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Abstract

We examined the role that serotonin has in the modulation of sleep and wakefulness across a 12-h:

12-h light-dark cycle and determined whether temperature and motor activity are directly 

responsible for potential disruptions to arousal state. Telemetry transmitters were implanted in 24 

wild-type mice (Tph2+/+) and 24 mice with a null mutation for tryptophan hydroxylase 2 

(Tph2−/−). After surgery, electroencephalography, core body temperature, and motor activity were 

recorded for 24 h. Temperature for a given arousal state (quiet and active wake, non-rapid eye 

movement, and paradoxical sleep) was similar in the Tph2+/+ and Tph2−/− mice across the light-

dark cycle. The percentage of time spent in active wakefulness, along with motor activity, was 

decreased in the Tph2+/+ compared with the Tph2−/− mice at the start and end of the dark cycle. 

This difference persisted into the light cycle. In contrast, the time spent in a given arousal state was 

similar at the remaining time points. Despite this similarity, periods of non-rapid-eye-movement 

sleep and wakefulness were less consolidated in the Tph2+/+ compared with the Tph2−/− mice 

throughout the light-dark cycle. We conclude that the depletion of serotonin does not disrupt the 

diurnal variation in the sleep-wake cycle, motor activity, and temperature. However, serotonin may 

suppress photic and nonphotic inputs that manifest at light-dark transitions and serve to shorten the 

ultraradian duration of wakefulness and non-rapid-eye-movement sleep. Finally, alterations in the 

sleep-wake cycle following depletion of serotonin are unrelated to disruptions in the modulation of 

temperature.
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Serotonin has a complex role in regulating sleep and wakefulness across the light-dark cycle. 

A number of experimental methods including pharmacological depletion of serotonin, 

serotonergic neuronal recordings or lesioning, and the administration of serotonin receptor 

agonists and antagonists have been employed to examine the effect of serotonin on the sleep-

wake cycle (see Refs. 11, 29, and 45 for reviews of this topic). The results have led to 

important but equivocal findings. Early on, investigators surmised that serotonin promoted 

sleep, but more recent studies have indicated that serotonin promotes wakefulness and has a 

role in minimizing the transitional state between wake and sleep (21, 45). The equivocal 

nature of the findings in part represents the complexity of the serotonergic system, which is 

composed of at least 16 different receptor subtypes in the brain (6, 19, 36) and its 

interactions with other neuromodulators to regulate the sleep-wake cycle (39). Alternatively, 

methods that lack specificity have also contributed to the ambiguous findings.

Recently, transgenic mouse models that are linked to the life-time depletion of central 

nervous system serotonin have been developed (1, 15–18, 31, 43). These models could 

provide important information regarding the role of serotonin in the regulation of the sleep-

wake cycle. However, to our knowledge only one study has used direct measures (i.e., 

electroencephalograms and electromyograms) of arousal state to examine sleep and 

wakefulness in transgenic mice with depleted serotonin. Buchanan and Richerson (8) 

reported that Lmx1bf/f/p mice spent more time awake and less time in non-rapid-eye-

movement sleep compared with wild-type mice. Alterations in the sleep-wake cycle were 

reported to be a consequence of the inability to maintain core body temperature during sleep 

when atmospheric temperature was below 30°C (8). Consequently, Buchanan and Richerson 

surmised that the increased amount of wakefulness, accompanied by increased motor 

activity, occurred to maintain core body temperature at the expense of a disrupted sleep-

wake cycle (8). Given the interpretation of these findings (see DISCUSSION for further 

comment), it remains unclear if alterations in the sleep-wake cycle occur independent of 

modifications in the regulation of core body temperature and motor activity in mice 

genetically depleted of brain serotonin. Likewise, it is uncertain if alterations in the sleep-

wake cycle of the Lmx1bf/f/p model were a consequence of the elimination of serotonergic 

neurons or serotonin per se (18).

These uncertainties can be addressed using the tryptophan hydroxylase 2 (Tph2−/−) 

knockout model (1, 31, 43). Tryptophan hydroxylase 2 is the rate-limiting enzyme in the 

conversion of tryptophan to serotonin. In Tph2−/− mice central nervous system serotonin is 

depleted in the presence of intact serotonin neurons (1, 31, 43). Hickner et al. (15) and 

Alenina et al. (1, 31) reported that Tph2−/− mice are capable of regulating core body 

temperature under room air conditions and that these animals display increases in activity 

during wakefulness even when core body temperature is at or near-normal values (1, 31). 

Despite these findings, Alenina and colleagues (1) reported that Tph2−/− mice spent more 
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time sleeping than awake. However, this finding had limited support since sleep and 

wakefulness were determined by the absence or presence of prolonged activity, respectively 

(1). Consequently, direct measures of sleep and wakefulness were not available to accurately 

characterize sleep architecture in Tph2−/− mice (e.g., quiet wake vs. non-rapid-eye-

movement sleep, and non-rapid- eye-movement sleep vs. paradoxical sleep). Thus, in the 

present investigation, electroencephalography and electromyography were employed to 

compare the sleep-wake architecture of Tph2+/+ and Tph2−/− mice over a 12-h:12-h light-

dark cycle. Core body temperature, standardized for arousal state, along with motor activity 

was measured to examine whether or not serotonergic regulation of these variables affected 

sleep-wake architecture. Based on the premise that serotonin promotes wakefulness, we 

hypothesized that Tph2−/− mice would experience hypersomnolence in the presence of an 

appropriately modulated core body temperature. Our hypotheses was supported in that core 

body temperature for a given arousal state was modulated in a similar fashion in Tph2+/+ and 

Tph2−/− mice. Contrary to our hypotheses, Tph2+/+ and Tph2−/− mice spent a similar 

percentage of time in a given state of arousal across the majority of time points over the 24-h 

cycle, although sleep was more consolidated in Tph2−/− mice. Moreover, at the onset of the 

light and dark cycle, and at the termination of the dark cycle, increases in active wakefulness 

and decreases in non-rapid-eye-movement sleep were evident in the Tph2−/− mice.

METHODS

Animals

All experiments were approved by Wayne State University Institutional Animal Care and 

Use Committee. The experiments were performed on young adult male C57BL/6-129Sv 

mice (24 Tph2+/+ and 24 Tph2−/−). The Tph2−/− mice were bred in our facility as described 

previously (2, 3, 43). Our published findings confirm that serotonin neurons in these 

transgenic mice are intact but serotonin is not detectable in the central nervous system (43). 

The mice were individually housed on a 12-h:12-h light-dark cycle (6 AM lights on and 6 

PM lights off). The laboratory temperature was 23.8 ± 0.3°C and the humidity was 20.5 

± 3.0%. Food and water were available ad libitum.

Protocol

To measure temperature, activity, and electroencephalography, one-lead biopotential 

telemetry transmitters (model TA11ETA-F10, Data Sciences International, St. Paul, MN) 

were surgically implanted into 34 mice (17 Tph2+/+ and 17 Tph2−/−). Two-lead biopotential 

telemetry transmitters (model TL11M2-F20-EET, Data Sciences International) were 

implanted in an additional subset of mice (7 Tph2+/+ and 7 Tph2−/−) to also measure 

electromyography. The weights of the one-lead and two-lead biopotential telemetry 

transmitters were 1.9 and 3.9 g, respectively. The mice were given at least 4 days of recovery 

or until the mice exhibited normal weight gain. Electroencephalography, electromyography, 

temperature, and activity were then measured for a 24-h period from 6 AM to 6 PM. On the 

following day activity was recorded for 3 h in the morning (7 AM to 10AM) and 3 h in the 

evening (7 PM to 10 PM) using Fusion Activity Cages (Accusan, Omnitech Electronics, 

Columbus, OH) in 18 Tph2+/+ and 17 Tph2−/− mice. Throughout the experiments the mice 
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were unanesthetized and kept in their home cages to move freely with food and water ad 

libitum.

Surgical procedures

Sterile surgery was performed with the mice under anesthesia, using an intra-peritoneal 

injection of ketamine (80 mg/kg) and xylazine (10 mg/kg). One-fourth of the anesthetic dose 

was used as a supplement as needed throughout surgery. Bupivacaine was injected along the 

incision sites (2 mg/kg, divided among the incision sites). A temperature-controlled heating 

pad (HTP-1500 Heat Therapy Pump, Kent Scientific, Torrington, CT) was used to maintain 

normal body temperature during and after surgery.

The abdominal cavity of the mouse was exposed using a midline incision. A sterile 

telemetry transmitter was then inserted into the peritoneal cavity. The electrode leads were 

threaded through the abdominal wall and tunneled subcutaneously to the cranium of the 

mouse. The muscle of the abdomen was closed using 4-0 absorbable sutures (Ethicon, 

Cincinnati, OH), and wound clips were used to close the skin of the abdomen.

The skull was exposed using a midline incision, cleaned with hydrogen peroxide, and 

stabilized using a stereotaxic frame (model 51730, Stoelting, Wood Dale, IL). Two holes 

were drilled into the skull on each side 1–2 mm lateral to the midline and 1–2 mm anterior 

to the lambda fissure. Electrode wires were placed in the holes and secured using Vetbond 

(3M, St. Paul, MN). The electromyographic leads were threaded through the neck muscle 

and secured with Vetbond 2 mm apart from each other. The incision was closed using 4-0 

nonabsorbable suture (Ethicon).

Lactated Ringer was administered postsurgery and throughout the recovery period, as 

needed. Buprenorphine (0.1 mg/kg) was administered subcutaneously every 12 h for at least 

2 days and carprofen (0.5 mg/kg) once a day for at least 2 days, following surgery. The mice 

were weighed and monitored daily.

Data collection and analysis

The telemetry signals were detected by a receiver (model RPC-1, Data Science 

International) placed underneath each mouse cage. The signals were transmitted to a data 

exchange matrix (ACQ 7700, Data Sciences International) monitored using commercially 

available software (PONEMAH Physiology Platform; Data Sciences International). Core 

body temperature and electroencephalography from the one-lead biopotential telemeter was 

acquired at a rate of 200 Hz (model TA11ETA-F10, Data Sciences International), while 

electroencephalography and electromyography measures from the two-lead biopotential 

telemeter were sampled at 100 Hz (model TL11M2-F20-EET, Data Sciences International). 

Movement episodes were sampled at 16 Hz.

The acquired data were divided into 10-s epochs and analyzed using a commercially 

available software package (Neuroscore Version 3.0, Data Sciences International). Arousal 

state (i.e., quiet wake, active wake, non-rapid-eye-movement sleep, and paradoxical sleep) 

was scored visually using the electroencephalograms and electromyograms when available. 

If an epoch was scored as wakefulness and movement was detected by the implanted 
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telemeter, the epoch was deemed active wake. In the additional subset of mice, active 

wakefulness was also confirmed using electromyograms. Corresponding periodograms of 

defined power bands, which included bandwidths from 0.5 to 4 Hz (δ), 6 to 9 Hz (θ), 9 to 12 

Hz (α), 16 to 31 Hz (β), and 32 to 100 Hz (γ) (note that the γ periodogram was only acquired 

for the one-lead biopotential telemeter), along with measures of activity and temperature, 

were used to confirm visual identification of arousal state. Increases in the θ-to-δ power 

band ratio (θ/δ) in conjunction with the absence of activity counts and neck 

electromyographic activity, when available, were used to confirm paradoxical sleep. 

Additionally, increases in δ-to-γ (δ/γ) and δ-to-total power ratios (δ/total power) in 

conjunction with reduced electromyographic activity, decreases in temperature, and the 

absence of activity were used to confirm non-rapid-eye-movement sleep. When more than 

one state of arousal was observed in a single 10-s epoch, the dominant arousal state (>50%) 

was selected. After the arousal state was scored, the data were divided into 12 2-h bins. The 

percentage of total time spent in each state of arousal, along with corresponding measures of 

activity and temperature for each arousal state, was determined for each 2-h bin. 

Temperature measures corresponding to consolidated arousal states, which we defined as 

three consecutive epochs of a given state, were analyzed to avoid temperature measures 

associated with transitions between arousal states. The total number of non-rapid-eye-

movement sleep bouts (defined as periods of uninterrupted sleep of 10 s or greater) and the 

average duration of each bout was determined for each 2-h bin. Additionally, the average δ/γ 

and δ/total power ratio in non-rapid-eye-movement sleep was determined for each 2-h bin.

Measures of activity were obtained every minute using Fusion Activity Cages (Accusan, 

Omnitech Electronics, Columbus, OH). Total distance, total number of counts, movement 

time (i.e., the length of time a mouse is engaged in either ambulatory or sterotypy activity), 

ambulatory activity counts (i.e., number of beam breaks related to ambulation), stereotypy 

activity counts (i.e., number of beam breaks related to stereotypy behavior), and movement 

episodes (i.e., total number of locomotor episodes defined as movement separated by rest 

periods of at least 1 s) were quantified. Stereotypy behavior was identified if the same beam 

or set of beams were repeatedly broken. This pattern is typically associated with grooming 

behaviors. Given that the differences between the Tph2+/+ vs. Tph2−/− mice were similar in 

the 7–10 AM and 7–10 PM recording sessions, the data were averaged across the morning 

and evening sessions.

Statistical analysis

A three-way repeated measures analysis of variance (ANOVA) in conjunction with Student-

Newman-Keuls post hoc test (GB-STAT 8.0, Dynamic Microsystems, Silver Spring, MD) 

was used to compare the percentage of time spent in a given state of arousal (i.e., wake, 

active wake, non-rapid-eye-movement and paradoxical sleep), as well as the corresponding 

temperature measured during each state. The factors in the ANOVA were mouse genotype 

(Tph2+/+ vs. Tph2−/−), time (6 × 2 h bins), and cycle (light vs. dark). A similar analysis was 

used to compare non-rapid-eye-movement sleep bouts, the mean duration of each bout and 

movement episodes during active wakefulness that was measured via telemetry. This 

analysis was also used to compare the δ/γ and δ/total power ratios between the Tph2+/+ and 

Tph2−/− mice. The factors in the ANOVA were mouse genotype (Tph2+/+ vs. Tph2−/−) and 
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arousal state (non-rapid vs. paradoxical vs. wake vs. active wake). An unpaired t test was 

used to compare the age and weight of the Tph2+/+ and Tph2−/− mice. A similar analysis 

was used to compare the total distance, movement episodes, movement time, ambulatory 

activity, and stereotypy activity measured from the Tph2+/+ and Tph2−/− mice for the 3-h 

periods during the light and dark cycle. The data presented in the text and figures are means 

± SE. P < 0.05 was considered statistically significant and 0.05 < P < 0.07 was considered to 

indicate a tendency towards statistical significance.

RESULTS

The ages of the Tph2+/+ and Tph2−/− mice were similar (17.12 ± 0.45 vs. 17.21 ± 0.42 wk), 

whereas the Tph2+/+ weighed less than the Tph2−/− mice (25.29 ± 0.52 vs. 27.84 ± 0.45 g; P 
< 0.001). As expected, the percentage of time spent in non-rapid-eye-movement and 

paradoxical sleep was greater during the light compared with the dark cycle (P < 0.0001) in 

both Tph2+/+ and Tph2−/− mice (Fig. 1, A and B). The percentage of non-rapid-eye-

movement and paradoxical sleep at the onset of the light and dark cycle was less compared 

with values measured throughout the remainder of the cycle (P ≤ 0.0001) in both groups 

(Fig. 1, A and B). At the onset of the light and dark cycle and at the termination of the dark 

cycle (P ≤ 0.01), the percentage of time in non-rapid-eye-movement sleep was greater in the 

Tph2+/+ compared with the Tph2−/− mice (light onset: P < 0.07; dark onset: P < 0.05; last 2 

h of dark: P ≤ 0.01) (Fig. 1A). Throughout the remaining time points in non-rapid-eye-

movement sleep, and all through paradoxical sleep, the percentage of time spent in a given 

state was similar in the Tph2+/+ and Tph2−/− mice (Fig. 1, A and B). In addition, δ/γ 

(Tph2+/+ vs. Tph2−/−: 3.7 ± 0.47 vs. 4.1 ± 0.6) and δ/total power (Tph2+/+ vs. Tph2−/−: 0.26 

± 0.01 vs. 0.26 ± 0.01) during non-rapid-eye-movement sleep over the light-dark cycle was 

similar between groups. Despite these similarities, the average number of sleep bouts during 

non-rapid-eye-movement sleep was greater (P < 0.003) while the bout duration was reduced 

(P < 0.001) in the Tph2+/+ compared with the Tph2−/− mice (Fig. 2, A and B).

The percentage of time awake was less in the light compared with the dark cycle in both 

groups during quiet and active wake (P < 0.0001) (Fig. 1, C and D). The percentage of quiet 

and active wake at the onset of the light and dark cycle was greater compared with values 

measured throughout the remainder of the cycle (P ≤ 0.0001) (Fig. 1, C and D). At the onset 

of the light and dark cycle and at the termination of the dark cycle (P ≤ 0.01), the percentage 

of time in active wakefulness was less in the Tph2+/+ compared with the Tph2−/− mice (P < 

0.03) (Fig. 1D).

Activity was reduced in both groups during the light compared with the dark cycle (P < 

0.0001) (Fig. 3A). The greatest activity was evident at the onset of the light and dark cycle 

and at the termination of the dark cycle (P ≤ 0.0001). However, the average number of 

movement episodes during wakefulness was less in the Tph2+/+ mice independent of the 

light or dark phase (P < 0.003) (Fig. 3A). This finding is supported by the activity cage data 

that showed that the total distance (P < 0.02), number of movement episodes (P < 0.02), 

movement time (P < 0.02), ambulatory activity counts (P < 0.01), and stereotypy activity (P 
< 0.05) counts were less in the Tph2+/+ compared with the Tph2−/− mice (light and dark 

phase combined) (Fig. 3B).
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The temperature during non-rapid-eye-movement sleep, paradoxical sleep, quiet 

wakefulness, and active wakefulness was modulated in a similar manner in the Tph2+/+ and 

Tph2−/− mice over the 24-h period (Fig. 4). In other words, for all arousal states temperature 

was lowest during the light phase and highest during the dark phase in both the Tph2+/+ and 

Tph2−/− mice (P < 0.001) (Fig. 4). Within a given phase, the temperature during sleep or 

wake was similar in the Tph2+/+ and Tph2−/− mice (Fig. 4).

DISCUSSION

Our results showed that a diurnal variation in arousal state, motor activity, and temperature 

was evident despite the genetic depletion of central nervous system serotonin. However, at 

the onset of the light and dark cycle and at the termination of the dark cycle, a reduction in 

non-rapid-eye-movement sleep coupled to an increase in active wakefulness and motor 

activity was evident in the Tph2−/− mice. Likewise, throughout the 12-h:12-h light-dark 

period, sleep and wakefulness were more consolidated (i.e., sleep and wake bouts were more 

prolonged) in Tph2−/− mice. We also established that temperature for a given arousal state 

was appropriately modulated throughout the light-dark cycle despite depletion of serotonin 

in the central nervous system.

Diurnal modulation of arousal state, temperature, and motor activity

As expected, a diurnal variation in temperature, arousal state, and motor activity was evident 

in the Tph2+/+ mice in the present investigation. Temperature, wakefulness, and motor 

activity were greater, while sleep was reduced, in the dark compared with the light phase. 

Despite the depletion of serotonin, diurnal oscillations in temperature, arousal state, and 

motor activity were also evident in the Tph2−/− mice. Although diurnal variations in 

temperature have not been extensively documented in serotonin-depleted transgenic mice, 

our results are in agreement with studies that reported diurnal alterations in arousal state in 

Tph2−/− (1) and Lmx1bf/f/p (8) mice and motor activity in PET1−/− mice (10, 34). Our 

findings are also in agreement with some studies that have reported diurnal variations in 

locomotor activity following pharmacological depletion of serotonin (7, 22, 30), but are in 

contrast to other studies that indicated that this perturbation eliminates the diurnal nature of 

the sleep-wake cycle (20, 28, 33) and locomotor activity (28, 33). The maintenance of a 

diurnal pattern in the sleep-wake cycle, motor activity, and temperature suggests that the role 

of the suprachiasmatic nucleus in modulating the physiological variables across the 12-h:12-

h light-dark cycle is preserved despite the depletion of serotonin. This speculation is 

supported by the recent findings of Miyamoto and colleagues (28) who reported that diurnal 

neuronal activity within the suprachiasmatic was maintained despite the pharmacological 

depletion of serotonin.

Although a diurnal pattern in the measured physiological variables was evident in the 

Tph2+/+ and Tph2−/− mice, some differences were clearly apparent at the onset of the light 

and dark cycle and at the termination of the dark cycle. Active wakefulness in tandem with 

motor activity was greater, and non-rapid eye movement sleep was less at the onset of the 

light and dark periods and at the termination of the dark phase in the Tph2−/− mice, while 

the modulation of temperature was not disrupted. These alterations could be indicative of 
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disruption in the diurnal modulation of arousal state and motor activity that are a 

consequence of the life-long depletion of central nervous system serotonin. Alternatively, it 

could be argued that the observed adaptations are simply unique to the inbred strain(s) of 

mice used in our investigation, as previously reported (4, 12, 42). However, examination of 

the Tph2+/+ mice in our study indicates that the arousal state and motor activity response 

during the dark phase was not bimodal; supporting the premise that the modifications 

observed in the Tph2−/− mice were a consequence of the genetic depletion of serotonin.

The differences in arousal state and motor activity that we observed at the onset of the light 

and dark cycle, and at the termination of the dark cycle, have not been previously reported in 

Tph2−/− and Lmx1bf/f/p mice (1, 8). In contrast, differences in motor activity at the onset of 

the light and dark period and at the terminal end of the dark period have been documented in 

other species following pharmacological depletion of serotonin (22, 26) and in PET1−/− mice 

that are characterized by an 80% reduction in serotonergic neurons accompanied by a 

similar reduction in serotonin (10, 34). In contrast to our findings, the increase in activity at 

the onset of the dark period was greater in PET1+/+ compared with PET1−/− mice (10, 34). 

The increase in activity was followed by a pronounced decline in motor activity throughout 

most of the dark phase so that motor activity in the PET1−/− mice eventually exceeded wild-

type measures (10, 34). Our results are similar to the findings in the PET1−/− mouse in that 

motor activity abruptly increased at the terminal end of the dark phase, whereas in the wild-

type animals this increase was either not evident or the amplitude of the increase was 

significantly less. Our results were also similar to the elevated level of activity at the onset of 

the light phase previously reported in PET1−/− mice (10).

The mechanisms responsible for the disruption in active wakefulness and motor activity at 

the onset of the light and dark cycle and at the termination of the dark cycle were not 

determined in our investigation. However, given that serotonin is known to suppress 

glutamatergic inputs from the retina to the hypothalamus in response to light (26, 37, 40, 
47), we speculate that this mechanism contributed to the maintenance of elevated levels of 

active wakefulness and motor activity at the onset of the light phase in the Tph2−/− mice. 

Likewise, it is apparent that a similar serotonergic modulatory suppression of 

neurotransmitters that contribute to arousal and motor activity might occur at the start and 

end of the dark phase. There are multiple neurotransmitters that affect arousal state and 

motor activity in the dark phase whose release is modulated (i.e., suppressed) by serotonin, 

including orexin (44), norepinephrine (13, 25, 35), glutamate (40, 41), ghrelin (23), and 

nitric oxide (whose release is dependent on glutamatergic receptor activation in the 

suprachiasmatic nucleus) (27). Moreover, although serotonin could be interacting with 

separate neurotransmitters at the start and end of the dark cycle, it is interesting to note that 

some of the neurotransmitters listed are characterized by increased levels at the start and end 

of the dark phase (27, 32). However, whether or not the depletion of serotonin eliminates the 

suppression of neuronal inputs that release one of the listed neurotransmitters and results in 

a time-specific disruption in the sleep-wake cycle and motor activity remains to be 

determined.
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Modulation of arousal state, temperature, and motor activity within the light and dark 
phase

Although increases in active wakefulness and decreases in non-rapid-eye-movement sleep 

were evident in Tph2−/− mice at the onset of the light and dark cycle and at the termination 

of the dark cycle, the duration of time spent in each arousal state was appropriately 

modulated at the remaining time points in the Tph2−/− mice. Likewise, temperature was 

correctly modulated during sleep, as well as the other arousal states, under conditions of 

normal room temperature. Further studies are necessary to confirm that the appropriate 

modulation of temperature, recorded from the abdominal cavity in our study, is evident in 

brain and brown adipose tissue. Interestingly, an increase in motor activity was evident in the 

Tph2−/− mice even though temperature and arousal state was appropriately modulated in the 

Tph2−/− mice. This latter finding is similar to previous studies which reported that 

pharmacological (14, 46) or transgenic (1) depletion of serotonin is accompanied by 

hyperactivity. Moreover, our results revealed that increased levels of activity during 

wakefulness are not necessarily linked to declines in core body temperature during sleep in 

mice depleted of central nervous system serotonin. This finding is in contrast to previous 

results which indicated that non-rapid-eye-movement sleep was reduced and wakefulness 

increased in Lmx1bf/f/p mice compared with wild-type mice when room temperature was 

23°C or 30°C (8). Buchanan and Richerson (8) surmised that the inability to maintain core 

body temperature was responsible for sleep disruption in Lmx1bf/f/p mice. More specifically, 

these authors stated, but did not extensively document, that temperature decreased 

precipitously during sleep over the 24-h period in Lmx1bf/f/p compared with the wild-type 

mice, leading to arousal from sleep and increased activity during wakefulness to maintain 

core body temperature (8). The reason that core body temperature was appropriately 

modulated during sleep in our serotonin-depleted mice but not the Lmx1bf/f/p mice at normal 

room temperature is unknown but may be related to differences between transgenic models 

(18). Serotonergic neurons are absent or reduced in number in Lmx1bf/f/p mice but remain 

intact in Tph2−/− mice. Nevertheless, Buchanan and Richerson (8) hypothesized that their 

findings might explain earlier discoveries which indicated that serotonin is sleep promoting; 

since the insomnia observed following the pharmacological depletion of serotonin could 

have been due to the inability to maintain core body temperature rather than a consequence 

of serotonin depletion per se. However, the increase in active wakefulness that we observed 

at the onset of the light and dark cycle and at the termination of the dark cycle (see Diurnal 
modulation of arousal state, temperature, and motor activity), despite the correct modulation 

of temperature, would suggest otherwise. Despite the differences observed at normal room 

temperature, our results obtained in the Tph2−/− mice reflect those obtained in the 

Lmx1bf/f/p mice when core body temperature was presumably maintained at an appropriate 

level during sleep when room temperature was 33°C (8). Consequently, serotonin might 

have little influence on the time spent in wakefulness and sleep throughout most of the light-

dark cycle.

Although the time spent in a given arousal state remained unaltered in the Tph2−/− mice at 

most points in the sleep-wake cycle, the architecture of the cycle was affected by serotonin 

depletion, since the duration increased and the number of sleep bouts decreased in the 

Tph2−/− mice during non-rapid-eye-movement sleep. Similar alterations in sleep-wake 

Solarewicz et al. Page 9

Am J Physiol Regul Integr Comp Physiol. Author manuscript; available in PMC 2016 June 02.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



architecture were also reported previously in Tph2−/− (1) and Lmx1bf/f/p (8) mice under 

room temperature conditions of 23°C or 30°C but not 33°C. Although our observations are 

similar to previous findings in Tph2−/− mice (1), our interpretation of the outcome differs 

because electroencephalograms were used to identify arousal state in our investigation while 

sleep was documented indirectly (i.e., activity levels) previously (1). Based on this indirect 

method, Alenina and colleagues (1) hypothesized that the prolonged sleep bouts in Tph2−/− 

mice was indicative of an increase in the percentage of time spent in non-rapid-eye-

movement sleep, supporting the role of serotonin as a wake-promoting neuromodulator (1). 

However, as indicated by our electroencephalogram findings, it is probable that the 

prolonged sleep bouts did not reflect an increase in the percentage of time spent in non-

rapid-eye-movement sleep.

Instead, alterations in the composition of the sleep-wake cycle in the Tph2−/− mice (1) and 

Lmx1bf/f/p mice (8) suggest that the arousal threshold might be increased in mice with 

depleted central nervous system serotonin. Given these findings, we were interested in 

determining whether the higher arousal threshold was simply a reflection of differences in 

the depth of sleep. However, the δ/γ and δ/total power ratios during non-rapid-eye-movement 

sleep were similar in the Tph2+/+ and the Tph2−/− mice. Thus modifications in arousal 

threshold leading to prolonged sleep bouts occurs independent of the depth of sleep 

following depletion of serotonin in the central nervous system. It is of interest to note that 

potential alterations in arousal threshold that may have been responsible for the alterations in 

sleep architecture in our Tph2−/− mice were independent of the control of temperature 

during sleep. In contrast, differences in bout length between wild-type and Lmx1bf/f/p mice 

were eliminated once room temperature was increased from 23°C and maintained at 33°C 

(8). The increase in sleep bout length that presumably reflected an increased arousal 

threshold at 23°C in the Lmx1bf/f/p is perplexing, given the proposed hypothesis that 

increases in active wakefulness were necessary to elevate core body temperature following 

significant reductions during sleep in Lmx1bf/f/p mice compared with wild-type mice (8). 

From a survival standpoint, if activity was necessary to maintain core body temperature 

following depletion of serotonin in the central nervous system, it might be anticipated that 

the number of sleep bouts would be increased and the duration decreased to reflect lowering 

of the arousal threshold to prevent a precipitous decline in core body temperature during 

sleep. Given that this did not occur, it is possible that the decreases in core body temperature 

that were reported to occur during sleep in Lmx1bf/f/p mice were not a consequence of 

alterations in the modulation of temperature per se but rather was a consequence of the 

prolonged bouts of sleep, given that temperature decreases during sleep and its decline is 

linked to the duration and depth of sleep. Indeed, the length of sleep bouts in the Lmx1bf/f/p 

were double the length measured in our Tph2−/− mice, and the increase compared with wild-

type controls was greater in the Lmx1bf/f/p mice than our Tph2−/− mice (8). Thus alterations 

in the arousal threshold could account for the greater decrease in temperature that was 

reported. Nonetheless, overall our results indicate that the depletion of serotonin per se may 

be responsible for alterations in arousal threshold leading to disruption in sleep-wake 

architecture. Further studies are required to identify if alterations in the arousal threshold are 

linked to specific stimuli in Tph2−/− mice.
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In conclusion, the maintenance of a diurnal pattern in the sleep-wake cycle, motor activity, 

and temperature in our investigation suggests that the role of the suprachiasmatic nucleus in 

modulating the physiological variables across the 12:12 light-dark cycle is preserved despite 

the life-long depletion of serotonin. Whether or not our results reflect the effect of acute 

disruption in serotonergic neuronal activation and serotonin release on sleep and/or 

thermoregulation requires further investigation, since our findings could be a sign of central 

nervous system compensation for the loss of serotonin. Nevertheless, despite the 

maintenance of a diurnal periodicity, disruption in the timing (i.e., at the onset of the light 

and dark cycle, and at the termination of the dark cycle), and composition of the sleep-wake 

cycle (i.e., across the 24-h period) was evident. These results suggest that serotonin has a 

role in suppressing arousal inputs [i.e., photic and non-photic inputs (7, 37, 40, 47)] that 

serve to shorten the ultra-radian duration of wakefulness and non-rapid-eye-movement sleep 

at the start of the light and dark cycle and at the termination of the dark cycle.

Perspectives and Significance

Based on our summarized findings (see conclusions), we speculate that brain regions that 

control the sleep-wake cycle and motor activity downstream from the suprachiasmatic 

nucleus might be disrupted by the depletion of serotonin in the central nervous system. 

Indeed, Miyamoto and colleagues (28) showed that depletion of serotonin disrupted 

neuronal activity in the basal forebrain and preoptic area (i.e., brain regions that contribute to 

the control of the sleep wake cycle), as well as, the ventral subparaventricular zone, which 

relays information from the suprachiasmatic nucleus to the basal forebrain and preoptic area. 

This response occurred even though a diurnal variation in neuronal activity in the 

suprachiasmatic nucleus was preserved (28). Moreover, despite the increase in active 

wakefulness and motor activity at specific points of the light-dark cycle and alterations in 

composition of the sleep-wake cycle in our study, no disruption in quiet wakefulness, 

paradoxical sleep, or temperature occurred at any point across the light-dark cycle, as 

previously reported in rats and mice (28). Thus separate neuronal pathways and brain 

regions may be preferentially impacted by the depletion of serotonin. In support of this 

suggestion, Miyamoto and colleagues (28) reported that the diurnal rhythmicity of 

paradoxical sleep was maintained even though the rhythmicity of non-rapid-eye-movement 

sleep was abolished following the administration of ritanserin at the onset of the dark cycle 

in mice. Moreover, unique to the neuronal pathway responsible for controlling arousal state 

and motor activity, the dorsal subparaventricular zone is critical for controlling diurnal 

rhythms of body temperature through its projections to the medial preoptic region, which 

includes the median preoptic and ventromedial preoptic nuclei (38). Indeed, lesions of the 

ventral subparaventricular zone or dorsal medial hypothalamus cause a disruption of the 

diurnal sleep-wake rhythm and reduction of locomotor activity in rats, while brain 

temperature rhythm is not affected (5, 9, 24).
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Fig. 1. 
Line plots showing the percentage of time spent in non-rapid-eye-movement (NREM) sleep 

(A), paradoxical sleep (B), quiet wakefulness (C), and active wakefulness (D) over a 24-h 

period in Tph2+/+ (solid circles) and Tph2−/− (open circles) mice. Note that the Tph2+/+ 

compared with Tph2−/− mice experienced more NREM sleep and less active wakefulness at 

the start of the light and dark cycle and at the end of the dark cycle. Otherwise, the 

percentage of time spent in a given state of arousal was similar in the Tph2+/+ and Tph2−/− 

mice. §Significantly different from the dark cycle; ‡significantly different from Tph2−/− 

mice; †approaching statistical significance.
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Fig. 2. 
Line plots showing the average number of sleep bouts (A) and the average duration of bouts 

(B) during NREM sleep over a 24-h period in Tph2+/+ (solid circles) and Tph2−/− (open 

circles) mice. Note that the number of sleep bouts was greater and the duration of sleep 

bouts shorter in the Tph2+/+ compared with Tph2−/− mice. §Significantly different from the 

dark cycle; ‡significantly different from Tph2−/− mice; δsignificantly less compared with 

other bins in the dark cycle.
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Fig. 3. 
A: line plot showing the average number of movement episodes during active wakefulness 

over a 24-h period in Tph2+/+ (solid circles) and Tph2−/− (open circles) mice. B: histograms 

showing a number of activity cage measures obtained from the Tph2+/+ (solid bars) and 

Tph2−/− (open bars) mice. Note that the number of movement episodes was less in the 

Tph2+/+ compared with Tph2−/− mice throughout the 24-h period. Likewise, all activity cage 

measures were less in the Tph2+/+ compared with Tph2−/− mice. §Significantly different 

from the dark cycle; ‡significantly different from Tph2−/− mice.

Solarewicz et al. Page 17

Am J Physiol Regul Integr Comp Physiol. Author manuscript; available in PMC 2016 June 02.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



Fig. 4. 
Line plots showing the temperature in NREM sleep (A), paradoxical sleep (B), quiet 

wakefulness (C), and active wakefulness (D) over a 24-h period in Tph2+/+ (solid circles) 

and Tph2−/− (open circles) mice. Note that the temperature in the Tph2+/+ and Tph2−/− mice 

was modulated in a similar manner in each arousal state throughout the 24-h period. 

§Significantly different from the dark cycle.
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