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Within brain, rhythmic and spontaneous molecular cascades determine behavior. We 

used multiple methods of analysis to quantify several of these molecular cascades. The 

protein S100B acts as a bimodal calcium transduction switch in retinal cells involved 

with circadian rhythm entrainment. We show that S100B knockout mice exhibit a 

secondary circadian rhythm during intervals of photic entrainment. In another 

investigation, we searched for behavioral rhythms shorter than a day through analysis of 

the electroencephalogram (EEG). Using two separate methods, we show evidence for a 

short ultradian rhythm (SUR) in rats and mice correlative with sharp decreases in delta 

EEG activity and non-rapid-eye movement (non-REM) sleep. We also show the first 

semi-automated detection of a behavioral SUR using EEG data, which may provide 

insight into metabolic oscillations within brain tissue separate from the 

transcription/translation feedback loops governing circadian rhythms. In brain, 

extracellular adenosine accumulates during periods of wakefulness and diminishes after 

periods of non-REM sleep. We measured EEG and locomotor activity in mice lacking 
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CD73, an enzyme involved with conversion of adenosine triphosphate (ATP) into 

adenosine. We show that CD73 knockout mice exhibit different amounts of wakefulness 

and REM sleep compared to wild-type mice, results consistent with a role of adenosine 

in sleep. Thyroid hormones also affect sleep. A dysthyroid state can induce sleep 

disturbance, lethargy, anxiety, or other symptoms. We injected 3-iodothyronamine 

(T1AM), a decarboxylated thyroid hormone derivative, into the preoptic region of adult 

male rats and collected EEG to quantify post-injection sleep. T1AM causes sleep 

fragmentation and, contrary to our hypothesis, decreased sleep in a similar way to 

thyroid hormone, which may be due to shared mechanisms of sleep regulation. We also 

demonstrate the existence of two new high-frequency EEG bands which vary in relation 

to sleep behavior in rats. Finally, we demonstrate that nicotinic acetylcholine receptors 

(nAChRs), which contribute to electrical activity regulation in brain, are inhibited by 

triiodothyronine (T3), a thyroid hormone, and pregnenolone sulfate, a neurosteroid 

with similar molecular properties. These data give new insight into the structure-activity 

relationship of neurosteroids relative to nAChRs and to other related receptors in the 

brain. 
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Introduction 

Beneath behavior lies multitudes. This was our philosophy when conducting our 

investigations. Although our experiments all involve brain tissue activity and its 

consequent behaviors, our investigative methods were wide-ranging. To properly 

express this multi-pronged approach, each of the following 6 chapters are presented as 

a self-contained journal article. In some cases, these chapters exist as published articles 

(4 and 5). Other chapters are being prepared for manuscript submission. In general, the 

progression of the following research goes from macroscopic to microscopic, starting 

with behavioral studies and ending with neural receptor function. These studies 

represent several breakthroughs in understanding of brain activity and illustrate the 

extremely complex relationship between intracellular transduction switches, 

electrochemical activity, extracellular enzymes, metabolic derivatives, summed 

electroencephalographic activity, and individual receptor function. 
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Chapter 1: S100B Affects Circadian Rhythm in Adult Male Mouse  

1.1 Abstract 

S100B has been demonstrated to localize in mammalian retina, as well as in several 

neural pathways and nuclei involved with circadian rhythm and entrainment. Its 

absence shows effects on phototransduction. The S100B protein is a calcium-sensitive 

protein using two EF-hand motifs. It binds with rod outer segment guanylate cyclase 

(ROS-GC1) and serves as part of a bimodal calcium transduction switch, along with 

neurocalcin δ (NCALD). Unlike NCALD, S100B’s adaptive function in this bimodal switch 

is not definitively known, as it becomes active only at pathologically high intracellular 

calcium concentrations, and further raises this concentration after activation. We 

subjected wild-type and S100B KO mice to long-term studies of circadian locomotor 

activity, in both photic entrainment conditions and free-running conditions. We show 

that S100B KO mice exhibit a secondary circadian rhythm during intervals of 

entrainment, a shorter free-running period, and an eventual disorganization of circadian 

activity, even in photic entrainment lighting conditions. S100B may be involved in the 

homeostatic process maintaining normal photic entrainment and free-running period. 

1.2 Introduction 

Circadian rhythms are a set of molecular and genetic oscillations whose cyclical, 

behavioral consequences have a period of approximately 24 hours, can be re-set by 

environmental cues, and can persist even in the absence of such cues. Plants [1], 

cyanobacteria [2], fungi [3], and animals [4] exhibit circadian rhythms, and the term 
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chronobiology describes the studies of these oscillations and behaviors [5]. 

Chronobiological studies usually involve perturbation of the underlying autoregulatory 

feedback loops of a given organism by changing environmental, anatomical, cellular, or 

genetic (genomic, transcription, or translation) conditions, followed by observation of 

the resulting periodic behaviors.  

Daily, periodic behavior in the absence of external cues, known as the free-running 

state, can be manipulated by timed stimuli; these stimuli change the periodicity of, or 

re-entrain, the circadian rhythm [6]. Re-entrainment allows circadian rhythm-exhibiting 

organisms to stay synchronous with the external world. The minimum effective 

controlling stimuli often bears little resemblance to the selective conditions guiding the 

establishment of the circadian rhythm: relatively short light pulses early in an organism’s 

subjective “night” can prolong the circadian rhythm [7, 8]. Conversely, some 

manipulations--to the neural tissue or to genetic material--can abolish the ability of 

organisms to be re-entrained [9, 10]. These effects can be partial or complete [10].  

Other stimuli, such as timed feeding [11], social interaction [12], sounds [13], and 

physical activity [14, 15], can influence entrain circadian rhythms. Nevertheless, the 

predictability of the sun’s diurnal appearance from most vantage points on earth make 

light one of the most widespread and dominant cues of circadian rhythm entrainment. 

Photic entrainment in mammals is governed by photoreceptive elements localized in the 

retina, which project to nuclei in the cerebrum and neuroendocrine glands. This includes 

the most important and well-studied nucleus contributing to both re-entrainment and 
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to the free-running aspect of circadian rhythm, the suprachiasmatic nucleus (SCN) [16, 

17].  

Photoreceptive elements rod and cone cells form the visual field. Experiments in which 

mice with a visual retinal degeneration mutation, rendering their visual photoreceptive 

elements non-functioning and making them functionally blind, still exhibit photic 

entrainment by light pulses no different from the photic entrainment of wild-type mice 

[18]. Entrainment in mammals is only abolished after bilateral enucleation (eye 

removal), in which all projecting tracts from the retinas are severed [19]. Therefore, the 

nonvisual aspect of photoreceptive cells is necessary for photoentrainment. 

Unlike visual component cells, non-visual photoreceptive elements, or melanopsin-

containing intrinsically photosensitive retinal ganglion cells (ipRGCs), do not contribute 

to the visual field, and do not reach their projection sites with ordered topographic 

mapping. These cells comprise the photic entrainment pathway, which involves the 

retina, retinohypothalamic tract (RHT), SCN, intergeniculate leaflet (IGL), ventrolateral 

geniculate nucleus (vLGN), and pretectum (including the olivary pretectal nucleus) [20]. 

During photic entrainment, ipRGCs project luminance information to the SCN with its 

intrinsic photopigment, melanopsin. This photopigment is less sensitive to light than rod 

and cone photopigments (rhodopsin in rods and photopsins I, II, and III in cones). Light 

levels below the detection limit of melanopsin, however, can also achieve photic 

entrainment, because rod and cone cells can rely on ipRGCs to relay light information to 

the SCN [21]. Genetic ablation of all ipRGCs in mice cripples photoentrainment, even as 
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visual sense is spared [22]. This implies that ipRGCs are necessary for photic 

entrainment. 

The retina is a multi-layered tissue. The outer segment, where rod and cone cells are 

organized, make connections to horizontal cells (connecting, generally, rods to cones), 

and bipolar cells, which relay signal to the retinal ganglion cells [23]. Visual component 

cells are unlike the other cell types in their transduction of meaningful data: the cells are 

continuously depolarized in the absence of light. The pigment in photosensitive visual 

component cells changes conformation and causes, through release of cyclic GMP 

phosphodiesterase, a cascade that stops release of its neurotransmitter, glutamate, to 

bipolar cells. Bipolar cells come in two functional varieties: on-center bipolar cells are 

hyperpolarized by glutamate, so when a light is on, the drop in synaptic glutamate 

causes them to depolarize, while off-center bipolar cells act in the opposite way.  

In phototransduction, a critical signaling molecule is cyclic GMP, whose hydrolysis by 

light-stimulated phosphodiesterase leads to visual cell hyperpolarization. Cyclic GMP 

partially acts to restore the depolarized state, due to calcium-sensing proteins: 

guanylate cyclase activating proteins (GCAPs), unbound from the depleted calcium of 

the hyperpolarized state, stimulate retina outer-segment guanylate cyclase (ROS-GC) to 

synthesize cyclic GMP more rapidly; the rising cyclic GMP opens cyclic nucleotide-gated 

(CNG) channels and helps restore calcium to its darkness concentration (reviewed in 

[24];  [25]). 
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Calcium is a second messenger in several cell types within the entrainment pathway, 

and classes of neuronal calcium sensor (NCS) proteins mediate effects of calcium. 

Calcium binds to these proteins using an EF hand motif, at a loop joining the motif’s 

double alpha helix. The cytosolic NCS neurocalcin δ (NCALD) has three EF hands capable 

of binding calcium [26]. When bound to calcium ions, a conformational change extrudes 

the N-terminus of NCS proteins, allowing NCALD myristoylation, which enables it to bind 

to membrane [26, 27]. This can bring NCALD into proximity of membrane-bound 

guanylate cyclases including ROS-G1, or can facilitate binding to the perinuclear 

compartment [28, 29]. NCALD stimulates ROS-GC1 as a function of intracellular calcium 

concentration and is present in amacrine and ganglion cells, as well as in the inner 

plexiform layer along with ROS-GC1 [28].  

NCALD binds with the protein S100B, a dimer which also binds calcium via EF hand 

motifs [30]. Enhanced binding of the two proteins is calcium-dependent [30]. S100B 

proteins occur in outer plexiform, inner nuclear, and ganglion cell layers of the retina, 

and localize in photoreceptor-bipolar cell synapses and cone photoreceptors (but not in 

rod photoreceptors) [31]. Like NCALD, S100B proteins stimulate ROS-GC1, but do so on 

a different protein module [29]. S100B proteins also differ from NCALD in their activity 

in the presence of calcium: at low concentrations of calcium, S100B does not stimulate 

the ROS-GC1, but at high calcium levels, S100B stimulates ROS-GC1, leading to 

enhanced cyclic GMP synthesis, CNG stimulation, and further increases in calcium influx 

[31]. 
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In vivo, the influence of S100B on phototransduction is subtle but statistically reliable. 

Compared to wild-type mice, the electroretinogram of S100B knockout mice shows a 

widened b-wave and a diminished ratio of the b-wave to a-wave amplitude, as well as a 

delay in peak arrival of both waves. These results imply multiple S100B influence sites 

outside of the outer cone segment of the retina [31]. S100B’s expression in cells that 

conduct rod signaling to other rods and to cone cells also indicates a possible 

modulation of rod signaling, even if the protein is not specifically expressed in rod cells.  

S100B is present in glial cells throughout the brain, with elevated expression in the SCN 

[32], and it interacts with at least one other neuronal calcium sensor involved in 

circadian rhythms, NCALD [30]. Further, S100B’s presence in, and modification of, cells 

directly involved with the photic entrainment pathway and the free-running pathway 

make perturbation of its expression a candidate for alteration of both processes. 

We compared the entrainment to light, free-running circadian rhythm, and photic re-

entrainment of wild-type mice compared to S100B knockouts. We found indications of a 

free-running circadian rhythm superimposed on the 12:12 light:dark photoentrainment 

rhythm in S100B KO mice. We also show a significantly shorter free-running circadian 

rhythm in S100B mice compared to wild type mice during the dark:dark interval of data 

collection. We show a gradual disorganization of the circadian rhythm of S100B 

knockouts toward the end of the data collection interval, compared to no such 

disorganization in wild-type mice. These results suggest several possible overlapping 

effects of the S100B protein. 
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1.3 Materials and Methods 

Experimental animals 

Four male wild type, and four male S100B knockout BALB-C mice, weighing ~20 g, were 

generously donated by our collaborator, Dr. Venkat Venkataraman (Rowan School of 

Osteopathic Medicine). 

Experimental chamber 

Mice were housed individually in shoebox cages within an electrically shielded and 

sound dampened Faraday chamber. The temperature was maintained at 22.2–23.3 °C 

and relative humidity was controlled at 55%. During light:dark entrainment intervals of 

data collection, lights in the experimental chamber were on from 7:00 AM until 7:00 PM 

and off from 7:00 PM until 7:00 AM. During the dark:dark free-running interval of data 

collection, mice were housed in individual sound and light-shielded chambers, with 

noisemaking flow-through fans providing fresh air to each mouse. Intake and outflow of 

oxygen was shielded from any possible encounter with incident light with porous foam, 

and all lights in the Faraday chamber were kept off. Mice were fed ad libitum, and food 

stock replenishments were administered two sporadic times per week, in dim red 

lighting. 

Transmitter implantation surgery 

For each surgery, a mouse was place in an induction chamber primed with 5% gaseous 

isoflurane at a flow rate of 2 LPM for 5 min, then placed on a platform maintained at 37 
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°C to prevent hypothermia. The gaseous mixture was reduced to 2.5% isoflurane, with 

flow rate maintained at 2 LPM. An E-Mitter Transponder (Mini Mitter, Bend, OR) was 

implanted through a small midventral incision in the abdominal wall. The muscle layer 

and the skin were closed with vicryl sutures and bacitracin was applied topically. The 

mouse was injected intramuscularly with 0.10 mL 0.125% bupivacaine. All procedures 

were approved by the Institutional Animal Care and Use Committee (IACUC) at Rutgers 

University. 

Data collection and analysis 

All data was collected via the E-Mitter transponder. Activity counts (arbitrary units), 

generated via changes in signal strength between the transponder and the nearby 

receiver box, were summed over each minute. Minute-to-minute values were imported 

into the ImageJ (NIH, Bethesda, MD) plugin ActogramJ (University of Wuerzburg, 

Germany). Periodogram analyses were performed in ActogramJ using a Chi-square test 

(p < 0.05). Periodogram values for determination of the free-running state were 

imported into Graphpad Prism 5.0 (La Jolla, CA). 

Experimental design 

Experiment 1: Two wild-type and two S100B KO mice were entrained on a 12:12 

light:dark cycle for 33 days, followed by 60 days of constant dark (12:12 dark:dark). 

Experiment 2: Two wild-type and two S100B KO mice were entrained on a 12:12 

light:dark cycle for 18 days, followed by 37 days of constant dark (12:12 dark:dark), 

followed by re-entrainment of a 12:12 light:dark cycle for 80 additional days. 
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1.4 Results 

Experiment 1: 

The circadian period of WT-1A observed during entrainment was 1440 minutes, while 

the free-running interval (illustrated by the red lines) was 1437 minutes. The circadian 

period of WT-1B observed during entrainment was 1440 minutes, while the free-

running interval was 1430 minutes (Figure 1). 

The circadian period of KO-2A observed during entrainment was 1437 minutes, although 

the activity of the mice extends into the (generally inactive) light phase. The free-

running interval (illustrated by the red lines) was 1423 minutes. The circadian period of 

KO-2B observed during entrainment was 1441 minutes, with a second, smaller peak at 

1422 minutes, while the free-running interval was 1420 minutes (Figure 2). During the 

last 12 days of the test, mouse KO-2A died of unknown causes. Around the same time, 

mouse KO-2B showed a total disorganization of its activity cycle, with no significant 

periodogram value able to be uncovered. 

Experiment 2: 

The circadian period of WT-3A observed during initial entrainment was 1439 minutes; 

the free-running interval (illustrated by the red lines) was also 1439 minutes, and the re-

entrainment interval was 1439 minutes. The circadian period of WT-3B observed during  



11 
 

 

Figure 1. Wild-type mice, experiment 1. Entrained and free-running circadian rhythm 
of Wild-Type BALB-C mice. Two wild-type (A-B) mice were entrained on a 12:12 
light:dark cycle for 33 days, followed by 60 days of constant dark (12:12 dark:dark). The 
horizontal bars represent the change from entrainment (light:dark) to free-running 
(dark:dark).  
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Figure 2. Knockout mice, experiment 1. Entrained and free-running circadian rhythm 
of S100B knockout BALB-C mice. Two S100B knockout (A-B) mice were entrained on a 
12:12 (light:dark) cycle for 33 days, followed by 60 days of constant dark (12:12 
dark:dark). The horizontal bars represent the change from entrainment (light:dark) to 
free-running (dark:dark).  
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Figure 3. Wild-type mice, experiment 2. Entrained, free-running, and re-entrainment 
of circadian rhythm of Wild-Type BALB-C mice. Two wild-type (A-B) mice were 
entrained on a 12:12 (light:dark) cycle for 18 days, followed by 37 days of constant dark 
(12:12 dark:dark), followed by re-entrainment of a 12:12 (light:dark) cycle for 80 
additional days. The horizontal bars represent the change from entrainment (light:dark) 
to free-running (dark:dark), and from free-running to re-entrainment.  
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Figure 4. Knockout mice, experiment 2. Entrained, free-running, and re-entrainment of 
circadian rhythm of Wild-Type BALB-C mice. Two S100B knockout (A-B) mice were 
entrained on a 12:12 (light:dark) cycle for 18 days, followed by 37 days of constant dark 
(12:12 dark:dark), followed by re-entrainment of a 12:12 (light:dark) cycle for 80 
additional days. The horizontal bars represent the change from entrainment (light:dark) 
to free-running (dark:dark), and from free-running to re-entrainment.  

  Wild-type S100B Knockout 

  
Entrainmen

t 
Free-
run 

Re-
entrainmen
t 

Entrainmen
t Free-run Re-entrainment 

1 1440 1437 n/a 1437 1423 n/a 
2 1440 1430 n/a 1441 1422 n/a 

3 1439 1439 1439 1440 1400 
1440/(weak)143

0 

4 1437 1455 1440 1440 
1451/139

1 
1440/(weak)144

6 
Table 1. S100B Periodogram times. 
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initial entrainment was 1437 minutes, while the free-running period was 1455 minutes; 

the re-entrainment period was 1440 minutes (Figure 3).  

The circadian period of KO-4A observed during entrainment was 1440 minutes, while 

the free-running period (illustrated by the red lines) was 1400 minutes. The re-

entrainment period was 1440 minutes, until the final 21 days of the study, during which 

the intervals of active behavior became disorganized, with a weak peak in the 

periodogram at 1430 minutes. The circadian period of KO-4B observed during initial 

entrainment was 1440 minutes. During free running, the observed period was 1451 

minutes, with a second peak representing the change in free-running period of 1391 

minutes. During re-entrainment, the period interval returned to 1440 minutes, until the 

final 24 days of the study, during which the activity behavior became disorganized, with 

a weak peak observed in the periodogram at 1446 minutes (Figure 4). 

The results of both experiments are summarized in Table 1. The mean of free-running 

period in S100B KO mice was significantly shorter than in wild-type mice. In second 

experiment, in which the groups of mice were re-entrained after free-running, the 

S100B KO mice exhibited a weak, secondary circadian rhythm along with the light-

entrained (1440-minute) rhythm.   

1.5 Discussion 

S100B is a biomarker of injury [33], age [34], inflammation [35], Alzheimer’s disease 

[36], and cancer [37], and interest in this aspect has led to information useful to the 

current study—Emsley et al’s use of S100B as an astrocytic staining target demonstrated 
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S100B’s presence in the SCN. S100B’s intrinsic qualities as a novel calcium-sensitive 

binding protein came to prominence when it was found to bind with NCALD [30]. 

Further studies have rigorously described S100B as extant in circadian rhythm-related 

phototransduction and ganglionic tissue. It is also found to be curiously involved in the 

guanylate cyclase signal transduction system by modifying membrane-bound ROS-GC1, 

a separate modification from the one caused by NCALD, which is itself another of 

S100B’s binding proteins. These studies also described its subtle influence on 

phototransduction [28, 29, 31].  

A protein having widespread expression and specialized functions in differing cells may 

also have subtle and/or plural effects on circadian behavior. The current study has 

demonstrated three major differences in the circadian activity of S100B KO mice relative 

to wild-type counterparts: the presence of weaker, separate rhythm during periods of 

entrainment seen in 3 of the 4 S100B KO mice, with no such “ghost” rhythms in the 

wild-type mice; the behavior of the mice becoming more disorganized with statistically 

weaker periodogram values, at the end of the study, in 3 of the 4 S100B KO mice, with 

no such disorganization in the wild-type mice; and a significantly shorter free-running 

period in S100B KO mice compared to wild-type mice.  

The presence of a less-organized, secondary rhythm observed during intervals of 

photoentrainment in S100B knockouts is complicated by the fact that the period of the 

secondary rhythms do not match the period seen during free-running in 2 of the 3 mice 

in which it was observed. The exception S100B KO mouse 2A’s periodogram was a weak 

peak of 1422 minutes during photic entrainment, and a period of 1420 minutes during 
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the free-running interval. The other two mice, S100B KO mice 4A and 4B, showed a 

secondary rhythm thirty minutes longer than its 1400-minute period during free running 

and a secondary rhythm five minutes shorter than its free-running circadian period. If all 

KO mice showed an identical secondary rhythm to its free-running one, it might indicate 

that there was a weakening of photic entrainment. Entrainment to 1440 minutes was 

able to occur in all S100B KO mice, but the presence of the weaker rhythm may imply 

different changes in function: since the other EF-hand calcium-sensing protein, NCALD, 

is still present in S100B KO mice, it may have impressed an imperfect contribution to the 

activity cycle due to its periodic expression. NCALD has been shown to have periodic 

expression in Drosophila, and if mammalian NCALD has a similarly periodic expression, 

its period may have become desynchronized from that of the rest of the photic 

pathway. One unexplained phenomenon of this theory is how the S100B protein is 

necessary for NCALD to remain synchronous with the rest of the circadian rhythm 

nuclei. 

The generalized disorganization noted in 3 of the 4 S100B KO mice included complete 

disorganization in one (mouse 2B), and only weak periods in mouse 4A and 4B. This 

degeneration of activity organization could be due to degeneration of tissues related to 

S100B’s absence in circadian rhythm-related tissue such as the SCN, or could be related 

to more generalized effects. S100B, as stated above, is used as a biomarker of age. The 

presence of S100B has been posited as a possible regeneration-facilitative protein [38], 

and the lack of it in aged S100B KO mice could cause generalized pathologies, with 

scattered activity timing as one observed effect. Such an identification of relevant S100B 
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function could point toward further experiments of S100B knockouts observing other, 

more direct age-related functions. 

The mechanism by which free-running circadian rhythms periods are shortened is poorly 

understood, but perturbation of the VIP and Vipr2 genes leads to a shortened circadian 

period in a certain percentage of mice [39]. Deletion of the half of the PAS B and whole 

PAC subdomains mPer2 gene caused both a shortening of free-running circadian 

rhythm, as well as an eventual disorganization of circadian activity. Further, PER2 

rhythmicity requires calcium flux [40]. Perturbations of calcium flux by the absence of 

S100B may contribute to the effects seen in the present study. 
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Chapter 2: Short Ultradian Rhythms 

2.1 Abstract 

Ultradian rhythms are recognized in humans in the form of sleep cycling. Anxiety and 

depressive disorders disturb human sleep cycles, particularly in the measurement of 

rapid-eye movement (REM) bout length and non-REM sleep time. Behavioral aspects 

with a similar periodicity persist during waking. Rodents exhibit an analogous sleep 

cycle process involving a repeated switching between non-REM and REM states. In 

electroencephalographic (EEG) signal, delta and theta frequency band power parallels 

rodent non-REM/REM sleep cycling. We recorded EEG in rats over 24 hours and used 

spectral analysis of the delta (1-4 Hz) frequency band. We also used a semi-

autonomous, discrete wavelet analysis of rat EEG focusing on the theta (5-10 Hz) 

frequency range. Most previous analyses of rodent ultradian rhythms investigate 

ultradian rhythms of an hour or longer. Here, we demonstrate a short ultradian rhythm 

(SUR), repeating approximately every 10 minutes, after analysis using both manual and 

semi-autonomous methods. We also show mouse locomotor activity exhibits a SUR 

that is approximately 8.6 minutes. These SURs may be influenced by redox conditions 

within sleep and wake-active brain nuclei. 

2.2 Introduction 

Biological rhythms occur at multiple scales. The generator of a circadian rhythm is a 

self-sustaining cellular oscillator which can be reset by external cues, can compensate 

for temperature differences within a physiological range, and which cycles over the 
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course of about one day [41-44]. Ultradian rhythms are biological rhythms which cycle 

in shorter intervals than 24 hours and exist in a wide range of organisms [45]. Whether 

there is a relationship between ultradian rhythms and circadian rhythms is not 

currently known.  

The most well-characterized ultradian rhythm in humans is in sleep cycling. Studies of 

sleep behavior characterize the state of consciousness and/or alertness of the subject 

using electroencephalographic (EEG) data. EEG signal is sorted into putative frequency 

bands including delta (1-4 Hz), theta (5-10 Hz), alpha (8-12 Hz), beta (13-30 Hz), and 

gamma (31-100 Hz) [46]. Combinations of frequency range prominence denote the 

state of consciousness: wakefulness exhibits primarily alpha and delta bands, rapid eye 

movement (REM) sleep exhibits low-voltage delta band mixed with theta and gamma, 

and non-REM sleep exhibits high-amplitude prominence at the low-delta band and a 

minor alpha band aspect [47, 48]. The human sleep cycle, in which REM episodes 

terminate multi-stage non-REM intervals [49], repeats multiple times per night [47, 50], 

and exhibits a period of 90-120 minutes [51]. Depression is characterized by an 

alteration in EEG-defined sleep architecture [50], implying a central role of ultradian 

rhythms in affective disorders.  

Humans also have ultradian rhythms in hormone secretion which are subject to change 

in response to variations in stress level and disturbance of sleep [52]. Pharmacological 

interventions can have differing effects based on the time of administration relative to 

ultradian rhythms (for review, see [53]). Humans exhibit several waking behavioral [54-

59] and nocturnal hormone-secretory [60] oscillations which reflect the approximate 
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timing of non-REM/REM sleep cycling; both are posited to have the same underlying 

mechanism (for review, see [61]).  

Non-REM/REM time intervals, matched by species-specific waking oscillatory behaviors, 

have been observed in rhesus monkeys [62], rats [63], cats [64], and mice [65]. The 

period of a non-REM/REM cycle in mice is reported to be ~10 minutes [66]. A 3.5-5-

hour ultradian rhythm in mouse locomotor activity whose period does not respond to 

differing light cues has also been demonstrated [67].  

Past studies have employed methods of inquiry based on a non-REM/REM sleep cycle 

analogous to the ones seen in humans. Inherent ambiguities involved with defining a 

sleep cycle in polyphasic rodents, whose sleep behavior is scattered over the 24-hour 

day, make systematic analysis of ultradian rhythms in rodents using EEG difficult [68].  

We extracted spectral magnitude data from EEG signal in freely-moving adult rats 

corresponding to the delta and theta frequency ranges. Using a plot of the change in 

frequency band magnitude over entire sleep studies, we sought to identify cyclical 

features of this signal. We collected time indices of local minima in these bands and 

generated histograms of trough-to-trough intervals. We also used the same method of 

trough identification in locomotor activity of adult male mice.  

Among all analyzed frequency bands of rat EEG and in mouse activity, we found an 

average ultradian time, or short ultradian rhythm (SUR), of approximately 10 minutes. 

In 12:12 light:dark lighting conditions, rat EEG data showed no significant difference 

between SUR timing during the light period versus SUR timing during the dark period. A 
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separate, semi-automated analysis of rat EEG using discrete wavelet analysis also 

demonstrated similar timing for SURs. 

2.3 Materials and Methods 

Experimental animals 

Adult male wild type Sprague-Dawley rats were used for EEG experiments. Adult male 

BALB-C mice were used for locomotor activity studies. 

Experimental chamber 

For all experiments, rats and mice were housed individually within an electrically-

shielded and sound-dampened Faraday chamber in which the temperature was 

maintained at ~23.3 °C, and relative humidity was kept at ~55%. Lights were kept on a 

12:12 light:dark cycle. 

E-Mitter transponder implantation surgery 

For each surgery, a rat or mouse was placed in an induction chamber primed with 5% 

gaseous isoflurane at a flow rate of 2 LPM for 5 min, then placed on a platform 

maintained at 37 °C to prevent hypothermia. The gaseous mixture was reduced to 2.5% 

isoflurane at the same flow rate after attaching a nose cone to the surgical subject. Each 

E-Mitter Transponder (Mini Mitter, Bend, OR) was implanted through a 1 cm anterior-

posterior midventral incision in the abdominal wall. Muscle and skin layers were closed 

with vicryl sutures, and bacitracin was applied topically. After surgery, all subjects were 
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injected intramuscularly with 0.125% bupivacaine. All procedures were approved by the 

Institutional Animal Care and Use Committee (IACUC) at Rutgers University. 

EEG electrode implantation surgery 

In rats, after implantation of E-Mitter transponders, surgery was continued to implant 

EEG electrodes. Rats were turned over and attached to a stereotaxic device. A midline 

scalp incision was made to expose the skull approximately 0.6 cm anterior of and 1 cm 

posterior of bregma. After incision, tissue/musculature was cleared away from the skull 

surface and the resulting bleeding was stanched.  

With a 0.0125” drill bit, holes were made in the bone according to the medial-lateral 

(ML) and anterior-posterior (AP) coordinates of the desired locus with respect to 

bregma. Four holes were partially drilled, one in each quadrant of the skull surface, to 

place a 0–80 stainless steel screw into each hole (coordinates: ±3 mm ML, ±3 mm AP, 

relative to bregma). Each screw was attached to a 1.5-cm length of 0.010-inch, Teflon-

coated stainless-steel wire with an Amphenol socket at the end. Stripped ends of two 

more wires were implanted in the dorsal neck muscle for electromyographam (EMG) 

data. The other ends of EMG wires were stripped ~2 mm and soldered to an Amphenol 

socket. EEG and EMG electrode sockets were inserted into a plastic screw-socket, and 

the entire assembly was encased in dental acrylic, leaving the top exposed for 

connection to data-collection hardware. Bacitracin was applied topically to the 

periphery of the wound. 

Data collection and analysis 
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The implanted electrodes were connected via a shielded cable to a multichannel Model 

15 amplifier (Grass Technologies, West Warwick, RI). Fronto-occipital EEG, Bifrontal EEG, 

and an EMG trace were recorded for each rat. EEG, EMG, and activity were monitored 

for 24 hours. Collection and manipulation of EEG data was performed in Spike2 software 

(Cambridge, UK). 

All locomotor activity data were collected via the E-Mitter transponder; activity counts 

were collected by comparing relative signal strength over time to a receiver box 

underneath the experimental apparatus. Activity counts (arbitrary unit) were summed 

over 15-second intervals. 

After data collection, the EEG/EMG signal for each rat was separated into sequential 30-

second epochs. A magnitude coefficient was generated from a Fourier transform of each 

epoch, and plots for whole EEG studies were made based on these values in sequence 

(see Figure 1). Power plots were generated from the 1-8 Hz frequency band (see Figure 

2), with additional plots generated from the 1-4 and 4-8 Hz frequency sub-ranges. The 

bifrontal EEG channel served as the basis of spectral magnitude plots.  

A trained investigator visually inspected both rat spectral magnitude plots and mouse 

locomotor activity plots, marking the time indices of local minima, or troughs. Trough-

to-trough time differences were collected, and histograms were generated using 

SigmaPlot (London, UK). Histogram trough-to-trough time was separated into half-

minute bins. 

Discrete wavelet analysis 
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EEG data recorded at a 100 samples/second were exported in 2-hour segments into the 

Matlab Wavelet Toolbox as one-dimensional arrays. The Toolbox preset Coiflet 1 

wavelet was found to be most effective for denoising EEG data. Spikes corresponding to 

biological signals were identified in decomposition level 4 in the Wavelet Toolbox, 

corresponding to the 5-10 Hz (theta) frequency range. The signal was denoised using an 

unscaled white noise filter, with the resulting plot focused on this scale. After denoising, 

peaks were identified, and a histogram was generated using the peak-to-peak intervals. 

Histogram time was separated into half-minute bins. 

2.4 Results 

Mouse body temperature, rat body temperature, and rat locomotor activity showed no 

observable peaks under these experimental conditions (data not shown). 

Histograms generated from identifying local minima in several different frequency 

bands yielded a consensus SUR interval. The most recurrent SUR time for the 1-4 Hz 

frequency band was 8.5 minutes (n = 40), with a mean ultradian period of 11.1 ± 0.34 

minutes (n = 623) (Figure 3A). Equally recurrent ultradian periods of 9 and 5.5 minutes 

(n = 21) were seen in the 4-8 Hz frequency band, with a mean ultradian period of 9.3 ± 

0.32 minutes (n = 408) (Figure 3B). For the 1-8 Hz frequency band (Figure 3C), the most 

recurrent ultradian period was 10 minutes (n = 22), with a mean ultradian period of 12.8 

± 0.41 minutes (n = 467). However, no significant difference in ultradian period was 

observed between the light and dark phase for the 1-8 Hz frequency band, as  
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Figure 1. Example of raw EEG, sleep staging, and Fast-Fourier spectral power plotting. 
(A) Raw EEG taken from an adult male rat. During determination of consciousness state, 
researchers looked at the EEG waveform expanded to show only the width of raw signal 
within the span of one of the squares in (B). Identified sleep states are color-coded 
(nREM sleep = pink, wakefulness = yellow, REM sleep = green). Additionally, for each 30-
second interval, the Fast-Fourier-derived spectral power of the entire 1-8 Hz frequency 
band was displayed, and could be seen as a new waveform when viewing larger 
intervals of data (C). Troughs in the 1-8 Hz spectral power (indicated by arrows) denote 
a significant change in waveform composition, and often indicate a change in 
consciousness state. “By eye” trough identification used these spectral power plots to 
identify the timestamp of possible consciousness state changes. 
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Figure 2—Spectral magnitude of 1-8 Hz frequency range of rat EEG data over time. 
Illustrative trace of the summed 1-8 Hz frequency of rat EEG. The repeating, downward 
trends in the trace represent a decrease in prominence of this frequency band. 
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Figure 3. Histogram of SURs according to variable frequency ranges and periods during 
the day. Analysis of summed spectral magnitude of EEG frequency bands. (A) Shows the 
1-4 Hz frequency. (B) Shows the 4-8 Hz frequency band. (C) Shows the 1 -8 Hz frequency 
band. Ultradian period is shown during the light (D) and dark (E) phase for the 1-8 Hz 
frequency band.  
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Figure 4—Histogram of cyclical EEG signal activity from adult male rat. Raw EEG data, 
recorded at a 100Hz sampling rate, was exported into one-dimensional arrays 
corresponding to 2 hours of data, and was then imported into the Matlab Wavelet 
Toolbox for processing. The data was denoised using the Coiflet 1 mother wavelet at 
decomposition level 4. The result is an analysis of the general wave pattern presented as 
histogram of spike-to-spike time intervals. Figure was generated with Dennis Egen. 

 

 

Figure 5—Interval distribution of mouse locomotor activity by time. Raw locomotor 
activity (inset) was recorded from mice in 15-second intervals via a surgically implanted 
transponder. Time between local minima was calculated to determine the ultradian 
period during the dark (active) phase.   
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depicted in (Figure 3D) and (Figure 3E), respectively (p = 0.08, paired t-test). All ± values 

of calculated means denote SEM.  

Analysis of raw EEG using discrete wavelet transform showed an average SUR of 11.5 

minutes (SD = 5), with 80% of the spikes within the 9-13-minute range (Figure 4). Spike 

detection using this method also showed quantization effect of this ~10-minute 

rhythm, with smaller, diminishing histogram peaks at multiples of ten minutes. 

For mouse locomotor activity (Figure 5), mean SUR was calculated to be 8.6 ± 0.26 

minutes.  

2.5 Discussion 

We show a robust indication of a new short ultradian rhythm, or SUR, after analysis of 

EEG, using two separate methods, one manual and one semi-automated. This also 

indicates the first analysis of raw EEG from adult male rats to determine such a rhythm. 

We also show that locomotor activity of mice exhibits a similar rhythm as determined 

by manual methods. 

Circadian rhythms were thought to be subject exclusively to transcription/translation 

oscillations (TTOs), in which the transcription of promoters induces the transcription of 

repressors, forming a negative feedback loop which repeats daily [69]. However, 

metabolic oscillations (MO) can maintain a rhythm in the absence of a TTO. Enzymes in 

human red blood cells, known as class-2 peroxiredoxins, dimerize and oligomerize as 

they are inactivated, accumulating reactive oxygen species within a cell [70]. The 

oligomerization pattern was found to be cyclic and self-sustaining over a 24-hour 
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period, and the peroxiredoxin oxidation cycles were synchronized to temperature cues. 

Since red blood cells do not contain nuclei, these processes occur in the absence of 

genomic feedback [70].  

Investigations of longer ultradian rhythms (on the order of 1-2 hours) in both humans 

and rodents show hormone release correlative with changes in EEG spectral magnitude 

[71, 72]. Perturbation of the dopamine transporter gene lengthens the period of longer 

ultradian locomotor rhythms in mice [73]. Recently, several gene-expression ultradian 

rhythms have been identified in the 3-13-hour range [74]. Ultradian rhythm periodicity 

ranges from hours to seconds; although TTOs may influence longer ultradian rhythms, 

the time course of the SURs in this study may preclude genetic control. 

The suprachiasmatic nucleus (SCN), which controls circadian rhythms in mammals, is 

neither necessary nor sufficient to generate ultradian rhythms in the small rodents [75, 

76]. However, oscillatory short-term changes in brain metabolic species occur in other 

nuclei and tissue types. Extracellular glutamate and lactate levels drop while the 

concentration of cerebral glucose increases during non-REM sleep [77-82]. 

Noradrenergic and acetylcholine neurons are dramatically suppressed during non-REM 

sleep, although cholinergic activity rebounds during REM sleep (for review see [83]). 

During non-REM sleep, cerebral metabolism shifts from aerobic glycolysis to oxidative 

phosphorylation [84]. ATP concentration surges in wake-active areas during 

spontaneous sleep in rats, but not in sleep active nuclei [85]. This surge is posited to be 

due to lack of ATP degradation rather than increased ATP synthesis [86], and increased 

ATP in these nuclei, inhibitory to cytochrome c oxidase [87],  #0}, may prevent 
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accumulation of reactive oxygen species [86]. MOs and TTOs may be partially 

influenced or controlled by the redox condition in cells. 

While the non-REM/REM sleep cycle in humans cycles several times throughout a single 

long sleep bout per 24-hour day [47, 50], rodent polyphasic sleep introduces some 

ambiguity in what can be identified as a sleep cycle. Rodents are typically active in the 

dark phase and inactive in the light phase; the inactive phase encompasses about 57-

59% of sleep in a given 24-hour day, with more sporadic sleep during the active phase 

[88]. Since nearly all non-REM/REM bouts are interrupted by wakefulness in rodents, 

the amount of incidental wakefulness tolerated before identifying the following bout of 

sleep as part of the former or latter sleep bout is not well-characterized. The more 

reliable measure of sleep ultradian rhythms is demonstrated to be the interval between 

successive bouts of REM sleep [68]. 

Perturbation of mechanisms involved with metabolic oscillatory species affects non-

REM/REM sleep behavior. Mice deficient in norepinephrine-synthesizing dopamine β-

hydroxylase (Dbh -/-) show decreased sleep latency after stressful events [89]. Mice 

missing the β-2 subunit of nicotinic acetylcholine receptors show longer bouts of REM 

sleep and more consolidated non-REM sleep [90]. Alpha-9 acetylcholine receptor 

knockout mice exhibit longer non-REM and REM sleep episodes and higher delta activity 

during non-REM sleep [91]. These perturbations, independent of TTO mechanisms, may 

implicate MOs as necessary for sleep-related ultradian rhythms. 
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Traits of the spectral magnitude over time correlate with consciousness states: a 

decrease in delta corresponds to transfer into REM sleep in humans [47, 48], and theta 

becomes prominent during periods of REM in rodents [92]. Previous studies using EEG 

for ultradian rhythm detection employed statistical correlation methods, which require 

extensive preprocessing of EEG data [68]. Wavelet analysis has been used to interpret 

singular electrooculogram waveform data events in rats to detect REM sleep, and to 

interpret locomotor activity in mice in 15-minute bins, yielding the detection of 

ultradian rhythms with period lengths of one hour or more [93, 94].  

In the present work, we identified ~10-minute SUR timing through two separate 

methods: rapid decreases in delta activity were used to manually mark time indices and 

generate histograms, whereas the semi-automated discrete wavelet method used 

increases in theta prominence. The two measures of SURs occur at the same point 

within sleep architecture and yield similar periods. These measurements may correlate 

with the cyclical activity of MOs in the brain, and may extend into wakefulness and 

activity behavior, as suggested by the SUR we demonstrate in mice. The exact 

mechanisms leading to the cyclical rises and falls of metabolic species in brain tissue are 

still not completely understood. Future experiments may systematically demonstrate 

the differences in SURs of rodents with perturbations of known MO-active compounds 

and receptors using semi or fully-automated discrete wavelet analysis.  
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 Chapter 3: AMP phosphatase (CD73) knockout affect affects sleep in mice 

3.1 Abstract 

In brain, extracellular adenosine triphosphate (ATP) and its metabolic derivative, 

adenosine, regulate sleep by activation of distinct receptors. ATP extracellular 

concentration varies with non-rapid-eye-movement (non-REM) sleep, and ATP-gated 

receptor agonists and inhibitors affect sleep. Extracellular adenosine accumulates with 

sleep deprivation and declines during recovery sleep. Intracerebroventricular and 

intraperitoneal adenosine injections increase sleep. Adenosine receptor antagonists 

reduce sleep, while agonists generally increase sleep. Ecto-5’-nucleosidase (CD73) 

catalyzes one process of the biochemical reaction chain metabolizing ATP to adenosine 

by converting adenosine monophosphate (AMP) to adenosine. Here, we show that mice 

lacking CD73 demonstrate different amounts of wakefulness and REM sleep when 

compared to wild-type mice, challenging the results of a contemporary study. We also 

demonstrate different locomotor activity by CD73 knockout mice during recovery after 

sleep deprivation, with no such difference in locomotor activity seen in wild-type mice 

during the same recovery phase. As extracellular adenosine is mediated by several 

mechanisms in brain tissue, these results are consistent with a role of adenosine in 

sleep, and a sensitive but robust homeostatic mechanism governing adenosine 

extracellular concentration. 

3.2 Introduction 
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Sleep regulation is linked to accumulation of adenosine triphosphate (ATP) in 

mammalian brain tissue. ATP concentration surges in wake-active brain nuclei as non-

rapid-eye-movement (non-REM) electroencephalographic (EEG) activity increases during 

sleep in mice, an effect which can be abolished by preventing sleep [85]. 

Intracerebroventricular injection of the ATP-gated purine type 2 receptor (P2R) agonist 

2’(3’)-O-(4-benzoylbenzoyl)adenosine 5’-triphosphate promotes non-REM sleep, and 

injection of P2R antagonists reduces spontaneous non-REM sleep [95]. P2Rs stimulate 

astrocytic release of cytokines interleukin-1 beta (I1β) [96] and tumor necrosis factor 

alpha (TNFα) [97] from glial cells, both of which increase non-REM sleep after 

intracerebroventricular injection [98, 99]. ATP is released to the extracellular 

compartment by the hemichannel pannexin 1 [100] and during neurotransmission [101, 

102], making ATP a transient marker of short-term summed cell signaling. ATP is rapidly 

catalyzed in the extracellular space to adenosine diphosphate (ADP), adenosine 

monophosphate (AMP), and adenosine. 

Adenosine is another endogenous sleep factor. Intracerebroventricular injection of 

adenosine increases sleep in cats [103], as do intraperitoneal injections of adenosine 

agonists in mice and rats [104, 105], although this effect is under some debate [106]. 

Caffeine, a methylxanthine enjoyed by many [107], antagonizes A1 and A2 adenosine 

receptors, increasing sleep latency and fragmenting non-REM sleep [107, 108]. In vivo 

microdialysis of cat brain demonstrates extracellular adenosine decline during sleep, 

whereas in cortex and in the cholinergic region of the basal forebrain, adenosine 

increases with sleep deprivation and returns to baseline slowly during recovery [109]. 
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This slow return to baseline may be due to basal forebrain cholinergic neurons’ 

quiescence during sleep. The commensurately diminishing time course in EEG delta 

activity through the night may reflect the extracellular decline in accumulated 

adenosine [110]. 

Extracellular concentration of adenosine decreases while ATP concentration surges 

during non-REM sleep [85, 109]. Since ATP is an adenosine precursor in the extracellular 

compartment, perturbations of ATP metabolism should change sleep behavior and/or 

locomotor activity. Ecto-5’-nucleotidase (AMP phosphatase or CD73), a marker of 

astrocytes [111], regulates extracellular adenosine concentration by hydrolyzing AMP to 

adenosine (reviewed in [112]).  

We compared EEG-defined sleep, core body temperature, and locomotor activity of 

CD73 knockout (KO) mice with those of wild-type mice in 12:12 light:dark conditions for 

72 hours. We also compared locomotor activity during sleep deprivation recovery in 

CD73 KO mice with that of wild-type mice. Here we demonstrate statistically distinct 

sleep behavior by CD73 KO mice compared to wild-type mice. We also demonstrate 

statistically distinct locomotor activity of CD73 KO mice during the recovery period 

following sleep deprivation when compared to its sleep-deprivation-free control day, a 

distinction not observed in wild-type mice. These data illustrate perturbation of the 

ATP/adenosine biochemical pathway’s effect on EEG-defined sleep and locomotor 

activity. 

3.3 Materials and Methods 
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Experimental animals 

Adult male BALB-C wild-type and CD73 KO mice were used for all studies.  

Experimental chamber 

For all experiments, mice were housed individually within an electrically-shielded and 

sound-dampened Faraday chamber where the temperature stayed at ~23.3 °C, and 

relative humidity at ~55%. Lights were kept on a 12:12 light:dark cycle. 

E-Mitter transponder/EEG electrode implantation surgery 

For each surgery, a mouse was placed in an induction chamber primed with 5% gaseous 

isoflurane at a flow rate of 2 LPM for 5 min. After loss of consciousness, mice were 

placed on a platform maintained at 37 °C. Gaseous mixture was reduced to 2.5% 

isoflurane after attaching a nose cone to the mouse. Each E-Mitter Transponder (Mini 

Mitter, Bend, OR) was implanted through a 1 cm anterior-posterior midventral incision 

in the abdominal wall. Muscle and skin layers were closed with vicryl sutures, and 

bacitracin was applied topically.  

After implantation of E-Mitter transponders, mice were turned over and attached to a 

stereotaxic device. A midline scalp incision was made to expose the skull approximately 

0.5 cm anterior of and 0.5 cm posterior of bregma. After incision, musculature and 

connective tissue were cleared away from the skull surface.  

Locations on the skull are designated according to the medial-lateral (ML) and anterior-

posterior (AP) coordinates of the desired locus with respect to bregma. Four holes, one 
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in each quadrant of the skull surface, were drilled with a 0.0125” drill bit to place a 0–80 

stainless steel screw into each hole (coordinates: ± 1.5 mm ML, ± 1.5 mm AP, relative to 

bregma). Each screw was attached to a 1.5-cm length of 0.010-inch, Teflon-coated 

stainless-steel wire with an Amphenol socket at the end. EEG electrode sockets were 

inserted into a plastic screw-socket, and the entire assembly was encased in dental 

acrylic, leaving the top exposed for connection to data-collection hardware. After 

surgery, all mice were injected intramuscularly with 0.125% bupivacaine and bacitracin 

ointment was applied topically to the periphery of the wound. All procedures were 

approved by the Institutional Animal Care and Use Committee (IACUC) at Rutgers 

University. 

Data collection and analysis 

The implanted electrodes were connected via a shielded cable to a multichannel Model 

15 amplifier (Grass Technologies, West Warwick, RI). Fronto-occipital EEG and bifrontal 

EEG were recorded for each mouse. Collection and manipulation of EEG data was 

performed in Spike2 software (Cambridge, UK). 

All locomotor activity data was collected via the E-Mitter transponder; activity counts 

were collected by comparing relative signal strength over time to a receiver box 

underneath the experimental apparatus. Activity counts (arbitrary units) were collected 

in 15-second intervals. 

After data collection, Thomas D. James analyzed EEG data offline, unaware of 

experimental conditions. Each 72-hour record was band-passed (1 – 30 Hz) with a 20 Hz 
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notch filter in order to minimize effects of ambient electrical signals. Records were 

evaluated in 30-second epochs and a state of consciousness (non-REM, REM, or waking) 

was assigned according to standard criteria [106]. Data were analyzed in 1-hour bins 

using a 2-way analysis of variance (ANOVA) on GraphPad Prism version 5.00 for 

Windows (GraphPad Software, San Diego, California, USA, www.graphpad.com). 

Experiment 1: EEG-defined sleep, locomotor activity, and core body temperature 

EEG, body temperature, and locomotor activity in wild-type (n=3) and CD73 KO (n=3) 

mice were monitored for 72 hours (start time: 19:00). Each consciousness state was 

quantified by the percentage of time spent in that state per hour. Locomotor activity 

was determined as each mouse’s total activity over each hour during recording. Core 

body temperature was given as the normalized, average core body temperature during 

each hour throughout recording. 

Experiment 2: Sleep deprivation/recovery activity 

At 09:00 on day 1 (control day), temperature and activity data were recorded in wild-

type (n = 4) and CD73 KO (n = 3) mice for 24 hours with no intervention. On day 2 (sleep 

deprivation/recovery day), all mice were sleep-deprived using periodic paint-brush 

sensory stimulation and gentle handling for 6 hours during the light phase (09:00-15:00) 

(data from 09:00-11:00 not shown). All mice were then allowed to recover as locomotor 

activity recording continued until 09:00 the next morning. Activity samples were 

normalized relative to the maximum 15-second activity sample of each individual 

mouse, and activity per 15 minutes was summed. 
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3.4 Results 

In Experiment 1, each consciousness state was quantified as the percentage of time 

spent in that state per hour. A two-way ANOVA revealed that CD73 KO mice exhibited 

statistically different amounts of wakefulness (Figure 2A) and REM sleep (Figure 2C) 

when compared to wild-type mice (p < 0.0001, p < 0.0001, respectively; n = 3 wild-type, 

n = 3 KO). Upon inspection of the graphs, CD73 KO mice seem to exhibit higher amounts 

of wakefulness on the second dark/light phase, and lower amounts of REM sleep 

throughout the 72-hour study. Non-REM sleep (Figure 2B) was not significantly different 

between genetic conditions. 

Locomotor activity in Experiment 1 was portrayed as each mouse’s total activity over 

each hour during recording. A two-way ANOVA revealed no statistical difference 

between wild-type and CD73 KO mice. Similarly, a two-way ANOVA revealed no 

statistical difference between core body temperature in wild-type and CD73 KO mice. 

In Experiment 2, each mouse’s activity was normalized relative to its own maximum 

activity, and activity per 15 minutes was summed. The two-way ANOVA showed no 

statistical difference between post-sleep-deprivation recovery activity and the 

corresponding interval during control day for wild-type mice. However, a statistical 

difference between post-sleep-deprivation recovery locomotor activity and the 

corresponding interval during control day for wild-type mice was observed (p = 0.027). 

Inspection of the graph reveals a possible decrease in activity of CD73 mice on the sleep 

deprivation/recovery day after the initial increase in activity at the beginning of the dark  
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Figure 1. Differences in EEG-defined states of consciousness between adult male wild-
type and CD73 -/- mice. Wild-type (green hollow circles) and CD73 -/- mice (red filled 
circles) EEG data were recorded for 72 hours. Amount of time spent in (A) non-REM 
sleep, (B) wakefulness, or (C) REM sleep are portrayed as the percentage of time in that 
state per hour of recording. Gray areas on graphs denote the dark phase. For both 
groups of mice, n = 3. Error bars denote standard error of the mean (SEM). 



42 
 

 

Figure 2. Locomotor activity and core body temperature between adult male wild-type 
and CD73 -/- mice. Wild-type (green hollow circles) and CD73 -/- mice (red filled circles) 
were subject to 72 hours of temperature and locomotor activity data recording. (A) 
Locomotor activity was expressed as the sum of mouse activity over each hour. (B) Core 
body temperature was expressed as the average body temperature over each hour. 
Gray areas on graphs denote the dark phase. For both groups of mice, n = 3. Error bars 
denote standard error of the mean (SEM). 
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Figure 3. Effect of sleep deprivation on wild-type and CD73 knockout mice. Locomotor 
activity on (A) control day 1 and (B) sleep deprivation/recovery day 2 was recorded for 
22 hours for wild-type (black trace) and CD73 KO (red trace) mice. Activity was 
normalized relative to the maximum activity in each individual mouse, and activity per 
15 minutes was summed. Dotted line/gray area in (B) denotes sleep deprivation time. 
Black horizontal lines denote the dark phase. For wild-type mice, n = 4. For CD73 KO 
mice, n = 3. Error bars denote standard error of the mean (SEM). 



44 
 

phase. The activity seems to become indistinguishable from the control day’s activity at 

the end of the dark phase. 

3.5 Discussion 

We show differing sleep behavior in CD73 KO mice when compared to control. ATP and 

adenosine have been identified as occurring in relation to non-REM sleep [85, 109]; 

however, our data shows a change in wakefulness and REM sleep.  

In a larger and more comprehensive investigation published near the time of data 

collection for the present study, CD73 KO mice were demonstrated to increase EEG-

defined non-REM sleep. C57BL/6J control mice showed enhancement of non-REM sleep 

after sleep deprivation, whereas CD73 KO mice showed no such enhancement [113]. 

These contradictory results may have been due to the control mice used in their study: 

differential sleep behaviors, notably in REM sleep after stress, are demonstrated by 

C7BL/6J and BALB/C mice, and within-strain C57BL/J mice exhibit differential non-REM 

and REM sleep behaviors [114]. Use of BALB/C control mice may have influenced 

manifestations of comparable sleep behavior in CD73 KO mice. 

The enzyme adenosine kinase (AK) mediates adenosine content by converting it to AMP. 

AK overexpression leading to net decreased adenosine [115], increased wakefulness, 

decreased REM sleep, and decreased compensating delta activity in mice after sleep 

deprivation [116] when compared to mixed-background 129/JEms × C57Bl/6 controls. 

Here we show that CD73 KO mice demonstrate statistically different wakefulness and 

REM sleep when compared to wild-type mice. We also show that CD73 mice have 
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different activity profiles during recovery after sleep deprivation than do wild-type mice. 

Knockout of the catalyst responsible for conversion of AMP to adenosine may have 

similar effects as AK overexpression on extracellular adenosinergic tone, and if so, may 

account for the results seen here. Decreased extracellular adenosine may result in a 

decreased gating of A1 and A2 receptors, leading to increased wakefulness, as seen in 

previous studies involving A1 and A2 receptors [117, 118].  

The absence of ecto-5’-nucleosidase interrupts conversion of AMP to adenosine, but 

extracellular adenosine can be derived from several sources. Prostatic acid phosphatase 

also converts AMP to adenosine; it is implicated in pain control [119, 120] and occurs in 

brain [121]. CD73 KO mice show spike-evoked accumulation of adenosine in the 

extracellular compartment of cerebellar slices; this accumulation is blocked by 

bafilomycin, a synaptic vesicle-refilling inhibitor, implying that adenosine can be 

released to the extracellular compartment directly and without breakdown from 

extracellular ATP [122]. Equilibrative nucleoside transporters can regulate concentration 

of extracellular adenosine [123]. AMP itself can activate adenosine receptor A1 [124]. 

Homeostatic mechanisms may exist to compensate for the perturbation of CD73 KO 

mice’s lack of extracellular AMP phosphatase. Such mechanisms may cause ambiguities 

in results of single knockouts of mutations. Future studies may focus on combinatorial 

effects to clearly isolate the extracellular adenosine pool’s role in sleep regulation.  
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Chapter 4: Effects of acute microinjections of thyroid hormone derivative 3-

iodothyronamine (T1AM) to the preoptic region of adult male rats on EEG-defined 

sleep, body temperature, and locomotor activity [125] 

4.1 Abstract 

Along with the proposal of thyroid hormone’s role in non-genomic signaling in the 1970s 

came the prediction of a decarboxylated thyroid hormone derivative. Nearly thirty years 

later, the decarboxylated thyroid hormone derivative 3-iodothyronamine (T1AM) was 

discovered to be endogenous in rodent brain, and intraperitoneal injection of T1AM in 

mice was found to cause hypothermia and bradycardia. Meanwhile, more recent studies 

have showed microinjection of thyroid hormone 3,3’,5-triiodothyronine (T3) to the 

sleep-active preoptic region decreased EET-defined sleep in adult male rats. T3 inhibits 

GABAA receptors in vitro. The effects of thyroid hormone application are generally 

opposite to those of T1AM. Injection of T1AM to the preoptic region of adult male rats 

increased sleep fragmentation and, contrary to prediction, caused a decrease in sleep in 

a biphasic fashion, similar to the effects of thyroid hormone. This result may be due to 

shared mechanisms or functions of sleep regulation. T1AM also decreased body 

temperature, an effect seen after systemic application of T1AM in past studies. This 

work represents the first study showing the effects of T1AM on sleep, and suggests that 

T3 and T1AM have shared as well as independent effects on the adult mammalian brain. 

4.2 Introduction 
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Dysthyroid states give insight into thyroid hormones’ role in the adult brain. In humans, 

pathological effects on sleep and behavior due to thyroid dysfunction are documented 

[126-129], but results of systematic studies do not agree [130-133]. Thyroid hormone 

(3,3’,5-triiodothyronine, or T3) administration to the preoptic region of adult male rats 

reduces non-REM sleep according to EEG data collection methods. Demonstration of 

behavior after short-term, direct administration of T3 to brain tissue clarifies 

ambiguities in previous behavioral data. 

Thyroid hormone derivates, including 3-iodothyronamine (T1AM), are present in small 

amounts in rodent brain extracts [134]. While T3 and thyroxine (T4) have been 

confirmed to localize in short-term-signaling compartments of adult mammalian neural 

tissue [135-139], T1AM’s distribution in brain has not yet been identified. The synthesis 

mechanism of T1AM is also presently controversial; preliminary work speculated that 

T1AM resulted from aromatic amino acid decarboxylase (AADC) [134, 140-142], which 

also converts tyrosine and tyrosine analogues to dopamine. T3 production from T4 

occurs in neural tissue [143]. Triiodothyroacetic acid (triac) and tetraiodothyroacetic 

acid (tetrac) have also been described as derivatives synthesized within neural tissue 

[144]. Iodothyronines, however, are not substrates for AADC [145], and extrathyroidal 

conversion of T4 to T1AM does not occur outside the thyroid gland [146]. 

T1AM does not bind to, or interact with, thyroid hormone nuclear receptors [134, 147], 

but activates Trace Amine-Associated Receptor 1 (TAAR1), an inhibitory metabotropic 

receptor, and binds to α2A adrenergic receptor [134, 148]. These receptors are 

expressed in the preoptic region [149-151], the site of study in previous investigations 
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establishing T3’s sleep influence. As thyroid hormones are accepted as non-genomic 

signaling molecules [152-156] which affect sleep, T1AM may act similarly. T1AM also 

inhibits serotonin vesicular transporter (VMAT2) extracted from rat brain synaptosomes 

as well as recombinant norepinephrine (NET) and dopamine (DAT) plasma membrane 

transporters [157]. 

Behavioral changes due to T1AM are related to changes due to norepinephrine and 

thyroid hormones. Intraperitoneal (IP) injection of T1AM causes a sudden decrease in 

rat activity [134, 158], an effect opposite to that observed in chronically hyperthyroid 

rats [159], and decreases body temperature up to 10 °C for several hours after IP 

injection [134]. While T4 locally administered to hippocampal cells in anesthetized rats 

causes a decrease in excitability [160], T1AM administered to the locus coeruleus (LC) 

increases firing in neuronal populations in the area [158, 161]. Further, norepinephrine 

and its agonists rapidly decrease EEG-defined sleep after injection to the preoptic region 

[162-164], and norepinephrine injection to the lateral ventricle causes an increase in rat 

activity. This effect was also observed in chronically hyperthyroid rats after IP injection 

of T4. 

Lesioning, c-Fos, and electrophysiological studies demonstrate sleep-regulatory nuclei 

including the median preoptic nucleus (MnPN), medial preoptic area, and ventrolateral 

preoptic nucleus [151, 165-169]. Noradrenergic projections from the LC to, and α2A 

adrenergic receptors within, the preoptic region suggest that T1AM’s noradrenergic 

receptor-mediated effects may change behavior. While other mechanisms cannot be 

presently ruled out, we present data that gives credence to this hypothesis. We injected 
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T1AM to the preoptic region of adult male rats and observed consequent EEG-defined 

sleep behavior, compared to controls. We demonstrate changes in EEG power, sleep 

fragmentation, non-REM sleep, and wakefulness due to T1AM administration.  

4.3 Materials and Methods 

Animals and housing 

Individually-housed adult male Sprague-Dawley rats (Hilltop Lab Animals, Scottdale, PA) 

were fed/watered ad libitum. The facility temperature was maintained at ~22.8 °C, with 

a 12:12 light:dark phase (lights on = 07:00). In order to acclimate to being handled, rats 

were handled frequently prior to the start of the experiment. All rats received ≥ 5 days 

post-surgical recovery. Procedures and materials were approved by the Rutgers 

Institutional Animal Care and Use Committee (IACUC). The housing facility is accredited 

by the Association for Assessment and Accreditation of Laboratory Animal Care 

(AAALAC). 

Animal Surgery 

Rats were placed in an induction chamber and anesthetized with 5% isoflurane using an 

EZ Anesthesia vaporizer apparatus (EZ Systems) at 2 L/min. After loss of consciousness, 

rats were placed in a stereotaxic device on a heating pad maintained at 37 °C and 

connected to a nosecone. Anesthesia was reduced to 2.5% isoflurane for maintenance 

of unconsciousness. Mini-Mitter transponders were inserted into the peritoneal cavity 

via a small ventral incision. A 2 cm incision was made to the scalp and the skull exposed. 

After scraping away muscle tissue and stanching residual bleeding, a stainless-steel EEG 
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electrode (Plastics One E363-20) was screwed into each quadrant of the skull. EMG 

electrodes comprised of two stripped-end Teflon-coated wires were inserted into the 

neck musculature. Electrode sockets were inserted into a screw-top pedestal (Plastics 

One MS363).  

A hole, +0.5 mm medial–lateral and −0.2 mm dorsal–ventral with respect to bregma, 

was drilled into the skull using a 0.0125″ drill bit, after which two stainless steel guide 

cannulae were inserted −7.1 mm dorsal/ventral with respect to the surface of the skull. 

Cannulae were 1 mm apart from each other. Electrodes and cannulae were secured 

with dental acrylic. A topical antibiotic ointment was applied to the periphery of the 

surgical site. 

Experimental Procedure 

Rats were housed in individual chambers in an electrically-isolated, sound-attenuated 

facility for 24 h under the same light/dark schedule prior to the experimental procedure. 

On the first, control day of each experiment, rats were injected with vehicle solution 

alone (aCSF: 0.25 mM Na2HPO4, 0.5 mM NaH2PO4, 0.4 mM MgCl2, 0.65 mM CaCl2, 3 

mM KCl, 128 mM NaCl, 25 mM NaHCO2; pH =7.4, supplemented with 2% v/v DMSO). 

The injections took place over 2 min, with 0.25 μL injected in each cannula. On the 

second, experimental day of each week of the study, rats were bilaterally injected with a 

total of 0.3, 1, 3, or 10 μg T1AM dissolved in vehicle. All injections were made at 

approximately 09:00. 
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After injection on both control and experimental days, animals were connected to a 

Grass Instruments Model 15 multichannel amplifier via a shielded cable leading through 

a multichannel commutator (Plastics One SL6C). EEG and EMG were digitized with a CED 

Micro 1401 data acquisition unit. EEG recording took place for 24 h following each 

injection using Spike2 Software. Locomotor activity and core body temperature were 

measured continuously using a Mini-Mitter receiver placed under each chamber and 

recorded with VitalView software. 

Data Analysis 

Thomas D. James analyzed EEG and EMG data offline. He was made unaware of 

experimental conditions to avoid bias while interpreting EEG. Each 24-hour record was 

put through a 1 – 30 Hz band pass filter and a 20 Hz notch filter in order to minimize 

effects of ambient electrical signals. Records were evaluated in 30-second epochs and a 

state of consciousness (non-REM, REM, or Awake) was assigned according to standard 

criteria [170]. Temperature and activity data were acquired as the average 

(temperature) or sum (activity) in one-minute intervals. Data were included after 

cannulae placement was histologically confirmed (Figure 1) according to a rat brain atlas 

[171]. Although placement of cannula injection tips centered around the MnPN, 

injection sites are conservatively referred to as being placed in the “preoptic region”, 

due to the significant radius of diffusion from the cannulae [172]. 

Data were analyzed in 1-hour bins using a 2-way analysis of variance (ANOVA) on 

GraphPad Prism version 5.00 for Windows (GraphPad Software, San Diego, California, 
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USA, www.graphpad.com). Each 2-way ANOVA compared the effect of the vehicle 

injection to a dose of T3 as one factor and time after injection as a second factor. 

Temperature and activity data were normalized to account for placement of the Mini-

Mitter in each animal. Body temperature was normalized in relation to the average 

maximal and minimal temperatures. Activity for each rat was normalized, with 100% 

corresponding to maximal observed activity and 0% corresponding to minimal observed 

activity for each experimental week. In cases where rats disconnected their cables, or 

lost their mounted headset, experimental data were compared to pooled control data. 

4.4 Results 

Microinjection of 3 µg T1AM to the preoptic nucleus changed low-frequency power and 

theta during wakefulness (Figure 2). In the first 10 hours after T1AM injection, rats 

exhibited significantly higher fragmentation of sleep than did rats receiving injection of 

vehicle solution alone (Figure 3). Bout lengths of sleep for control conditions 161.1 ± 2.8 

s (mean ± SEM), while after T1AM injections, bout lengths were 143.8 ± 2.8 s. Two-tailed 

T-testing showed a significant difference of P < 0.0001 between groups (T = 4.3, df = 

5245). 

 Non-REM sleep was reduced in a biphasic fashion after administration of T1AM (see 

Figure 4 and Table 1). A 2-way ANOVA indicated a statistically significant effect due to 

T1AM injection at doses 1 and 3 μg (P < 0.01, F(1522) = 6.82, partial η2 = 0.013; P < 0.01, 

F(1487) = 6.75, partial η2 = 0.014, respectively). However, no significant effect was noted 
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at 0.3 or 10 μg (P < 0.68, F(1546) = 0.17, partial η2 = 0.0003; P < 0.89, F(1498) = 0.02, 

partial η2 =3.6E-5,  

 

Figure 1. Histological confirmation of cannulae placement. Eight rats were 
histologically confirmed to have cannula tips within the preoptic region, centered within 
the median preoptic nucleus (MnPN). Each number denotes cannula terminae per rat. 
Surrounding structures’ abbreviations are: ac (anterior commissure), Bst (bed nucleus of 
the stria terminalis), MP (medial preoptic area), PS (parastrial nucleus), LPO (lateral 
preoptic area), DB (diagonal band of Broca), MaPo (magnocellular preoptic nucleus). 
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Figure 2. Power spectra of consciousness state over 4 hours after vehicle and 3 μg 
T1AM injection into the preoptic region. EEG signals were pre-filtered, with a notch 
filter at 19.5–20.5 Hz, and low-pass filter removing signal above 30 Hz. 

 

 

Figure 3. Sleep fragmentation after T1AM injection. Non-REM sleep bout lengths were 
found to be significantly longer after vehicle versus after combined T1AM treatments.  
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Figure 4. Non-REM sleep after T1AM injection. Percentage of mean nREM sleep after 
administration of vehicle (black line) or T1AM (red dashed line) to the preoptic region of 
adult male rats. Doses of 1 and 3 μg T1AM, panels B and C, caused statistically 
significant changes in nREM sleep (two-way ANOVA, n = 5, n = 4, respectively). Diurnal 
variation in nREM sleep was noted. However, no interaction between the effects of time 
and T1AM treatment were noted. Black bar on x-axis indicates dark time of day. Error 
bars denote standard error of the mean (SEM). 
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Figure 5. Wakefulness after T1AM injection. Percentage of mean wakefulness after 
administration of vehicle (black line) or T1AM (red dashed line) to the preoptic region of 
adult male rats. Doses of 1 and 3 μg T1AM, panels B and C, caused statistically 
significant changes in wakefulness (two-way ANOVA, n = 5, n = 4, respectively). Diurnal 
variation in wakefulness was noted. However, no interaction between the effects of 
time and T1AM treatment were noted. Black bar on x-axis indicates dark time of day. 
Error bars denote standard error of the mean (SEM). 
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Figure 6. REM sleep after T1AM injection. Percentage of mean REM sleep after 
administration of vehicle (black line) or T1AM (red dashed line) to the preoptic region of 
adult male rats. T1AM administration did not significantly affect REM sleep. Diurnal 
variation in REM sleep was noted. However, no interaction between the effects of time 
and T1AM treatment were noted. Black bar on x-axis indicates dark time of day. Error 
bars denote standard error of the mean (SEM). 
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Figure 7. Body temperature after T1AM injection. Mean, normalized core body 
temperature after administration of vehicle (black line) or T1AM (red dashed line) to the 
preoptic region of adult male rats. 1 or 10 μg T1AM (B and D) administration 
significantly affected body temperature (two-way ANOVA, n = 6, n = 7, respectively). 
Diurnal variation in body temperature was only noted after doses of 1 or 3 μg T1AM 
(two-way ANOVA, n = 7, n = 6, respectively); no interaction between the effects of time 
and T1AM treatment was found. Black bar on x-axis indicates dark time of day. Error 
bars denote standard error of the mean (SEM). 
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Figure 8. Activity after T1AM injection. Normalized locomotor activity after 
administration of vehicle (black line) or T1AM (red dashed line) to the preoptic region of 
adult male rats. Doses of 0.3 and 3 μg T1AM, panels A and C, caused statistically 
significant changes in locomotor activity (two-way ANOVA, n = 7 for both). Diurnal 
variation in activity was noted. However, no interaction between the effects of time and 
T1AM treatment were noted. Black bar on x-axis indicates dark time of day. Error bars 
denote standard error of the mean (SEM). 
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 Control 0.3 mg 
T1AM 

1 mg 
T1AM 

3 mg 
T1AM 

10 mg 
T1AM 

Waking 
Time 
(minutes) 230.58 223.62 256.5* 267.48* 238.8 

Standard 
error 3.6666 3.825 3.5058 3.3966 3.4626 

  
non-REM 
Time 
(minutes) 289.62 296.76 257.7* 255.66* 282.66 

Standard 
error 2.7042 2.808 2.5152 2.5488 2.7972 

  
REM 
Time 
(minutes) 76.38 77.28 82.62 80.88 77.4 

Standard 
error 0.981 1.0104 1.0218 1.1562 0.8034 

 

Table 1. Total time in each vigilance state during first 10 hours following T1AM 
injection. Asterisks denote significance. 

respectively). The decrease in sleep was most apparent within the first 8 hours after 

injection (Figure 4B, Figure 4C). However, there was no significant interaction between 

time and injection T1AM, and Bonferroni’s post-hoc test showed. Significant diurnal 

variation was observed in nREM sleep for all dosages 0.3, 1, 3, and 10 μg T1AM (P < 0.01 

and partial η2 = 0.47, partial η2 = 0.43, partial η2 = 0.36, partial η2 = 0.39, respectively). 

T1AM also affected wakefulness. A significant increase in wakefulness, complementing 

the decrease in non-REM sleep, was seen after injection of 1 and 3 μg of T1AM (Figure 

5; P < 0.04, F(1546) = 4.41, partial η2 = 0.008 ; P < 0.02, F(1463) = 5.47, partial η2 = 0.01, 

respectively), but not at 0.3 or 10 μg T1AM (P < 0.96, F(1546) = 0.00, partial η2 = 3.6E-5; 

P < 0.81, F(1498) = 0.06, partial η2 = 0.0001, respectively). This change in wakefulness 
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was strongest for the first 8 hours post-injection (Figs. 5B, C). As with non-REM sleep, 

there was significant diurnal variation in wakefulness for all groups for all dosages 0.3, 1, 

3, and 10 μg T1AM (P < 0.01 and partial η2 = 0.5, partial η2 = 0.5, partial η2 = 0.34, partial 

η2 = 0.43, respectively), but there was no significant interaction between T1AM injection 

and time, with Bonferroni’s posthoc test showing no significant differences, either. 

REM sleep features did not change after injection of T1AM (Figure 6). REM sleep varied 

diurnally (P < 0.01 and partial η2 = 0.04, partial η2 = 0.39, partial η2 = 0.35, partial η2 = 

0.34) for all dosages, 0.3, 1, 3, and 10 μg T1AM, respectively. There was, however, no 

statistically-significant interaction between the effect of injection of T1AM and time of 

day. Bonferroni post-hoc tests on the data did not show any significant differences at 

any single time point. 

T1AM significantly changed normalized body temperature after 1 or 10 μg injections 

(Figure 7B, Figure 7D) (P < 0.01, F(1720) = 7.92, partial η2 = 0.002; P < 0.01, F(1696) = 

15.49, partial η2 = 0.022, respectively). The most prominent effect on body temperature 

occurred 8 hours after the 10 μg injection. However, it was not quite statistically 

significant (Figure 7D). There was a significant body temperature change over time after 

injection of 1 or 3 μg T1AM (P < 0.03, F(23,720) = 1.67, partial η2 = 0.05; P < 0.04, F(23, 

696) = 1.60, partial η2 = 0.05, respectively), but there was not a statistically-significant 

interaction between the effects of injection of T1AM and time of day. 

Doses of 0.3 and 3 μg T1AM increased normalized locomotor activity (Figure 8) (P < 

0.01, F(1743) =8.18, ; P < 0.01, F(1743) = 6.98, partial η2 = 0.003). There was a non-
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significant trend to a locomotor activity reduction in the first 5 hours after injection of 

10 μg T1AM (P < 0.08, F(1719) = 3.10, partial η2 = 0.004). There was a statistically 

significant diurnal variation in activity was noted (P < 0.01 and partial η2 = 0.38, partial 

η2 = 0.41, partial η2 = 0.39, partial η2 = 0.39) for all animals and T1AM dosages, 0.3, 1, 3, 

and 10 μg, respectively. However, there was not a significant interaction between 

injection of T1AM and time. 

4.5 Discussion 

Whereas in previous investigations, thyroid hormone injection causes increases in body 

temperature, heart rate, and locomotor activity, single-dose T1AM administration has a 

generally opposite effect [134]. Based on previous data demonstrating that T3 thyroid 

hormone injection to the preoptic region decreases sleep in adult male rats [173, 174], 

we predicted that T1AM injection to the same brain area would increase sleep relative 

to controls. It should be noted that according to histological confirmations of cannulae 

placement, and diffusion radii of microinjection volumes, T1AM spread was not limited 

to the target of specific injection, the MnPN. While T1AM concentration would be 

highest in the MnPN, the effects seen may have been partially influenced by diffusion of 

T1AM to sites peripheral to the MnPN. Therefore, we describe our injection target as 

the more general preoptic region. 

T1AM, against predictions, caused a decrease in EEG-defined sleep after injection to the 

preoptic region. The effect was biphasic; there was no observable reduction in sleep 

after the lowest (0.3 μg) nor the highest (10 μg) T1AM dose, yet the middle doses (1 μg 



63 
 

and 3 μg) decreased non-REM sleep and increased wakefulness. This is also the same 

significant dosage level seen in previous studies on T3 [173, 174], and similar effects are 

demonstrated in studies of T3’s effects on protein phosphorylation in neurons [155, 

156]. However, it should be noted that the parallel effects seen between the two 

compounds does not indicate that T1AM is a derivative of T3. The production of T3 from 

T4 occurs outside the thyroid, while T1AM synthesis has not been shown to occur 

anywhere but within the thyroid gland [146]. T3 is not converted to T1AM, so the 

similarities in effective concentrations of both T3 and T1AM must therefore be due to 

possessing shared targets and/or functional actions that result in sleep behavior 

influences. 

 T1AM increases activity after 0.3 and 3 μg microinjection doses to the preoptic region 

of rats, the opposite of the effect caused by IP injection of 50 mg/kg T1AM to mice [134, 

158]. Further, IP injection of T4 causing chronic hyperthyroidism in mice, as well as T3 or 

norepinephrine microinjection to the preoptic region, increased activity [159]. This may 

be due to T1AM’s different activity in different regions of the CNS, and further studies 

may show differential effects of T1AM microinjection to different brain regions. IP 

injections may result in increases in T1AM concentrations in different neuronal 

populations than the preoptic region and account for the different results than those 

seen here. Dosage may also contribute to the difference in effect, and the high 

concentration of past IP injections may reflect the “inverted U” dose-response curve 

observable after injection of amphetamine [175]. 
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The high concentration of previous IP injection-based study compared to the current 

work may also explain the difference in effect on body temperature between the two 

studies. Scanlan et al.’s IP-injected mice showed a more dramatic decrease in body 

temperature than did rats after microinjection to the preoptic region here. 

Norepinephrine also decreases body temperature after injection to the preoptic region, 

and this effect may be through mediation of α2 adrenergic receptors [176]. As T1AM 

may have noradrenergic-like mechanistic effects [148], T1AM effects on the 

noradrenergic systems of the preoptic region may explain the decrease in body 

temperature after injection there. In mice, knockout of TAAR1 causes hypothermia after 

IP injection of T1AM in addition to other TAAR1 agonists. TAAR1, therefore, must not be 

involved in the mechanism of temperature reduction after T1AM injection to the 

preoptic region [177]. 

Sleep behavior has a relationship with thermoregulatory functions, and the preoptic 

region has thermoregulatory functions in addition to its sleep-active neurons [178]. The 

preoptic region may have a role in physiological behaviors such as shivering, 

vasodilation after local temperature changes, the administration of glutamate, or 

electrical stimulation [179, 180]. Locally warming the preoptic the preoptic region 

induces sleep in cats [181]. The activity of sleep-active c-Fos immunoreactive neurons in 

the MnPN increases correlative with elevated ambient temperatures as well [165], and 

neuronal firing rates within MnPN change according to ambient temperature [182]. 

While no change was seen in non-REM sleep behavior after 10 μg T1AM, this dose 

showed the highest difference in post-injection body temperature, relative to controls. 
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This indicates that changes in thermal and sleep regulation may not be completely 

associated with one another. Other studies demonstrate dissociate changes in firing 

rates of sleep active neurons in the presence of different temperatures, and triazolam 

has been shown to increase sleep without changing body temperature [169, 183, 184]. 

Preoptic region mechanisms for changing body temperature do not necessarily imply a 

concurrent change in sleep behavior. 

A proposed association between thyroid hormones and the noradrenergic systems is 

not new, and early descriptions of such an associated asserted the possible existence of 

a decarboxylated thyroid hormone derivative [141]. More recently, T1AM, a 

decarboxylated derivate was found in rodent brain extracts [134], and it activates α2A 

adrenergic receptors [148]. The answer to whether T1AM interacts, as thyroid 

hormones do, with GABAA receptors, or with any of its other non-genomic modes of 

action.  

The preoptic region has been demonstrated to affect several aspects of 

thermoregulation and sleep behavior, and the anatomical and functional pathways of 

the region may act independently or interactively. Our results show that EEG-defined 

sleep can be modulated by T1AM injection to the preoptic region, and it reiterates the 

lack of obligatory associations between temperature and sleep regulatory changes. 
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Chapter 5: Dynamics of High-Frequency Brain Activity [185] 

5.1 Abstract 

Evidence suggests that electroencephalographic (EEG) activity extends far beyond the 

traditional frequency range. Much of the prior study of >120 Hz EEG is in epileptic 

brains. In the current work, we measured EEG activity in the range of 200 to 2000 Hz, in 

the brains of healthy, spontaneously behaving rats. Both arrhythmic (1/f-type) and 

rhythmic (band) activities were identified and their properties shown to depend on EEG-

defined stage of sleep/wakefulness. The inverse power law exponent of 1/f-type noise is 

shown to decrease from 3.08 in REM and 2.58 in NonREM to a value of 1.99 in the 

Waking state. Such a trend represents a transition from long- to short-term memory 

processes when examined in terms of the corresponding Hurst index. In addition, 

treating the 1/f-type activity as baseline noise reveals the presence of two, newly 

identified, high frequency EEG bands. The first band (ψ) is centered between 260–

280 Hz; the second, and stronger, band is a broad peak in the 400–500 Hz range (termed 

ω). Both of these peaks display lognormal distributions. The functional significance of 

these frequency bands is supported by the variation in the strength of the peaks with 

EEG-defined sleep/wakefulness. 

5.2 Introduction 

Global brain activity is conventionally measured in the electroencephalogram, which is 

comprised of oscillations in several functionally-relevant frequency bands. Historically, 

the bands were identified as δ (1–4 Hz), θ (4–7 Hz), α/μ (8–13 Hz), β (beta, 15–30 Hz), γ 
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(gamma, 30–80 Hz) and high γ (80–150 Hz) waves [186, 187]. In addition, “ripples” can 

be demonstrated as brief bouts of 80–200 Hz oscillations. “Fast ripples” are 250–600 Hz 

oscillations which occur in epileptogenic brain near the site of a lesion [187, 188]. In 

sensory evoked potentials, oscillations are known to occur in the 200–400 Hz and higher 

ranges in rats [189] and humans [188]. EEG in the range ≥200 Hz has been elicited by 

high-frequency stimulation of the thalamus in healthy rats [190]. However, non-

pathological spontaneously-occurring EEG (i.e., not stimulus-evoked) over 200 Hz has 

not previously been reported [191]. Furthermore, the functions of high frequency EEG 

are not fully elucidated. The current study is inspired by a recently published theoretical 

model which proposed a role for high frequency brain activity as a critical factor for 

signal transmission in the brain [192]. 

In addition to rhythmic EEG activity in the 200–1000 Hz range, 1/f-type noise is expected 

across the full range of brain activity examined. Here, the term “1/f-type” is used to 

indicate an inverse power law dependence (1/fβ) that quite often displays behavior 

better described by an exponent (β) other than 1. The presence of 1/f-type noise in the 

conventional EEG spectral range (i.e. 1–100 Hz) has been noted several times over the 

past forty years [193-198] and its presence in the higher frequency range would come as 

no surprise given its ubiquitous nature. The manifestation of 1/f-type behavior in the 

electrical activity of the brain has often been related in some part to ion channel activity 

fluctuations [199, 200]. A recent study by Pettersen et al. [201], suggests that power 

spectral densities (PSD) of such noise exhibit two different exponential dependencies 

and as such two different possible contributors. At lower frequencies, they argue that 
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synaptic noise is the dominant contributor and at higher frequencies intrinsic channel 

noise dictates the value of the exponent. Other examples of such inverse power law 

dependency have been noted by Linkerkaer-Hansen et al. [202], in the decay of μ and β 

amplitude fluctuations. It is important to remember that EEG is a macroscopic 

electrophysiological measurement that reflects summation of synchronized potentials 

within the cerebral cortex and therefore is insensitive to single channel fluctuations. 

5.3 Materials and Methods 

Measurement of EEG-defined sleep and waking 

All animal use was approved by the Rutgers University Institutional Animal Care and Use 

Committee. The care and use of the animals was according to the stipulations of this 

committee. Adult male Sprague-Dawley rats (Hilltop Lab Animals, Scottdale, PA) were 

housed individually, given food and water ad libitum and handled frequently to reduce 

the effects of stress. The temperature of the facility was maintained at 22.2–23.3 °C on a 

12 hour light/12 hour dark cycle (lights on at 07:00). Rats were anesthetized with 

isoflurane using an EZ Anesthesia vaporizer apparatus. Next, an incision was made in the 

scalp, the skull exposed, and a screw EEG electrode (Plastics One E363-20) inserted in 

each quadrant of the skull. Two Teflon-coated wires with stripped ends were inserted 

into the neck musculature to serve as EMG electrodes. The electrode sockets were 

inserted into an electrode pedestal (Plastics One MS363), then secured with dental 

acrylic. 
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After a recovery period of a week, animals were placed in an individual chamber within 

a shielded room and connected to a multichannel amplifier (Grass Instruments Model 

15) via a shielded cable leading through a multichannel commutator (Plastics One SL6C). 

At this point, one of the channels was connected to the Hewlett-Packard model 3562 A 

signal analyzer for recording of brain activity of up to 1 kHz. In parallel, EEG and EMG 

were digitized using a data acquisition unit (CED Micro 1401) and recorded for 48 hours 

using Spike2 Software. 

EEG and EMG data were analyzed offline by a trained researcher. Each record was 

evaluated in 30-second epochs, and a state of arousal (NonREM, REM, or Waking) 

assigned according to standard criteria [170]. High-frequency brain activity was 

recorded as described below. 

Measurement of high-frequency brain activity 

The use of cranial implanted electrodes improves signal strength and reduces low-pass 

filtering effects that would otherwise hinder detection of high frequency neural 

oscillations. A single channel from the commutator was sent to a coaxial BNC breakout 

box, built to accept the 6-pin connector terminating the Plastics One electrode cable 

bundle, thereby facilitating individual electrode pair selection. In this study, 

measurements were conducted between the left frontal and left occipital electrodes. 

Neural activity sensed by the electrodes was sent from the breakout box to a custom-

built preamplifier stage. The preamplifier was built around a Linear Technologies 

LTC1051 zero-drift operational amplifier. The LTC1051 displays excellent DC and AC 
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characteristics over the frequency range of interest (1 Hz–10 kHz) and utilizes chopper-

stabilization in conjunction with internal capacitors to achieve low output noise 

(1.5μVP−P). To further curtail instrumentaƟon noise, the circuitry was powered by two 

9 V batteries which fed a Texas Instruments TLE2426 rail splitter. The function of the rail 

splitter is to produce precise virtual ground positioned at one-half that of the single-

supply battery source. Metal film resistors were used to minimize circuit 1/f noise; 

while, EMF noise was suppressed by housing the circuitry housed in a grounded 

aluminum cast case. Input and output connections were made using floating-shield 

coaxial BNC feedthroughs. The preamplifier was set to a nominal gain of 100x in order to 

circumvent saturation from lower frequency brain electrical activity (e.g., α rhythms) 

which can be a couple of orders of magnitude larger than the high-frequency brain 

activity. After amplification, the signal was ultimately sampled by a fast Fourier 

transform (FFT) based dynamic signal analyzer (Hewlett-Packard model 3562 A). A 

frequency range starting at 50 Hz and spanning two decades was chosen along with log 

resolution to minimize acquisition time and optimize data collection in the region of 

interest. 

1/f noise subtraction and log-normal fits 

In order to decouple high frequency EEG activity from the 1/f-type noise, in this case 

acting as a baseline, the low (<100 Hz) and high (>1000 Hz) regions of the PSD spectra 

were isolated and fit using regression analysis to a power law, see Figure 1. This defines 

a baseline that was subtracted from the PSD spectra in order to resolve the presence of 

RRF activity. As also seen in Figure 1, the subsequent spectra are bimodal in nature and 
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display a log-normal distribution. Each mode (band) was deconvolved via spectral fitting 

to a log-normal distribution to determine their relative strengthens, bandwidths, and 

dependences on waking state, Figure 1. As reviewed by Buzsaki, and Mizuseki [12], the 

presence of skewed distributions with heavy-tails, such as a lognormal, are quite 

common in synaptic firing rates and neurological activity in general since such systems 

are often multiplicative in nature. Due to the lower occurrence of REM events over the 

collection period than wake and/or NonREM states, the data set for high-frequency 

brain activity activity during REM displays increased statistical noise. 

5.4 Results 

As shown in Figure 1, brain EEG activity is apparent in the 200–1000 Hz PSD range. After 

correcting for 1/f-type noise (Figure 1A–C), two regions of high-frequency EEG were 

visible (Figure 1D–F) and display lognormal spectral distributions. The first distribution, 

which we have termed ψ, displayed a peak in the range of 285–315 Hz and the second 

distribution, termed ω, occurred in the 385–485 Hz range. The peaks varied with the 

EEG-defined stage of sleep/wakefulnesss, having much greater peak areas in Waking 

(Figure 1D) than in NonREM (Figure 1E) or REM (Figure 1F) sleep. These will be referred 

as the ψ-band and ω-band, respectively. As noted in Table 1, the peak spectral location 

of the bands, during both waking and NonREM states, remain relatively unaltered; 

while, during REM their frequencies display increases by 4.9% and 21% with respect to 

waking. Upon waking from NonREM, both bands show a marked (~3-fold) increase in 

net strength. 
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Figure 1. Summation of high-frequency brain activity signal data in different EEG 
states and characterization of ψ and ω frequency bands. Panels A–C show the overall 
high-frequency brain activity signal data (dots) from 100–2000 Hz as well as the 1/f-type 
baseline (solid). Each spectrum is an averaged Fourier analysis of high-frequency signal 
(1–2000 Hz) during EEG-defined intervals of waking (A), NonREM sleep (B), and REM 
sleep (C). Panels D–F show the signal (dots), along with curve-fitted sum (solid), as well 
as the peaks corresponding to the ψ band (lower trace) and the ω band (upper trace) 
during periods of waking (D), NonREM sleep (E), and REM sleep (F). The data are 
averages of results from 3 rats. 
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Figure 2. Power spectrum density of ψ and ω and percentage of mean wakefulness, 
NonREM sleep, and REM sleep for each one-hour period over 36 hours. The power 
spectrum density sum was calculated for each hour over 36 hours. Panel (A) represents 
the ψ frequency band (285–315 Hz, squares) and the ω frequency band (385–585 Hz, 
filled circles). Panel (B) shows the percentage of mean wakefulness (solid with filled 
circles), NonREM sleep (dashes with squares), and REM sleep (dots with triangles) over 
36 hours. The shaded area denotes the 12-hour dark phase of the light-dark cycle. The 
data are average results from three rats and the error bars indicate standard errors of 
the mean. 
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EEG State Peak 
Frequency 
(HzA) 

Median 
Frequency 
(Hz) 

S.D.B (Hz) Strength 
(arbitraryC) × 10−8 

H 

Waking – ψ 
BandD 288 291 11.5 7.6 

0.49 
Waking – ω 
BandE 389 478 14.2 155 

NonREM – 
ψ Band 287 290 8.89 3.1 

0.79 
NonREM – 
ω Band 416 509 10.5 47 

REM – ψ 
Band 302 314 51.5 7.46 

1.04 
REM – ω 
Band 471 583 29.3 0.957 

AValues are 
determined 
as the mean 
data from 
three rats. 

BS.D. is the standard deviation of the median frequency. CThe 
strength is represented by the area under curve. DThe ψ band is 
defined by the frequency range 200–350 Hz. EThe ω band is 
represented by the frequency range 375–1000 Hz. 

 

Table 1. 

A one-way ANOVA showed that the strength of the ω band was significantly influenced 

by the EEG state (F = 16.18; P = 0.0121) and Bonferroni’s post hoc tests indicated that 

the strength of the band was significantly different at the P < 0.05 level between Wake 

and NonREM and between Wake and REM. The ANOVA for the effect of EEG state on 

the strength of the ψ band showed a trend toward significance (F = 4.58; P = 0.092). The 

one-way ANOVA of the median peak frequency of the ω band showed a significant 

effect of EEG-defined state (F = 16.04; P = 0.0123) and post-hoc Bonferroni’s multiple 

comparison tests indicated a significant shift in frequency between Wake and REM 
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states (P < 0.05). The median peak frequency of the ψ band was not significantly 

influenced by EEG-defined state (F = 0.4768; P = 0.652). 

EEG-defined Waking is higher in the dark phase of the light-dark cycle (Figure 2; lower 

panel) while REM and NonREM sleep are higher in the light phase (Figure 2, lower 

panel) of this nocturnal animal. The power spectrum density of both ψ and ω were 

lower in the light phase of the light-dark cycle (Figure 2; upper panel). 

5.5 Discussion 

As reviewed by Buzsáki and Mizuseki [203], the presence of skewed distributions with 

heavy-tails, such as a lognormal, are quite common in synaptic firing rates and brain 

activity in general since such systems are often multiplicative in nature. Through the use 

of high-frequency data collection in conjunction with conventional EEG collection in 

adult male rats, we demonstrate the existence of novel, bimodal brain oscillations 

centered at the ~280 Hz (ψ) and 400–500 Hz (ω) frequency ranges. These oscillations are 

present after the removal of 1/f-type noise, and show differing characteristics in 

different EEG-defined states. The general PSD sum also showed a consistently higher 

average value during the active period of the rats. The values of the PSD sum in ψ and ω 

bands increased during periods of wakefulness. The PSD sum changes along with the 

shifts in the most prominent state of EEG (Wakefulness, REM or NonREM) over time, 

indicating a diurnal cycle, presumably tied to the light-dark cycle. 

The 1/f-type baseline exponent decreases from 3.08 − 2.58 − 1.99 for REM, NonREM, 

and Waking respectively. Large values for exponents approaching 3 are consistent with 
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the literature for EEG9. In terms of fractal dimensional analysis, it is common to describe 

the exponent in terms of the Hurst index (H) which is defined as H = |β − 1|/2. The H 

parameter is used as a means of gauging the degree of dependence of stochastically-

related events. A Hurst index of H ∈ (0.5,1) represents long-range stochastically 

dependent increments, a H = 0.5 has stochastically independent increments and a 

H ∈ (0,0.5) signifies short-range stochastically dependent increments [204, 205]. While 

the influence of waking state on the Hurst index of high frequency EEG activity is not the 

premise of the current study it is nevertheless interesting to note that the H seems to 

decrease with increasing wakefulness implying that the underlying processes become 

less reliant on past events. A lower Hurst index shown during Waking (0.49) than during 

NonREM sleep (0.79) or REM sleep (1.04) may indicate a difference in the stochastic 

interdependence during those discrete EEG-defined states. The Hurst index for Waking 

indicates a short-range stochastically dependent increment (nearly stochastically 

independent), while the REM and NonREM Hurst indices indicate long-range 

stochastically dependent increments. 

Our finding of new bands of high-frequency activity in the EEG of healthy, 

spontaneously behaving rats provides additional details in the picture of the types of 

possible brain oscillations. The two bands, termed ψ and ω, vary in strength with the 

state of EEG (Wakefulness, REM Sleep or NonREM Sleep), suggesting new correlates of 

wakefulness that might have practical utility in clinical studies. The presence of 1/f-type 

noise in the high-frequency recording echoes the findings of 1/f-type noise in the lower 

frequency EEG, emphasizing the ubiquity of this phenomenon in brain activity. The 
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finding of new frequency bands will open new areas of investigation of the functionality 

of high frequency EEG. 
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Chapter 6: 3,3’,5-Triiodothyronine and pregnenolone sulfate inhibit Torpedo nicotinic 

acetylcholine receptors 

6.1 Abstract 

The nicotinic acetylcholine receptor (nAChR) is a pentameric ligand-gated ion channel 

(pLGIC), similar to another pLGIC, the γ-aminobutyric acid (GABAA) receptor. Recent 

evidence implicating 3,3’,5-triiodothyronine (T3) as a competitive inhibitor of the GABAA 

receptor-activating neurosteroid allopregnanolone suggested that T3 might also affect 

nAChRs. Here we show that T3 inhibits nAChRs. We also show that, unlike its effect on 

GABAA receptors, allopregnanolone also inhibits nAChRs, and that a closely-related 

molecule, pregnenolone sulfate (PS), inhibits nAChRs as well. These effects contradict 

the general trend of ligands having opposite effects on GABAA receptors and nAChRs, 

and show that some residues presumed to be active in ligand binding are not necessary. 

Further, we demonstrate that at pHs wherein the T3 molecule is neutral, T3 retains its 

inhibitory effects on nAChRs. Finally, we show that both T3 and PS affect nAChR channel 

desensitization, which may implicate a binding site that was recently theorized to be 

responsible for PS desensitization of the GABAA receptor. 

6.2 Introduction 

The nicotinic acetylcholine receptor (nAChR) is an excitatory receptor protein localized 

in the central nervous system [206] and at the neuromuscular junction (reviewed in 

[207]). Pathologies of the receptor, including epilepsy [208] and myasthenia gravis (in 

muscle-type nAChRs) [209, 210], demonstrate its crucial function in fast synaptic 
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transmission. It is a cation-translocating member of the pentameric ligand-gated ion 

channel (pLGIC), or “Cys-loop” receptor superfamily [211]. Of the five homologous 

subunits that comprise the nAChR structure and central pore, two are identical (α, γ, α, 

β, δ). When acetylcholine molecules bind to the α-γ and α -δ subunit interfaces in the 

receptor’s extracellular domain (ECD), conformational changes propagate to its 

transmembrane domain (TMD). Four alpha helices (M1-M4) from each subunit form the 

TMD, with the M2 helices from each subunit lining the receptor’s central pore. Upon 

binding acetylcholine, the central pore’s inner diameter increases, permitting ion flux 

through the channel [212].  

The Cys-loop superfamily also includes glycine receptors, 5-HT3 receptors, and γ-

aminobutyric acid (GABAA and GABAC) receptors [211]. Neurosteroids, either those 

synthesized in endocrine glands and metabolized, or those synthesized de novo in brain 

tissue, can have sedative, anxiolytic, anti-convulsant, and analgesic effects on behavior. 

Previous investigations of cys-loop receptors elucidate structure-function relationships 

of neurosteroids’ molecular features. Distinction between molecular features of 

otherwise similar compounds give insight into binding sites on the receptor of binding 

orientation of this class of ligands; closely-related molecular species can have differing 

[213] or opposing [214] effects on their target receptor.  

The neurosteroid 3α-hydroxy-5α-pregnan-20-one (allopregnanolone) activates the 

GABAA receptor [215], as does the related 5α-pregnane-3α,21-diol-20-one (THDOC) 

[216-218]. However, pregnenolone sulfate (PS), a sulfated neurosteroid similar to 

allopregnanolone, inhibits GABAA receptor function. Meanwhile, the thyroid hormone 
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3,3’,5-L-triiodothyronine (T3) (Figure 1), theorized to have neurosteroid-like effects due 

to its similarity to neurosteroids’ molecular dimensions [219] and functional groups, also 

inhibits activity of the GABAA receptor at low concentrations [152, 154, 215]. T3 

competitively inhibits activation due to allopregnanolone, which indicates a shared 

binding site [215].  The differential effects of highly similar neurosteroids, and the 

similar effects of less closely-related molecules, make generalized geometric and 

charge-based analogy to ligand function difficult.  

 

Allopregnanolone’s activation of GABAA receptors requires the GABAAR α1 and β2 

subunit M1 alpha helices [220-222]. Recently, a crystal structure of a homopentameric 

receptor chimera with a Gleobacter ligand-gated ion channel (GLIC) ECD and a mouse 

GABAAR α1 subunit showed that PS binds alongside a groove between the M3 and M4 

domains near the intracellular side of the transmembrane domain of GABAA receptors 

[223]. This site is involved with the recently classified “desensitization gate” involving 

the M1-M2 linker and M3 helix of GABAA receptors, where residues interact after 

agonist binding to take a desensitized conformation [224]. The TMD of nAChRs is similar 

to the mouse GABAAR α1 subunit TMD (17% identity; 33% similarity). It is therefore 

possible that PS and T3 bind to the TMD of nAChRs and could modulate nAChR activity. 

While cholesterol in the surrounding lipid environment was found to be necessary for 

nAChR ion conductance in a dose-dependent fashion [225, 226], most studied 

neurosteroids inhibit nAChRs. Progesterone, dehydroepiandrosterone sulfate (DHEAS), 
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hydrocortisone, and 3α,5α,17β-3-hydroxyandrostane-17-carbonitrile (ACN), inhibit rat 

neuronal nAChRs [213, 227], while progesterone, estradiol, corticosterone, and 

dexamethasone non-competitively inhibit human muscle-type [228, 229] and ganglionic 

nAChRs [228]. 

Changes in extracellular pH also affect nAChR ion conductance, with more acidic 

environments yielding lower ion flux and basic environments yielding higher ion flux 

with respect to the receptor’s acetylcholine response at a neutral pH [230, 231]. 

Different pH environments also affect mean open channel time and desensitization of 

the receptor [231]. Previous publications suggest that charged residues in the nAChR 

vestibular and channel pore region affect allosteric transitions to active and inactive 

states, and that changes in the extracellular pH would titrate these residues [230, 231]. 

Charged positive and negative residues of interest in proximity to one another may 

mutually repel at extreme pHs, changing the conformation of the receptor and its 

channel state transition kinetics, compared to those at a neutral pH.  

Ligand effects on nAChRs and GABAA receptors are often opposite: nonhalogenated and 

halogenated alkane anesthetics inhibit nAChRs but potentiate GABAA receptors (for 

review see [232]). We sought to characterize the nature of two putative GABA-negative 

ligands, T3 and PS. We extracted functional nAChRs from Torpedo californica and used 

two-electrode voltage clamp (TEVC) to demonstrate functional effects of PS and T3 on 

nAChRs. We found that both PS and T3 inhibit nAChR activity due to acetylcholine, 

representing a case in which the same effect on channel function is demonstrated in 

both nAChRs and GABAA receptors. We also performed TEVC in differing extracellular pH 
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environments to demonstrate the differential effects pH has on ligand charge and 

resultant receptor activity. Further, we show that PS and T3 modulate the effects of 

different pH environments on current amplitude when binding acetylcholine. We also 

show that T3 and PS change nAChR kinetics, increasing desensitization rate at low pHs 

but minimally affecting desensitization rate at high pH.  

 

Figure 1. Molecular structure of 3,3’,5-triiodothyronine (T3) and pregnenolone sulfate 
(PS). Comparisons of structures of the thyroid hormone T3 (A) and the neurosteroid 
pregnenolone sulfate (B). T3 and neurosteroids share common features including 
molecular volume and size, placement of hydrogen-bond accepting groups, presence of 
residues projecting from rings, and charged headgroups. 

 

6.3 Materials and Methods 

Frozen Torpedo electric organ tissue and Xenopus oocytes  

Flash-frozen Torpedo electric organ was purchased from Aquatic Research Consultants 

(San Pedro, CA). Ready-to-inject, defolliculated Xenopus oocytes were purchased from 

Ecocyte Bioscience (Austin, TX). 

Chemicals 
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Carbachol, acetylcholine, DMSO, asolectin, T3, NaOH, allopregnanolone, and 

pregnenolone sulfate were purchased from Sigma Aldrich (St. Louis, MO). Isoflurane was 

purchased from Henry Schein Animal Health (Dublin, OH). T3 was dissolved in 0.1 M 

NaOH. Allopregnanolone was dissolved in 0.1 % DMSO. All other ligands were dissolved 

directly in modified Barth’s solution (88mM NaCl; 1mM KCl; 0.4mM CaCl2; 0.33mM 

Ca(NO3)2; 0.8mM MgSO4; 5mM Tris-HCl; 2.4mM NaHCO3; Tris was replaced with either 

MES or HEPES at other pHs). 

Preparation of crude Torpedo nicotinic acetylcholine receptors 

All steps before microinjection of resuspended receptor proteins were performed at 0 

to 4 °C and were modified from the preparation method described in Ochoa, Dalziel, 

and McNamee, 1983. Briefly, the frozen electric organ tissue (600 g) was homogenized 

in homogenization buffer (10 mM sodium phosphate, 5 mM EDTA, 5 mM EGTA, 10 mM 

iodoacetamide, 0.1 mM PMSF, 0.02% NaN3, pH 7.5) in 30-second bursts at liquefaction 

setting (Oster blender) and centrifuged for 10 min at 4,080 x g. The supernatant was 

then filtered through 4 layers of cheesecloth and reserved. The pellets were the 

resuspended in 200 mL homogenization buffer and centrifugation was repeated. All of 

the supernatants were then pooled and centrifuged at 134,000 x g for 45 minutes. This 

pellet was resuspended in 32 mL 28% sucrose buffer (10 mM sodium phosphate, 0.1 

mM EDTA, 0.02% NaN3, pH 7.0). In order to isolate membrane proteins, the aliquots of 

resuspended pellet (8 mL each) were layered on top of a discontinuous sucrose gradient 

(10 mL 30% sucrose, 12 mL 35% sucrose, 7 mL 41% sucrose) and centrifuged at 121,800 

x g for 4 hours. The membrane band at the top of the 35% sucrose layer was collected 
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using a thin glass transfer pipet, diluted 1:1 with deionized water, and centrifuged at 

142,400 x g for 35 minutes. The membranes in the resulting pellet were base-extracted 

by resuspending them to approximately 0.5 mg/mL protein in water, and the pH was 

carefully titrated to 11.0 with NaOH, followed by stirring for 45 minutes. The base-

extracted membranes were then centrifuged at 142,400 x g for 45 minutes, 

resuspended in buffer A (100 mM NaCl, 10 mM Tris-HCl, 0.1 mM EDTA, 0.02% NaN3, pH 

7.4), and flash-frozen in liquid nitrogen. 

Solubilization of crude nicotinic acetylcholine receptor 

The protein product from extraction was diluted to 2 mg protein/mL in buffer A. Sodium 

cholate (10% w/v) dissolved in buffer A was added to give a final cholate concentration 

of 1%. The mixture was then stirred for 30 minutes and centrifuged at 142,400 x g for 30 

minutes. Finally, the supernatant was collected. 

Preparation of asolectin liposomes for resuspension 

Solid asolectin lipid was suspended in 4.16% cholate solution in buffer A to form a 65 

mM solution, and the mixture was vortexed and sonicated at 20 °C under argon gas for 

~45 minutes, and then stored at 0-4 °C until reconstitution. 

Reconstitution of Torpedo nicotinic acetylcholine receptors in asolectin liposomes 

Solubilized nAChRs, at confirmed 1-1.65 mg/mL concentration, were mixed with 0.3 mL 

of liposome/cholate mixture to yield a final volume of 1 mL, and a final concentration of 

2% cholate. The mixture was dialyzed for 48 hours against 1,000 volumes buffer A, 
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changing the buffer every 12 hours. Before use in dialysis, buffer A was bubbled with 

argon gas for 15 minutes. 

Oocyte microinjection 

The glass injectors were 1.6 to 2 mm o.d., 1.2 to 1.6 mm i.d., and were pulled using 

using a Sutter instrument Co. Model P-97 puller. The oocytes were injected with 46 nL 

asolectin-resuspended nAChRs using a digital microdispenser (Drummond Nanoject II). 

The injected oocytes were incubated at 19 °C in a sterile solution containing Standard 

Barth’s solution (SBS; 88mM NaCl; 1mM KCl; 0.4mM CaCl2; 0.33mM Ca(NO3)2; 0.8mM 

MgSO4; 5mM Tris-HCl; 2.4mM NaHCO3), supplemented with 50 mg/L gentamicin.  

Two-Electrode Voltage Clamping of Oocytes  

Sixteen hours after injection, the oocytes were clamped using a TEVC system. All ligands 

were dissolved in modified Barth’s solution at different pHs and were perfused into the 

chamber using a gravity flow system. The buffers’ different effective pHs meant that 

three ranges of running solutions were modified as follows: pH 6 and 6.5 were buffered 

with 2-(N-morpholino)ethanesulfonic acid (MES), pH 7 and 7.5 were buffered with 

tris(hydroxymethyl)aminomethane (Tris-HCl), and pH 8-9 were buffered with N-2-

hydroxyethypiperazine-N’-2-ethanesulfonic acid (HEPES). Thyroid hormones were 

initially dissolved in 0.1 M NaOH. The oocytes were impaled with two 3 M KCl-filled glass 

microelectrodes (1-2 MΩ each) and were clamped at -60 mV with an OC-725C Oocyte 

Clamp (Warner Instruments). The bath solution was perfused at a rate of 10-13 mL/min. 

Each ligand perfusion lasted 60-70 seconds; after each perfusion, the bath solution was 
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exchanged with ligand-free buffer until the current response signal had returned to 

baseline for at least 120 seconds before the next application of ligand(s). Data were 

recorded using iWorx LabScribe v1.959. 

Data analysis 

The current flux signal for each administration of ligand was exported from iWorx into 

Matlab v2012b, and the raw data were normalized for each administration to the 

maximal current response (peak). The data was then trimmed to begin with the 

response as it reached 0.96 of the response peak (to avoid false inflection points by 

signal noise just after the response’s maximum point), and end 35 seconds post-peak. 

The data was then curve-fitted to a two-degree exponential function (i.e., slow and fast 

response) ( ). For each ligand/environmental condition (n=3, per 

condition), decay time and amplitude were calculated and averaged. 

6.4 Results 

PS and T3 inhibit nAChRs 

Figure 2A shows the inhibitory effect of T3 on nAChR stimulation by 30 μM 

acetylcholine, as well as a representative trace of the reduction in response due to 

acetylcholine when co-applied with T3 (2A, inset). The apparent maximal effect of T3 

near a neutral pH (seen at ≥ 100 µM) reduced the nAChR control response (~100-300 

nA, depending on individual oocytes’ flux capabilities) by 80 ± 6%, with an IC50 of 5.4 ± 1 

µM T3. This is very similar to the IC50 of T3 for the GABAA receptor (8 ± 2 µM [215]). 
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Figure 2B shows the inhibitory effect of PS on nAChR stimulation by 30 μM 

acetylcholine, as well as a representative trace of the reduction in response due to 

acetylcholine when co-applied with PS (Figure 2B, inset). The apparent maximal effect of 

PS (seen at ≥100 µM) reduced the nAChR control response by 81 ± 4%, with an IC50 of 

4.9 ± 3 µM PS. Triiodothyroacetic acid (triac), which lacks the amine group of T3, also 

inhibits the nAChR, with an IC50 of 109 ± 70 µM µM triac (Supplemental Figure 1). 

Further, allopregnanolone inhibits activity on nAChRs due to carbachol, an ACh agonist 

(IC50: 20 ± 13 µM) (Supplemental Figure 2). 

 

Figure 2. Inhibition of nicotinic acetylcholine receptor response to acetylcholine by T3 
and PS. The dose-response curves for the effect of increasing concentrations of 0.1 µM-
100 µM T3 (A) or 0.1 µM-100 µM PS (B) on ACh-stimulated current, represented as a 
percentage of the response to ACh without any additional ligands. Representative 
tracings show current responses due to application of ACh alone and ACh with T3 (A, 
inset) or PS (B, inset). Horizontal lines above each trace show the onset and duration of 
applied ligand(s). The data are represented as mean ± SEM. For each data point, n = 3-7. 

 

Inhibition does not require a negatively charged molecule 

The pH environment affects inhibition of nAChRs by T3 and PS. Dose response curves at 

each pH (6-9, in 0.5 pH increments) show the effect due to pH on the effect of dose of 
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T3 and PS (Figure 3A-G). A two-way ANOVA indicates that pH has a significant effect on 

nAChR flux for experiments using T3 (p < 0.0001, F(6, 70) = 74.25) or PS (p < 0.0001, F(6, 

70) = 24.02) and that the effect due to the pH environment and due to T3 (p < 0.0001, 

F(6,70) = 11.69) or PS (p < 0.0001, F(6,70) =  6.214) dose have interactive effects on 

nAChR flux.  

The effects of pH on inhibition of nAChRs by T3 and PS are different. From pH 6-7, the 

IC50 values of T3 and PS (Figure 3H) are similar. However, above the pK2 value of T3 

(~7.5), the IC50 values of T3 and PS are distinct, with the T3 IC50s shifting downward 

relative to the IC50 values of PS. This divergence is coincident with the increase in 

extracellular pH above the pK2 value of T3. The PS IC50 value decreases below T3’s at 

pH 9. This pH is where the net charge of T3, in which the hydroxyl group becomes 

anionic while the amine group remains neutral, becomes -1, and becomes more 

prominent than the neutral form dominant at lower pHs. 
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Figure 3. Effects of extracellular pH on inhibition of nAChRs by T3 and PS. The dose-
response curves for the effect of increasing concentrations of 0.1 µM-100 µM T3 or 0.1 
µM-100 µM PS on ACh-stimulated current at pH (A) 6, (B) 6.5, (C) 7, (D) 7.5, (E) 8, (F) 8.5, 
or (G) 9. Data in (A-G) are represented as a percentage of the response to ACh without 
any additional ligand. The data are represented as mean ± SEM. For each data point, n = 
3. (H) compares the IC50 values generated from the inhibition curves at each pH 
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interval. T3 data is supplemented with inhibition experiments run at each pH level + 0.2 
(data not shown). Dotted vertical line denotes the pK2 value of T3. 

T3 and PS affect desensitization kinetics 

Figure 4 and Figure 5 show representative traces of inhibition due to T3 and PS over 60-

second administrations. Raw traces of 0-10 µM T3 or PS at pH 6 and 7.5 (Figure 4), or of 

a 10 µM dose of T3 or PS at each pH (6-9, in 0.5 pH increments) (Figure 5) demonstrate 

the effect due to ligand dose and pH desensitization of the channel.  

 

Figure 4. Effect of pH and T3 or PS on nAChR ion conductance. Raw current response 
traces after administration of 30 µM acetylcholine with (A) 0, 0.1, 1, or 10 µM T3 at pH 
6, (B) 0, 0.1, 1, or 10 µM T3 at pH 7.5, (C) 0, 0.1, 1, or 10 µM PS at pH 6, or (D) 0, 0.1, 1, 
or 10 µM PS at pH 7.5. Traces are representative as close to average values of curve-fit 
amplitude and decay rate.  
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Figure 5. Effect of pH and 10 µM inhibitor on nAChR ion conductance. Raw current 
response traces after administration of 30 µM acetylcholine with (A) 10 µM T3 at 
differing pH levels or (B) 10 µM PS at differing pH levels. Traces are representative as 
close to average values of curve-fit amplitude and decay rate. 

 

6.5 Discussion 

Here we present the first direct observation of the inhibitory effect of T3 on nAChRs 

(Figure 2, Figure 3). The effect due to T3 on nAChRs is the same as the effect due to T3 

on GABAA receptors. This is an unexpected result, as in general, ligand effects on GABAA 

receptors and nAChRs are opposite one another [232].  

T3 may act as a neurosteroid-like inhibitor. Thyroid hormone crosses the blood-brain 

barrier [135-137], and nerve terminal fractions show T3 concentrations of 13.0-65 nM 

[233, 234]. When injected into the median preoptic nucleus of freely-moving rats, T3 

increases REM sleep and wakefulness [173, 174]. T3 directly inhibits GABAA receptor 

activity [154, 215]. 

The current study shows that the possible neurosteroid-like inhibition of nAChRs, 

however, does not require a charged molecule. Inhibition of nAChRs by T3 from pH 6-9 

retains efficacy (Figure 3), including at those pH environments in which T3 is neutral. 
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Therefore, the mechanism of binding on the nAChR may not depend upon a charged 

headgroup of the inhibitory molecule. 

For the first time, we also demonstrate an inhibitory effect due to PS on nAChR activity 

(Figure 2B). This effect is comparable to the inhibitory effect due to PS on GABAA 

receptors [235], and to T3’s effect on nAChRs (Figure 2A) and GABAA receptors [215]. 

However, the present study gives more insight into the complexity of 

neurosteroid/neurosteroid-like binding at each receptor: in GABAA receptors, 

allopregnanolone acts as a receptor activator [215], whereas to nAChRs, 

allopregnanolone acts as an inhibitor (Supplemental Figure 2). If allopregnanolone binds 

to the same site as PS, this implies that PS’s sulfate group, theorized to interact with a 

residue near the base of the GABAA TMD [223], is not necessary for binding on the 

analogous site on nAChRs, and, is not required to confer inhibitory action. Further, the 

ability of triac to inhibit nAChRs illustrates that the amine group on T3 is not required for 

inhibition of the channel either. 

Although the T3 and PS molecules have nearly identical volume and shape, with T3’s 3’-

iodine/4’-hydroxyl group in the same relative position as the PS’s sulfate group, and T3’s 

inner ring iodines’ similarity to PS’s methyl and ring carbons [219], it is still unknown 

what molecular features facilitate binding to GABAARs or to nAChRs. The features that 

distinguish them appear not to be necessary to inhibit each channel, as the actions of 

allopregnanolone and triac show. Similarities between both ligands may elucidate the 

molecular features necessary for such binding. 
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However, available evidence indicates that binding of both T3 and PS occurs at the TMD. 

Experimental and in silico simulation data suggest T3 and allopregnanolone share a 

binding site on GABAA receptors [215]. Here we show that T3 and PS both affect channel 

desensitization (Figure 4, Figure 5). The effect of each ligand on nAChR desensitization 

may be involved with a region homologous to the desensitization gate structure of 

GABAA receptors, where PS has been shown to bind. This binding is theorized to cause 

constriction at the base of the channel pore, inducing a desensitized state [223]. We 

show that different pH levels, while not affecting either ligand’s ability to bind, appear 

to affect T3 and PS-induced nAChR desensitization. This may indicate pH influence on 

channel residues at the TMD, as has been suggested by previous investigations [230, 

231]. 

The inhibitory action of PS and the inhibitory, neurosteroid-like action of T3 on the 

nAChR indicate a complex structure-function relationship. The actions of both ligands 

relative to one another, and to the nearly identical molecules allopregnanolone and 

triac, give insight about what may be necessary to facilitate binding and inhibition of the 

channel, and, more clearly, what is not.  
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Chapter 7: Appendix 

7.1 nAChRs, Carbachol, and Acetylcholine 

Introduction 

Studies of the nAChR in its synaptic environment or in radiolabeled cation liposomal 

reconstitution studies are performed with carbamylcholine (carbachol) [236-238], an 

ACh agonist which activates both nicotinic and muscarinic acetylcholine receptors and 

inhibits cholinesterases [239]. Although Xenopus oocyte TEVC studies, more rapid 

experiments unaffected by acetylcholinesterase, use ACh when interrogating channel 

function, we performed initial experiments using carbachol, whose high stability [240] 

would afford more time during the initiation and troubleshooting phases of optimizing 

experimental procedures. After optimizing TEVC procedures and establishing a 

concentration curve for carbachol, we repeated the procedure with ACh. 

Results 

Carbachol (EC50 = 326.2 ± 110 µM; n = 10) is nearly ten times less potent than ACh 

(EC50 = 34.05 ± 7.2 µM; n = 12 (Figure 1B). Raw, un-normalized carbachol’s evoked 

nAChR response (1.098 ± 0.2802, A.U.; n=10) demonstrates less efficacy than ACh’s 

(1.972 ± 0.6407, A.U.; n=12) (Figure 1A).  
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Figure 1. Dose-response curves for raw and normalized current response due to 
carbamylcholine or acetylcholine in crude-membrane-injected Xenopus oocytes. The 
values are expressed as a mean of 10 (carbachol) or 12 (acetylcholine) separate 
determinations. Error bars represent the standard error of the mean (SEM). 

 

Discussion 

A single-channel conductance study of mouse neuronal nAChRs using carbachol and ACh 

has identified them as having nearly identical potencies as in the current study, as well 

as establishing carbachol’s much lower association rate relative to ACh’s, but carbachol 

demonstrated an 88% efficacy at maximal doses compared to the effect due to ACh 

maximal doses [241], instead of carbachol’s 55% efficacy compared to ACh seen in the 

present study. This difference could be due to variations in nAChR ion channel 

conductance in different oocyte preparations, a noted complication in oocyte TEVC 

expression systems [242-244]. 

ACh binding is implicated at the nAChR α-δ and α-γ intersubunit interfaces [245-247], 

near the C-loop at the β8-β10 hairpin of the α subunit [248, 249]. A crystal structure of 

acetylcholine-binding protein (AChBP), a putatively-comparable homolog of the 

extracellular domain of Torpedo nAChRs [249], shows carbachol bound at the same C-
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loop region [250]. If acetylcholine had proven difficult to work with in our TEVC 

procedures, experiments interrogating the manner of antagonist inhibition could use 

carbachol as an acceptable substitute. While all inhibition studies of T3 and PS in 

variable pH environments (Chapter 6.4) used ACh as the agonist, carbachol was used in 

several preliminary experiments and inhibition studies. As all preceding data using 

carbachol in the studies have been normalized to each oocyte’s own maximum evoked 

ion current response, the implications of the data should be applicable to those of 

experiments using ACh as the agonist. 

7.2 nAChRs, Nicotine, and Xenopus oocytes 

Introduction 

Although several ligands activate both nicotinic and muscarinic receptors (carbachol and 

ACh among them), an acetylcholine receptor classified as nicotinic implies that nicotine 

acts as a receptor agonist and muscarine does not [251]. Nicotine activates neuronal-

type nAChRs, some subtypes having a higher affinity for nicotine than they do for ACh 

[252, 253] , with the α7 subtype conferring more sensitivity than other CNS subtypes 

[254]. A crystal structure of AChBP shows nicotine bound in the same position as 

carbachol [250].  

However, in muscle-type nAChRs, the EC50 potency of nicotine is ~1000-fold lower than 

acetylcholine [241], and its energetic favorability of binding to the Torpedo nAChR, while 

close to that of ACh itself, is not efficacious at eliciting ion flux at appropriate doses due 

to low affinity for resting receptors (Kd = 1 mM) and self-inhibition [237, 255]. 
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Mutagenesis of a single amino acid (α153) from glycine to lysine in muscle-type nAChRs 

caused a nearly-10,000-fold increase in nicotine’s binding affinity to the nAChR in resting 

state [255]. Unfortunately, no structural information is available to illustrate the 

differential binding or receptor conformational change attributable to this mutagenesis.  

Nicotine’s self-inhibition at the nAChR, speculated to be non-specific perturbation of the 

cell membrane surrounding the receptor, has an experimental Hill coefficient of 1 in one 

study, implying a competitive inhibition action with either one site or several sites that 

share the same affinity [237]. As ethanol increases cholinergic binding affinity [256], 

increasing environmental ethanol in postsynaptic Torpedo membranes increased 

nicotine efficacy in a dose-dependent manner [257]. However, this experiment 

generated an inhibitory Hill coefficient of 2 for nicotine in the absence of ethanol, 

implying its possible noncompetitive inhibition at high doses. 

Studies of nicotine on muscle-type and Torpedo nAChRs have been performed in 

synaptic membranes and single-channel studies but not in Xenopus oocyte expression 

TEVC. Nicotine-evoked traces over extended application might give insight into the 

desensitization mechanisms of the receptor. 

We administered different nicotine concentrations to Torpedo nAChRs expressed in 

Xenopus ooctyes in order to study desensitization of prolonged nicotine administration. 

The Xenopus TEVC method could yield fast versus slow self-inhibition after curve-fitting 

the raw traces and could further elucidate the binding mechanism of nicotine in light of 

previous investigations. 
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Results 

Figure 1 shows that infusion with 1 mM nicotine, which would evoke ~half-maximal 

current response in other nAChR experiment modes, evoked no observable current 

relative to baseline. We attribute the lack of response at this dose to be on par with 

other experiments involving Torpedo nAChRs. In those studies, response due to nicotine 

was not observable at activating concentrations and required either ethanol [257] or 

specialized vesicular-release methods [237] to elicit observable flux. Lower doses also 

showed lack of response (data not shown). Higher concentrations of nicotine evoked a 

slow (~20-second) change in ion flux that disappeared at washing, but this response was 

also seen in control oocytes which did not express nAChRs. 

However, after preincubation for 1 minute with 1.5 M ethanol and when co-applied 

with the same concentration, 10 µM nicotine evoked a response, as predicted. This 

response repeated several times; however, the response diminished substantially with 

each consequent administration. The same ethanol conditions run in a control oocyte 

not expressing nAChRs showed no response by nicotine (data not shown).  
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Figure 1. Raw traces of current response evoked by nicotine preparations in Torpedo 
nAChRs. Responses to administration of nicotine at mid and high concentrations alone 
(blue traces), of nicotine at high concentration in an oocyte not injected with 
reconstituted nAChRs (orange trace), and of 10 µM nicotine administered with 1.5 M 
ethanol (violet trace).  

Discussion 

The evoked current by 10 mM nicotine in oocytes not expressing nAChRs indicates 

nicotine influence on the oocyte membrane itself. In another control oocyte, 

administration of 100 mM nicotine cause a sudden drop in baseline which went beyond 

the scope of the recording hardware, returning to normal after 2 minutes of washing 

with buffer (data not shown). This effect may be due to the pH of nicotine: at 50 mM, 

the pH of nicotine solution is at 10.3 [258]. This pH may have adverse effects on any 

TEVC setup and may account for the slow change in baseline seen in both nAChR-

expressing and control oocytes.  

1.5 M ethanol has an adverse effect on Xenopus oocytes, as the baseline signal was 

comparably erratic compared to buffer without ethanol. Further, oocytes lost stable 

baseline entirely within 5 minutes in 1.5 M ethanol buffer, preventing the available 
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timeline necessary to investigate desensitization conditions. As conditions were too 

difficult to merit extensive study, we did no further experiments with nicotine. 

7.3 nAChRs and Lipid preparations 

Introduction 

The endogenous membrane surrounding nAChRs is a heterogenous matrix of 

cholesterol, glycerophospholipids, and sphingolipids [259-261]. Controlled proportions 

of certain lipids, as well as limiting the amount of cholesterol, affect nAChR channel 

function. At least 40 mol% cholesterol in the Torpedo lipid environment is required for 

function [225, 262]. Further study revealed that in more controlled lipid environments, 

more exacting distinctions can be made: phosphatidylcholine (PC)-containing 

membranes with even relatively small amounts of phosphatidic acid (PA) and 

cholesterol will support functional receptors [263, 264], as will PC-containing 

membranes with sufficiently high amounts of PA. The present consensus view is that PA 

and cholesterol can be absent from the lipidic matrix and still retain functional nAChRs, 

but the absence of both yields non-functional nAChRs (for review, see [265]). 

Another factor of heterogeneity of the membrane surrounding nAChRs is the phase-

state of the constitutive lipids. Membrane phospholipids, with two parallel or semi-

parallel hydrophobic fatty acid hydrocarbon chains joined by a phosphate group which 

forms part (or all) of the charged, hydrophilic headgroup, have variabilities leading to 

different phase behavior. Unsaturation of the fatty acids can cause conformational 

shifts, leading to less order when arranged in large quantities. This could facilitate the 
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formation of lipid rafts, in which more ordered phospholipids and cholesterol coalesce 

and become distinguished from surrounding, disordered unsaturated lipids [266]. Such 

ordering may have functional consequences, as mutation of the cysteine at α418 on the 

M4 TM domain helix to tryptophan decreases nAChR function [267], and in vitro, 

function is restored in these mutants upon cholesterol depletion [268]. This may 

implicate membrane microdomains in nAChR function [269]. Preferential cholesterol 

distribution in the membrane can add complexity to interpreting nAChR functionality; 

whether it depends primarily on lipid mixture proportion, or on the subtler relationship 

of lipid conditions that give rise to appropriate bulk membrane conditions, is 

controversial (for review, see [265]).  

Preparations of nAChRs substituting specific detergents for endogenous phospholipids 

demonstrate functionality based on their acyl chain length and headgroups, although 

these results do not yield a clear pattern for either feature [270, 271]. Systematic study 

of unsaturation on nAChR function has not, as yet, been performed. 

We tested nAChR function in Xenopus oocytes expressing equivalent concentrations of 

Torpedo nAChRs in crude membrane extracts or nAChRs reconstituted in a sodium 

cholate (a cholesterol analog)-asolectin (phosphatidic acid (6.6%), phosphatidylinositol 

(16.5%), phosphatidylethanolamine (12.9), and phosphatidylcholine (20.7%)) mixture. 

We demonstrate higher amounts of ion flux at the same carbachol or ACh doses by 

asolectin-injected oocytes than crude-membrane-injected oocytes; however, the 

respective concentration curves for both each ligand in both preparation conditions 

have statistically indistinct EC50, maximal ion flux, and sensitivity values. 
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Results 

Figure 1 shows the raw and normalized current responses due to carbachol and ACh in 

each nAChR preparation. Figure 1A and 1C show the higher ion flux amplitude at all 

carbachol and ACh doses, yet Figure 1B and 1D show that the concentration curves are 

essentially identical, possessing the same EC50 value (crude EC50 = 326.2 ± 110 µM, n = 

10; asolectin EC50 = 34.05 ± 7.2 µM, n = 9).  

 

Figure 1. Ion flux in nAChRs evoked by carbachol and ACh in differential nAChR 
preparations. Oocytes were injected with either crude membrane (green circles) or 
sodium cholate-asolectin reconstituted nAChRs (red squares) and subjected to 
increasing doses of carbachol or ACh. Error bars denote standard error of the mean 
(SEM). 
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Discussion 

Asolectin-reconstituted nAChRs exhibit higher ion flux amplitudes due to carbachol or 

ACh than do nAChRs in Torpedo crude membrane extracts. This difference, however, 

does not extend to measures of potency, as the EC50 values of each preparation are not 

distinct. Consistent concentrations of nAChRs in equivalent injection volumes prevented 

effects due to number of receptors in a given oocyte. 

Asolectin lipid reconstitution is known to lead to functional channels [242]. Its lipid 

content is heterogenous, as are endogenous receptors, yet the reason for increased ion 

flux amplitude seen here is not accounted for.  

When nAChRs reach the oocyte membrane, accounting for the immediate nAChR lipid 

environment is difficult, given the small amount of injection volume (46 nL) compared to 

the membrane bilayer (0.5 mm diameter). Since all experiments were performed > 16 

hours after injection into the oocyte, with consistent results day to day, it is unlikely that 

short-term (i.e., milliseconds to minutes), annular lipid diffusion of membrane 

components [272, 273] in crude or reconstituted nAChR injections accounts for the 

difference seen in ion flux amplitude. However, non-annular lipids may have slower 

diffusion rates [274], which may have implications to both the results seen here and to 

the lipid environment-function relationship in general. 

The mechanisms of translocation of the nAChR to the oocyte membrane is not well-

understood [242]. Inherent properties of lipids surrounding the nAChRs between 

preparations, or the relative purity of each preparation, could cause differential 
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amounts of expression or different orientation of nAChRs in the membrane itself, with a 

higher proportion of asolectin-reconstituted nAChRs having more favorable orientation 

or translocation to the membrane. 

Interrogation of this issue could be performed by photolabeling a component of the 

extracellular domain (e.g., with a tagged, irreversibly-binding toxin like α-bungarotoxin) 

in intact oocytes and comparing it to the same photolabeling of oocytes which have 

been pierced, allowing access to the inside of the oocyte [244]. The difference in 

photolabeling between both preparation conditions would give insight to both gross 

receptor placement and orientation of the receptor. 

7.4 nAChRs and Ivermectin 

Ivermectin (IVM), a compound with powerful anthelmintic effects [275], selectively kills 

invertebrates by binding to glutamate-gated chloride channels (GluClRs) [276]. GluClRs, 

like GABAA, 5-HT3, glycine, and some human nACh receptors, are part of the Cys-loop 

receptor family, but lower IVM potency in mammalian receptor types make it an 

effective antiparasitic [277-280]. A resolved crystal structure shows IVM bound to each 

of the 5 intersubunit interfaces between M1 and M3 helices in the transmembrane (TM) 

domain of GluClα [281]. Differences between the GluCl and GABAA receptors make 

identification of the binding site in GABAA receptors ambiguous; some theories related 

to binding residues on GluClRs including a glycine on the M3 helix which GABAARs lack 

[282, 283], and hydrogen bonds with several residues on the M2 helix [281] that differ 
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in GABAARs may explain differences in IVM affinity or binding orientation to GABAARs 

[284]. 

IVM nevertheless activates α1β1γ2 GABAARs in the 0.1 μM– 125 μM concentration 

range, maximally at 20–50 μM and with an EC50 of 7.1 ± 0.8 μM [215]. 3,3’,5-

Triiodothyronine (T3) inhibits IVM action on α1β1γ2 GABAARs, and a Schild analysis 

suggests a possible competitive mode of inhibition, although vulnerabilities of Schild 

analysis and incomplete inhibition of IVM by T3 prevent certainty about a simple 

relationship [215]. Docking studies with IVM show that it could bind at any of the five 

intersubunit TM domain interfaces in GABAARs, with the most favorable site being at the 

β-α subunit interface. 

Nicotinic acetylcholine receptors, however, show different data. Direct administration of 

IVM showed no effect on ion channel flux when compared with infusion with its vehicle 

solution (buffer containing 1% DMSO, which caused a slight and gradual change in 

baseline current) (data not shown). Co-administration of 30 μM IVM with increasing 

amounts of carbachol showed no statistically significant difference in evoked current. 

Inspection of the concentration curve indicates a possible, slight potentiating effect due 

to 30 μM IVM of carbachol at low carbachol doses, but this effect does not reach 

significance (data not shown).  

To account for the lack of response of nAChRs to IVM, we considered the respective 

structures of nAChRs and IVM-activatable receptors. Inspection of differences between 

IVM-activatable GluClRs and nAChRs show that a leucine inhabits the M3 glycine 
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position, and homologous residue orientations are changed relative to one another 

[284]. This may account for the differential activity of IVM in GluCl when compared to 

action at nAChRs. 

7.5 nAChRs and Isoflurane 

Introduction 

General anesthetic action is not fully understood despite nearly 170 years of medical 

relevance [285]. Isoflurane, a volatile, halogenated inhaled anesthesia, inhibits nAChRs, 

yet its precise binding site (and precise number of binding sites on the receptor) is not 

presently known. However, three likely binding sites exist for isoflurane in the nAChR: at 

an intersubunit site, at an intrasubunit site unique to the nAChR, and at the nAChR 

channel pore [286]. Functional study of the related prokaryotic Gloeobacter ligand-

gated ion channel (GLIC) shows functional evidence of multiple sites of inhaled 

anesthesia binding, possibly suggesting negative cooperativity, in which the binding of 

one ligand molecule to the receptor precludes binding of another molecule to another 

site at low concentrations [287]. 

We administered increasing concentrations of isoflurane with EC50-evoking 

acetylcholine concentrations of both crude-membrane and asolectin-reconstituted 

nAChR preparations in oocytes in order to investigate the possibility of multiple binding 

sites predicted previously [286]. We found evidence suggesting multiple inhibitory 

binding sites for isoflurane, although specificity about binding affinity to such sites 

cannot be drawn conclusively from the data. 
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Results 

The inhibition curve of ACh-evoked ion flux is different than those of other inhibitors in 

the present study. This inhibitor, at high concentration, leads to 100% abolishment of 

ACh-evoked ion flux. Also, the inhibitory effect is seemingly biphasic, an effect seen in 

other investigations of the halogenated inhalants halothane on nAChRs [288] and of 

isoflurane in GLIC [287]. The inhibition curves of both crude membrane and asolectin-

reconstituted nAChRs were similar, showing an initial inhibition at low concentration, 

followed by a lack of inhibition (or, in crude-membrane-based preparations, 

potentiation), followed by abrogation of ACh-elicited signal. 

 

Figure 1. Inhibition of nAChRs by isoflurane. Oocytes were injected with either crude 
membrane (green circles) or sodium cholate-asolectin reconstituted nAChRs (red 
squares) and subjected to increasing doses of isoflurane in addition to 30 µM ACh. Error 
bars denote standard error of the mean (SEM). 

Discussion 
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We describe a biphasic inhibition of ACh-evoked ion flux due to isoflurane, which 

inhibits, lacks inhibition/potentiates, and blocks all ion flux at increasing concentrations. 

This is consistent with data seen in other studies of similar anesthetics [289] and may 

give evidence for more than one isoflurane binding site, as has been predicted [286]. 

Theoretical prediction also may explain the potentiating effect noted at 100 µM 

isoflurane, as a unique sequence variation in nAChRs affords a possible potentiating 

intrasubunit site not seen in some related channels. If a multiple-site binding modality is 

true, these results may exhibit negative cooperativity, as has been suggested in 

isoflurane experiments with GLIC [287], which, notably, showed no potentiating effect 

due to isoflurane. 
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7.6 nAChRs and Supplemental Figures 

 

 

Supplemental Figure 1. Inhibition of nicotinic acetylcholine receptor response to 
acetylcholine by T3, PS, and triac. The dose-response curves for the effect of increasing 
concentrations of 0.1 µM-100 µM T3, PS, or triac on ACh-stimulated current, 
represented as a percentage of the response to ACh without any additional ligands. The 
data are represented as mean ± SEM. For each data point, n = 3-7. 

 

Supplemental Figure 2. Inhibition of carbachol by allopregnanolone. The dose-
response curves for the effect of increasing concentrations of 0.1 µM-100 µM 
allopregnanolone on carbachol (Cch)-stimulated current, represented as a percentage of 
the response to carbachol without any additional ligands. The data are represented as 
mean ± SEM. For each data point, n = 5.  
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