the hypotd individual suffers from
mental retardation, ataxia and spasticity (Andestah., 2001). Thyroid hormone binds
to a neonatal TR and regulates transcription of gémasare important in neurological
development. In the developing brain, thyroid hormonespansible for the expression
of synaptotagamin related genel (Srg 1) that mediates synapiituse and activity
(Thompsonet al., 2000), cortical cellular size and spacing (Legramdal., 1976),

decreased axonal density and dendritic shaft in Purkinje aktlse cerebellum (Rabie,



1977), and regulation of myelination of nerves by controltimg expression of myelin

associated glycoprotein (Rodriguez-Penal., 1993).

2.2 Non-genomic actions of thyroid hormone: -

There is some evidence that supports non-genatina of TH on neuronal tissues.
A study done by Bruno (2003) on rat brain showed thatdtd indirectly on a
G-coupled receptor and alters intracellular ATP hydroly&i$P is considered an
excitatory neurotransmitter in the adult brain. Thelg showed that the presence ofrT
synaptosomes from adult hippocampus and cerebral cortedbitsnhadenosine
triphosphate (ATP), adenosine diphosphate (ADP) andositee monophosphate (AMP)
hydrolysis. The inhibition of ATP hydrolysis by, §ives ATP more time for receptor
binding and activation.

Submicromolar doses of TH have been showed tolstienthe binding of
[*°S]t-butylbicyclophophorothionate, a ligand that binds thevatsant site of GABA in
highly washed rat brain membrane, while a higher condenrélO uM) of TH inhibited
the binding of ligand (Martiret al., 1996). Thyroid hormone and pregnenolone sulfate
have similar antagonistic effects at the GABAeceptor. Also, through molecular
modeling, it has been shown that ahd pregnenolone sulfate have similar structure and
volume suggesting a possible shared binding site. (Metrt@h, 2004). More work has
been done on the effect of dn the recombinant GABAreceptor expressed Xenopus
oocytes. Pharmacological doses @fiTthe absence of GABA have shown to induce a

CI" ion current that is similar to that evoked by GABA bindiAg).lower, physiological



levels, Tz acts as a noncompetitive inhibitor in presence of a GA@hapellet al |,
1998). A recent study shows alteration in protein phosphagléty thyroid hormonen
vitro. Sarkar €t al., 2006) found that incubation of synaptosomal lysate of adultrain
with radiolabeled -**P]-ATP in presence of nanomolar concentrations ofgyerous
thyroid hormone resulted in incorporation of labeled phasp into synaptosomal
protein. Since the synaptosomes have little or noncelear contamination, the effect on

phosphorylation must not be genomic.

3. Physiological action of thyroid hormone in adult brain: -

Dratman (1983) did a study on subcellular fractionbrain at different intervals
during development of the rat. Radiolabel&dI] Tswas injected intravenously into the
developing rat and the subcellular fractions were usedtfidy. Higher concentrations of
label were detected in the nuclear fraction during devedopmabel shifted to the
synaptosomal fractions in adults. The finding suggests thate oneurological
development has reached an adult stage, thyroid hornomadizhtion changes from
nucleus to neuropil in adult brain.

TH is present in the developing and adult brak.is released into the blood by the
thyroid gland, and is then transported to the brain. THyhermone circulating in the
blood must cross the blood brain barrier to enter lissue. Autoradiographic study of
serial brain sections after intrathecal and intravenmyection of radiolabeled TH
showed that thyroid hormone crosses the blood brainebamd
choroid plexus: cerebrospinal fluid interfaces befagaching other areas of the brain

(Dratmanet al., 1978).Thyroid hormone circulating in the blood crosses ti@aid



plexus barrier to enter cerebrospinal fluid (CSF). iGlibplexus is responsible for the
synthesis of the protein transthyretin (TTR). TTR sysited in the brain appears to be
controlled separately from that of liver TTR.TTR heipghe transport of hormone from
blood to brain, as free hormone is found in higher camagon of in CSF than in the
blood. TTR binds to the hormone and maintains its I€Sehreiberet al., 1990). In a
recent study done by Palha (2000) on TTR null mice, it feaed that TTR might be
responsible for TH transport and maintenance in theoah@lexus. Study showed that,
TH transport to different part of brain region is TTiRtdeépendent. Also, TTR is not
responsible for maintenance of TH level in the brain.

As mentioned, Dratman (1976) found that TH is camated in the cell nucleus of a
developing rat brain and is found in nerve terminals naggosomes of an adult brain.

The transport mechanism of TH in adult brain staslied by Gordowrt al. (1999).
Gordon used a specific locus coeruleus lesioning agent2- Nefiloroethyl)-N-2-
bromobenzylamine hydrochloride (DSP-4) in her study. Shamidhmunohistochemical
study on rat brain treated with DSP-4, and found thaetivas a reduction in labeled TH
present in the nerve terminals. The loss of labelednltHa nerve terminals suggests the
anterogade axonal transport of TH. Axonal transport igharacteristic route of
neurotransmitters.

When lysed by osmotic shock, synaptosoniease thyroid hormone (Dratman
et al., 1978). Calcium-dependent release of thyroid hormone frovapsgsomes has also
been seen once under depolarizing concentrations (Masaln, 1993). This calcium
dependent release was difficult to confirm (Mason, gueak communication to J.V.

Martin).



Thyroid hormone concentrations present @ tdrminal and synaptic clefts are
uncertain. In peripheral tissues, nuclear boupadmes from the plasma pool whereas
the supply of physiologically active hormone il brain depends mainly on the cellular
uptake and intracellular deiodination of. Mype Il 5' deiodinase (D2) is responsible for
intracellular deiodination of s(Crantzet al., 1982).

There is a circadian variation in the legélthyroid hormone concentrations and
type Il 5’ iodothyronine deiodinase (D2) in brain areas. €hgyme activity of D2
increases during the dark period of the day resulting ibitt®ynthesis of Fduring the
dark phase of photoperiod (Barrict al., 1997). There is a difference in the
concentration level of thyroid hormone in various patsthe brain. Pinna (1999)
extracted iodothyronine from up to 11 regions of rat brath @sed radioimmunoassay
(RIA) for detection of T and . He found that there were high concentration 9f0T5-4
pmol/g of homogenate) from in pituitary, midbrain, amgpothalamus as compared to
other brain areas. The level of, T1-4 pmol/g of homogenate) was seen higher in
medulla, septum, olfactory bulb and striatum comparedher aegions in brain.

Other thyroid hormone metabolites presetttarbrain regions were 3, 5;13, 3'-
T, rT3 and &S in the femtomolar range. Tissue concentrations 0% 3, showed
circadian variation closely paralleling those afiif the brain regions (Pinreé al., 2002).

Homeostasis in brain tissue is importanpfoper functioning of brain. There are
numerous signs of nervous dysfunction in both hypothynaidreyperthyroid individuals.
Hence, it is possible that small changes in the amotifitH can produce a significant
change in the behavior and nervous system functiontniara (1983) found that the

levels of thyroid hormone in adult brain are resistaat hypothyroidism or
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hyperthyroidism. The study suggested that homeostatic meaomamhust be present in
the brain that helped in maintaining the concentratiorthede hormones in brain. The
coordinated regulation of D2 and D3 activities in the brappeared to help in
maintaining neuronal 3T level under hypothyroidal conditions. In the hypothyroidal
situation there was an increase in the activity of DZtvicatalyzes the conversion of T
to Ts, whereas a decrease in activity of D3. D3 catalyzesbthakdown of T .The
coordinated action of these two deiodinase enzymes helpelrdive to maintain TH
levels (Kundu, 2006). Thyroid hormone from the synaptosomenanve terminals could
stimulate some membrane receptors, suggesting a non-geramtmn of thyroid
hormone, like a neurotransmitter or neuromodulator (Dmatet al., 1996, Martin,
Sarkar, 2003, 2004, 2006). Such a role of TH would explain the foeduyh levels of

homeostatic regulation to maintain levels gffifnerve terminals.

3.1 Influence of thyroid hormone on sleep and electroencephalographic (EEG)
measures of brain activity:-

A variety of studies show a relationshipnsstn thyroid hormone and sleep. The
increased numbers of awakenings during non-REM (rapid eye neongsieep in the
hypothyroid condition in adult rat (Carpenter and Timit882). Studies in hypothyroid
animals have shown a significant increase in the iatedrEEG wave amplitude not only
in total sleep and non-REM sleep but also in waking (A989). Salin-Pascual (1997)
found a significant increase in deep non-REM sleep is tladt had been surgically

thyroidectomized as compared to sham-operated controls.
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Microinjection of T to different brain areas of adult rat was done by Zlean)
Martin (2001). Whend microinjected to the medial preoptic area, an increadeEM
sleep was observed. Injections at the median-preoptieussignificantly inhibited the
non-REM sleep, whereas injections to the diagonal bdr8raca did not alter EEG-
defined sleep. Sleep-active neurons are GABAergic andhaay an opposite effect on

the wake-promoting aminergic neurons. (McGinty and Szyrku2203)
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Methods

1. Stereotaxic Implantations

For microdialysis studies, the model organisrasewoung adult male Sprague
Dawley rats (Hilltop Lab Animals, Scottdale, Pa). At nmas anesthetized by
intramuscular injection of ketamine (70 mg/kg ) and xylaz®@emg/kg) into the
gastrocnemius muscle. Once the rat was anesthetiZedl, & atropine (0.54 mg/ml)
was injected subcutaneously and rat was placed on atsbacedevice with that the
head was centered. A medial incision was made to expeseanial surface. Around
the edge of the incision, 0.5 ml of xylocaine was injectetlole was drilled using a
0.0125” bit for implantation of CMA/11 guide cannula on the s&ull. The
coordinates for cannula were 0.5mm medial-lateral @iidt -0.2mm anterior-
posterior and -7.1mm dorsal-ventral with respect torbeepr medial preoptic area.
The implanted cannula was encased in the dental acRéits were checked daily
after surgery for 7 days. At this time rats have reayesufficiently for sample

collection.

2. EEG Measurements
For EEG recordings, a hole was partially drilladeach quadrant of the skull
surface for placement of four stainless steel screash screw had a 2-3cm length of
Teflon coated stainless steel wire attached with antemgl socket at the end. Two
additional wires with stripped ends were implanted & tlorsal musculature for
electromyographic (EMG) signals. The entire wire agdg was connected to a

connector and encased by dental acrylic. The edges otdsauere checked daily for
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7 days before including rats in the study. For EEG recordincable was screwed
onto the animal's headset, connecting the implantedrets to a multichannel
amplifier. Signals from the amplifier are collectesh Keithley A/D board and
recorded on the hard disk of a computer during the studyn®uhe study three
electrophysiological signals (bifrontal EEG, a frowizipital EEG and EMG) were
displayed on monitor. The spectra obtained during study \le¢er scored using a

computer program written by Dr. Martin.

. Temperature and activity measurements

A Mini-mitter probe was implanted in each rarough a small midventral
incision made in the abdominal wall. The Mini-mitter pzolmnonitors body
temperature and activity during study. The probe sent alsmgmch was picked up
by the Mini-mitter receivers placed under each rat cage recorded. Recorded

signals were analyzed for activity and temperature data.

. Collection of microdialysate

Microdialysate was collected using a microdialysisbe. The blocking guide
cannula implanted in the rat skull during surgery was ceplaby the CMA/11
microdialysis probe, which has a cuprophane membrane. Alée dapillary was
attached to a microdialysis pump which pumped artificeebrospinal fluid (aCSF:
125 mM NacCl, 2.5 mM KCI, 0.5 mM KHPQO, 27 mM NaHCQ, 1.2 mM MgSQ

1.2 mM CaCl and 10 mM glucose; pH 7.2) at a flow rate of 0.16 pl/min for
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stabilization and 2pl/min for sample collection. Outiebing was attached to a

refrigerated fraction collector for sample collectiowl atorage.

5. Analysisof microdialysate
5.1 High Pressure Liquid Chromatography (HPLC)
5.1.1 Preparation of Hormone solutions
3, 3, 5 triiodothyronine sodium saltsJTwas dissolved in a 50% aqueous
methanol-0.5% sodium hydroxide solution.
5.1.2 Instrumental conditions
Microdialysates were analyzed on the ESAul@rray HPLC. Different
compounds present in a microdialysate were separatedGi8 column by linear
gradient elution of 20-100% of mobile phase B [acetonitrlétOM sodium
phosphate: methanol, 60:30:10(v/v/v) adjusted to pH 3.0], mphase A [0.5 M
sodium phosphate: methanol, 99:1 (v/v) adjusted to pH&&.@] flow rate of 0.5
ml/min. Compounds were eluted at different retention sinzad the eluted
compounds were detected on CoulArray electrodes seffexedt voltages (0, 180,

240, 360, 620, 680, 740 mV).

5.2 Mass Spectrometry

5.2.1 Preparation of Hormone solutions
T sodium saltwas dissolved in 10% (v/v) ammonium hydroxide solution in
filtered water.

5.2.2 Instrumental conditions
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An Agilent HPLC/Triple Quadrapole Mass Spewcteter (HPLC/MS) system was
used for sample analysis. An Eclipse Plus C18 column diitlensions 30 x
2.1mm was used for chromatographic separations using a linediemgyr from
100% mobile phase A (0.1% formic acid in water) to 100% mqigese B (0.1%
formic acid in acetonitrile) for a 40 min run at a float of 0.4 ml/min. Mass
spectrometry was performed using electrospray ionizati®@2® C with 50 psi
nebulizer pressure, 10 L/min of drying gas flow, 4000 V capil@stential and
140 V fragmentor potential, at a 25-1500 acquisition mass rarge collision

energy for MS/MS was 20 V.

5.3 Radioimmunoassay (RIA)
A TRKS31 radioimmunoassay kit (Diagnostioducts Corporation) was used for
measurement of free and bound Ls; i the microdialysate. The limit for
detection for free L-T3 is as low as fM concentratioRer a standard curve,

thyroid hormone salt samples were prepared in aCSF.

6. Histology
Each rat underwent microdialysate collection andsEEcording for a given
experimental protocol. After the sample collection ridgewas injected with 1-2 cc of
sodium pentobarbital intraperitoneal and perfused transtlgrdvith phosphate
buffered saline (0.9% NaCl) followed by 3.7 % formalin iogphate buffered saline.
For perfusion the right vena cava of sedated rat wagaeedle was inserted into the

left ventricle and heart was flushed with saline uthtéd ears turn white. Saline was
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switched to 10 % formalin and flushed until muscle conwmactopped. The rat was
then decapitated, the brain removed and stored in the vdalin and 10% sucrose
solution. Brain sectioning was carried out on a freezirggatome and sections were
mounted on chrome-alum coated slides. The slides stareed with cresyl violet.

The microdialysis cannula track was then localized gitlimicroscopy, and the

information catalogued using a PC.

Correlation analysis

Data obtained from all the four rats were analyzeddorelation. To look if there is
any correlation present between TH concentration anéement, TH concentration
and temperature the data obtained for each rat wergzadaby Graph pad prism.
Other type of correlation was done in which all the foat'sr data for TH
concentration were normalized to the 1pm-4pm value nthimalized data were then
combined and Bonferroni’post hoc comparison test was performed. Similarly the
temperature and activity data for all the four rats studide temperature data were

normalized to 1lam-am values and activity to 4am-7am values.
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Results

The presence of extracellular thyroid hemenin a rat’s brain was demonstrated
in three different ways. The first method used forlysia of microdialysate from a rat
brain was HPLC, which detected the hormone using caetlaenelectrodes. Different
compounds in the microdialysate elute at differentnteie times therefore giving
different peaks in a chromatogram. Peak height ictljreelated to the concentration of
the compound in the sample. The second method for @alymicrodialysate from rat
brain was MS, which first separates out different commgg using an HPLC column then
fragments the compounds into daughter compounds with diffenass-to-charge ratio.
The last method for analysis was radioimmunoassdychwgives measurements of

thyroid hormone concentration in microdialysate usimtjo@ctive iodine on 3.

1. Detection of thyroid hormone in microdialysate

The presence of thyroid hormong i microdialysate was determined using a
HPLC C18 column by gradient elution. Separated compoundselgesl with different
retention times and the eluted compounds were detecte8 different CoulArray
electrode channels. Electrode potentials were set iffe8eat voltages (0, 180, 240, 300,
360, 620, 680, 740 mV).szlcaused a response predominantly on channel 6 (620 mV) (see
figure 1). The retention time forshveraged 4.1 minutes. A standard curve fowas
used to determine the concentration gfifTthe microdialysate from rat 5. As a test of
peak purity, spiking with excess unlabeled hormone was daespiking, 10 pg/ml of
T3 was added to the microdialysate of rat 5. No shouldering s&en in the

chromatogram supporting the identity of the peak to hésé&e figure 2). Presence of
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shoulder indicate that there is a different chettyiceimilar compound present in the

sample other than the compound added to spike the sample.

2. Determination of thyroid hormone L-T3 by M ass Spectrometry (M S)

The presence of;Tin microdialysate was examined using MS. The total ion
chromatogram (TIC) of microdialysate and standagdcdncentration (see figure 3)
showed similar results to that described previously BLE with coulometric detection
(see figure 1). The retention time fog Was 4.1 min from the TIC an ion with mass-to-
charge ratio of 652 was extracted to obtain the exuolaicte chromatogram (EIC). An
EIC of mass-to-charge ratio (m/z) 652 (see figure 4) shanadgle peak at 4.1 minutes
for microdialysate and standard. A full MS scan of coamgbwith m/z 652 having a
retention time of 4.1 minutes gave similar spectra {ggge 5) for microdialysate and
standard showing m/z of 651.9 in MS. MS/MS on m/z 652 ofitheninute peak gave a
matching spectra for standard and microdialysate. Differén fragments were obtained
by product ion scan (MS/MS) on 652 (see figure 6), which spored to expected ion

fragments for T(i.e. 606.9 and 479).

2.1 Relationship of thyroid hormone, temperature, activity and seep in rat.
Rat 6
Microdialysis was carried out at a flow rafe0.16ul/min for 6 hours (11:50 am -
5:50 pm) to equilibrate the rat (rat 6) brain. Actual slengollection was started at an
increased flow rate of 2ul/min after the 6 hours of pretégation. Samples collected

were at 30 minute intervals for about 1.5 days .The timeaorscentration of 3, activity
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and temperature curve for rat 6 after 6 hours of pre-bgation is shown in figure 7.
Concentration decreased in the beginning from 19.2 nMpproaimately 2 nM with
variations thereafter. Correlation analysis was ddoe T; with temperature and
movement. There was no significant correlation seewdsn § and temperature (see
figure 8).The Spearman r value for correlation was 0.1192heng wvvalue was 0.458Q.T
and movement correlation was also non-significanh wie Spearman r value = 0.1769
and the P value = 0.2879 (see figure 9).

Rat 8

Microdialysis was carried out at a flow rafe€ pl/min for 24 hours and 30 minutes
(11:00 am -11:30 am) from rat (rat 8) brain at 30 minutes iaterctual sample
collection was without any pre-equilibration. The time gencentration, activity and
temperature curve for rat 8 (see figure 10) showsevels in microdialysate. ThesT
concentration started high, at 5.4 nM then decreasediraaity fleveled out. Correlation
analysis was done forsTwith temperature and movement. There was no signitfican
correlation seen betweery and movement. (see figure 11).The Spearman r value for
correlation was 0.06368 and the P value was 0.6638. There gvafscant correlation
seen betweensland temperature. The correlation gave Spearman r value = (aB@33
the P value = 0.0266 (see figure 12).

Rat 9

Microdialysis was carried out at a flow rafe2 pl/min for 840 minutes (11:00 am -
12:30 am) from rat (rat 9) brain at 30 min intervals. Toeia sample collection was
started at an increased flow rate of 2ul/min without jamerequilibration. The time vs.

concentration, activity and temperature curve for rgge® figure 13) showedsTevels in
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microdialysate. At the beginning there was a decreasbeirlevel of § concentration
from 7.6 nM to 1 nM which equilibrates to lower concembrat Correlation analysis was
done for & with temperature and movement. There was no significanelation seen
between T and temperature. The Spearman r was 0.06462 and P value/Avy38 (see
figure 14).0n the other hand, there was significant catiozl found between sTand
movement. The correlation had a negative slope wélsthbearman r value = -0.4422 and
P value = 0.0393. (see figure 15)

Rat 10

Microdialysis was carried out at a floweatf 0.16ul/min for 6 hours (7:38pm-7:38
am) to equilibrate the rat (rat 10) brain. Actual sammdection was started at an
increased flow rate (2ul/min) at 7:38 AM. Samples codldatere at 30 min intervals for
12 hours (7:38am-7: 38pm).The time vgcdncentration, activity and temperature curve
for rat 10 is shown in figure 16. The concentration @fiTmicrodialysate was as higher
as 15nM in the starting which gradually decreases over. {Boerelation analysis was
done for § with temperature and movement. There was no signtficamelation found
between FTand temperature and the Spearman r was -0.2122 and P valQe2888 (see
figure 17). E and movement showed no significant correlation. Thea®pan r value

was -0.1784 and P value was 0.3732 (see figure 18).

3. Determination of thyroid hormone L-T3 by radioimmunoassay.
Microdialysis was carried out for 3 hours at a flater of 2pul/min after 12 hours of
pre-equilibration at a flow rate of 0.16pl/min. Samplesen@llected at 5 min intervals.

Collected samples were pooled to get 10 min collectiormdlec®ed samples were
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analyzed by radioimmunoassay to geti@vels (see figure 19 top graph). During sample
collection EEG signals were recorded and scored sigymae a curve (see figure 19
bottom graph) to correlate sleep withy Tevels. The concentration of3Tin the
microdialysate of a freely moving rat varies over tifiee recorded EEG and EMG also
show variation in the rapid eye movement (REM) sleep raan-REM sleep cycle over

time.
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Discussion

1. Thyroid Hormone- Potential Neurotransmitter or Neuromodulator.

The preceding results show &s a potential chemical-like signal in adult brain. A
neurotransmitter is a chemical substance that ($ymshesized in the presynaptic cell
body or terminal neuron, (2) transported to nerve terdmiheough an axonal or
anterogade transport (if synthesized in cell body), @ased from the nerve terminal in
the synaptic cleft following depolarization of the meani® in the presence of @)
has parallel effects on the membrane receptors gbdkesynaptic neurons and (5) gets
inactivated by reuptake or enzymatic (proteolytic) breakdowar T; to be a
neurotransmitter, it should have all the charactersticeurotransmitter has. Previous
studies have provided evidence for some of the above mestioiteria

(1) TH has a high concentration in the nerve termi(@tatmanet al., 1982)

(2) T4 is transported to the brain by crossing blood brain baarndris concentrated in
the brain (Dratman, 1978).TH can be transported by axomasport to the nerve
terminal (Gordon, 1999). The high concentration of 5 deiasié in the nerve
ternimal leads to production og Tfrom T4 (Kundu, 2006)

(1, 5) TH release from the synaptosome is seen bytassatwck (Dratman, 1978).

(3) There was a calcium dependent release (difficulbtdion) (Mason, 1993).

(4) Several effects of slhave been observed on the GAB#ceptor in vitro and there
are few findings that show thag dlters phosphorylation of several proteins (Sarkar,

2005)

(5) There are deiodinases found in the brain that are ragpofar inactivation of T4

and T3 (Kundu, 2006).
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However the weakest support in the previous literatuseferacharacteristic (3). My
research was specially designed to examine the posslbkse of T3 from adult rat

brain tissue.

2. Presence of thyroid hormonein cerebrospinal fluid.

Exogenousslinjected on HPLC column gave a peak with a retentioe 4.1
min. When freshly collected microdialysate was injdctine CoulArray Win program
detected and labeled a peak Based on characteristic retention time and maximal
electrode response within the array (channel 6, 620 n&é) figure 1). To further verify
that the unknown peak was of, TLO ng of exogenouss; as added to the microdialysate
(see figure 2). The peak that eluted at 4.1 min was labelet; by the CoulArray
Analysis program. The peak size was bigger compared to pbtkned from
microdialysate without any exogenous Thhe peak grew in size without any shoulder;
this supports the conclusion that the existing peak g dfhat is, if the peak labeleds T
was not actual FJbut some other chemically similar compound, the exogehgusuld
be likely to have eluted to the left or right of theaf forming a peak shouldérhis was
not the case. The HPLC data supported the conclusatnthle peak detected in the
microdialysate was actual endogenoys T

Microdialysate was further analyzed onNMS/ A 10 ng sample of exogenoug T
was injected and the major peak eluted at 4.1 minutes. Wheshly collected
microdialysate was injected, the resultant peak coincadédthe major peak of standard
T3in TIC (see figure 3A full MS scan was performed for both the standagdand the
microdialysate peak eluting at 4.1 minutes. The base pedbofb scans was 652 m/z

because the instrumental conditions in MS protonaténjaeted compound, making the
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molecular ion FH+ (652 m/z)(see figure 5). An EIC at 652m/z was then performed for
the standard and microdialysate. The EIC for both chtognams gave identical results
(see figure 4). The 652 m/z peaks for both standard and diatysate coincided with
each other at a retention time of 4.1 minutes. Finallliyl scan was done for ion at the
4.1-minute peak. The standardg @and microdialysate show identical fragmentation
patterns and the peaks obtained after fragmentatiorbeagxplained to be generated
from the parent compounds;H+ (seefigure 6). The major peaks obtained after
fragmentation were 651.9, 606.9, 592.6, 507.9, 479,352.9, 380.9, 225.9 andT2&3.9.
fragment with molecular weight 606.9 would be obtainedrafecarboxylation of 651.9
molecular weight parent compound. Similarly fragmerihwmolecular weight 592.6 was
after the deamination and decarboxylation @fl#. The molecular weight compound
507.9 was obtained from the deamination and deiodinatioheoparent compound. A
fragment at 479.9 was generated by the deiodination and dagkation of the 651.9
parent compound. On the other hand the decarboxylatiodidemdination of the parent
compound leads to production of the 352.9 molecular weightmteagg Similarly, the
fragment of molecular weight 380.9 and 225.9 correspondedhéo deaminated
dideiodinated 651.9 and decarboxylated trideiodinated 651.9 respectBieilarly,
fragment 253.9 was the trideiodinated and deaminajiddé. TBased on the fragmentation
pattern obtained, the LC/MS results showed that then@Z2on is the protonatedsf+
ion in the microdialysate confirming that the peak otatdiis of &
3. Variation in thyroid hormone concentration in cerebrospinal fluid with time.
Microdialysate samples were collected from four ddférrats at different circadian

times for a duration of 5-24 hours in the preliminary studi@sllected samples were
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analyzed on MS for thyroid hormone levels in the mialydate overtime. Each rat
showed moment-to-moment variations in thyroid hormone.

The results obtained from rats with 6 hours pralbcation at a flow rate of 0.01
ul/min show more variations in thyroid hormone concarmin over time (see figure 7
and 16), whereas the result from rats without any prdiecation period show less
variation in thyroid hormone concentration over tirfsee figure 10 and 13). The
microdialysate for two rats with pre-equilibration tinvere collected at different phases
of the light-dark cycle. Microdialysate from rat 6 wasllected mostly during the dark
phase (7pm-7am) whereas samples were collected froOraturing the light phase
(7am-7pm). Samples collected during the light phase fijgaee 16) seemed to show
more variation in thyroid hormone concentrations congpéwehe dark phase (see figure

7).

As this was a preliminary study, some rats hawes6data while others have 24 hrs
data. A statistical study was done by combining all thelata with a 3-hr interval. The
statistics show a variation in thyroid hormone conegitn with time. More thyroid
hormone was found in 10am-1pm samples (see figure 20). Adlgses of variance
shows that there are significant differences in thieviels by time of day [F = 4.742, d.f
144 (total), 137 (residual), 7 (treatment),]. One cavettathe results do have high T
level at the beginning of each study. This is thoughtetar artifact which is caused by
probe insertion in the tissue. Furthermore this was lavypnary study with 4 rats studied
at 4 different time point and flow rates. However, éhstudies indicate a variation in the

Tslevel over time.
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More statistical analysis was done wémperature and movement data for the
four rats. The rats’ data were combined in a 3-hr intanahner and then the combined

data were analyzed for temperature and movement.

1. The statistics show that a significant variationt@émperature and movement

with respect to time of day.

2. The analysis of variance shows significant variatioteimperature over time [F

=109.0, d.f 5759 (total), 5752 (residual), 7 (treatment),] (seesfigRy.

3. The results show that there is a peak in temperature and of the light phase

and at the beginning of the dark phase.

4. The previous study by Roberto Refinetti (1989) demonstrated bty
temperature fluctuations. Rats are high at night compaocedheir body

temperature at the day.

5. Our study seems to have some similarity with the Robsidy and with a

circadian body temperature rhythm.

6. The study showed more activity at 4am-7am interval, wiictonsistent with

the nocturnal nature of rats.

7. The analysis of variance shows a significant varrain the activity with time [F

= 34.86, d.f 5759 (total), 5752 (residual), 7 (treatment),] (seeefigiiy.

4. Possible relation of thyroid hormone and seep.
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Another study was done with microdialysate collectednfrats. Microdialysate was
analyzed by radioimmunoassay for detection ¢fmd concurrently recorded EEG and
EMG data were scored. The scored sleep study and thyrawbherconcentration over
time were plotted against time (see figure 19). In thimpiary study, thyroid hormone
concentration appears to be inversely related to theepesleep. The study shows that
higher concentration of thyroid hormone in microdialgsahight lower the sleep
response in rat. These preliminary studies throw soghe bn relationship of thyroid
hormone and sleep suggesting that thyroid hormone releas@in extracellular fluid
might regulate sleep.

In summary, the retention time of the peak obtainedhfthe microdialysate on HPLC
matches that of exogenous Results obtained from LC/MS unequivocally identify the
peak generated from microdialysate as that of endogenpii$is was proved by TIC
and EIC which gave the same retention time for both stdndaand the microdialysate
peak. The fragmentation pattern obtained by LC/MS darithe finding by generating
the daughter fragments ofH". In order to further confirm the previous findings, the
microdialysate samples were analyzed by RIA, the amalgupported the previous
results. The LC/MS and RIA showed that there wasdialidrop in the Flevel which
later on varies over time. The sleep study showedliea¢ was variation in sleep pattern
which might possibly be related to the variation igl@vels. The 24 hrs study for
temperature and more activity for 4 different rats shbweat there was a circadian
rhythm in these measures. There was higher body tempei@tdrmore activity during

the night compared to the daytime. The study witlsFfowed more Fconcentration
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during the early light phase. No significant correlatias found for Twith temperature
and activity except in the case of one rat.

In all, some interesting possible relationshiptvben T release and physiological
parameters have been noted and will be the subjechthaong studies.

The presence of thyroid hormone in microdialys#stdf is a notable finding, as this
has not been previously documented. Variations in thyhoixdnone concentration in
extracellular fluid could result from a release lofrbid hormone, like a neurotransmitter
is released from brain cells. Dratman (1996) observed toenaulation of thyroid
hormone in nerve terminals, and Mason (1993) saw thaselef calcium dependent
thyroid hormone release from nerve terminal once. Basethese data and other data
regarding plasma membrane receptor effects(Martin 2004kaiS&2006), thyroid
hormone could have a neurotransmitter or neuromodulaka #ction in adult

mammalian brain.
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Figure 1- Chromatogram of 10 pl microdialysate from rat the 620Mv channel.

The microdialysate was run through HPLC C18 column épasation by linear gradient
elution and separated samples were detected at diffayelaimetric electrodes. The peak
of thyroid hormone was obtained at 620 mV channel witletantion time of 3.98
minutes. Axes are expanded to demonstrate the shape of peak.

Chromatography conditions were specified in the methods.
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T-3 3.78m 20 g/l 98 1nA 29,10

Response (nA)
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35 ‘ 40 ' 45 ' 50

Retention time (min)

Figure 2- Chromatogram of spiked microdialysate sampla fiat 5.

Microdialysate obtained from rat 5 was spiked with sddal 10 ug/ml of exogenous L-
T3 . The peak shown is at channel 6 (620 mV electrode) whicle iprbminent electrode
for L-Ts,

Chromatography conditions were as specified in the methods.
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Figure 3-Total ion chromatograms (TIC).
The retention time (4.1 min) of the major peak in standafd (top chromatogram)
matched a peak in microdialysate collected from ranl{tsottom chromatogram).

Chromatography conditions were as specified in the methods.
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Figure 4- Extracted ion chromatogram (EIC) of mass-targdh ratio (m/z) of 652.
The peak obtained from thyroid hormone standard (top ciagram) and the peak of
microdialysate from rat brain (bottom chromatograny tie same retention times.

Chromatography and MS conditions were as specified im#taods.
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Figure.5- Full Mass Spectrometry (MS) scan of a peakngluti 4.1 minutes.
Top: Chromatogram of standard thyroid hormone,
Bottom: Microdialysate from rat brain.

MS conditions were as specified in the methods.
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Figure 6- MS/MS on m/z 652 at retention time of 4.1 minutes.
Top: Chromatogram of standard thyroid hormone,
Bottom: Chromatogram of microdialysate from brain.

MS conditions were as specified in the methods.
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Figure 7- L- & concentration, activity and temperature of rat 6 durnmgrodialysis.

Points represent data collected at a flow rate of 2alafter 6 hours of pre-equilibration

at a flow rate of 0.16 ul/min.
D is period of darkness (7 pm-7am).
L is period of light (7am-7pm).

Experimental conditions were as specified in the nagho
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Figure 8- Correlation analysis between activity ap@flRat 6.

Spearman r = 0.1769, P value = 0.2879
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Spearman r = 0.1192, P value = 0.4580
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Figure 10- Variations in L- g concentration, activity and temperature of rat 8 during
microdialysis.

Points represent data collected at a flow rate ofip lvithout pre-equilibration at flow
rate of 0.16 ul/min.

D is period of darkness (7 pm-7am). L is period of light (-7gom).

Experimental conditions were as specified in the nagho
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Figure 11- Correlation analysis between activity and T+&io8.

Spearman r = 0.06368, P value = 0.6638
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Figure 12- Correlation analysis between temperature eéhdfTrat 8.

Spearman r = 0.3233, P value = 0.0266
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Figure 13- Variations in L- oncentration, activity and temperature of rat 9 during
microdialysis.

Points represent data collected at a flow rate of 2alinithout pre-equilibration at a
flow rate of 0.16 ul/min.

D is period of darkness (7 pm-7am). L is period of light (-7qom).

Experimental conditions were as specified in the nagho
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Figure 14- Correlation analysis between activity and T-Rat 9.

Spearman r = - 0.4422, P value = 0.0393
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Figure 15- Correlation analysis between temperature aéhdflRat 9.

Spearman r = 0.06462, P value = 0.7538
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Figure 16- Variations in L- concentration in microdialysate collected from rat 10

Points represent data collected at a flow rate of 2alafter 6 hours of pre-equilibration

at a flow rate of 0.16 ul/min.

D is period of darkness (7 pm-7am).

L is period of light (7am-7pm).

Experimental conditions were as specified in the natho
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Figure 17- Correlation analysis between activity and T-Rat 10.

Spearmanr =-0.1784, P value = 0.3732
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Figure 18- Correlation analysis between temperature eéhdflRat 10.

Spearmanr = - 0.2122, P value = 0.2880
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Figure 19- Determination of L- sTin microdialysate from rat and concurrent EEG-
defined sleep and waking as a function of time.

Top graph: Concentration of L-3Tin microdialysate (5 minutes fraction over a 3 hour
period).

Bottom graph: Percent of epochs scored as REM and NonfRed im 5 min intervals in

same rat.
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Figure 20- CombinedsNs. time of day.

Points with different symbolsy( ) at the top are significantly different from eachent

at p < 0.05 by Bonferroni’gost hoc comparison.
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at p < 0.05 by Bonferroni’gost hoc comparison.
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other at p < 0.05 by Bonferronimst hoc comparison.
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