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Abstract

Sleep deprived rats undergo a predictable sequence of physiological changes, including changes 

in skin condition, increased energy expenditure, and altered thermoregulation. Amino-cupric-silver 

staining was used to identify sleep deprivation related changes in the brain. A significant increase 

in staining was observed in the supraoptic nucleus (SON) of the hypothalamus of rats with high 

sleep loss (>45 h) vs. their yoked controls. Follow-up experiments showed that staining was not 

significantly different in rats sleep deprived for less than 45 h, suggesting that injurious sleep 

deprivation-related processes occur above a threshold quantity of sleep loss. These anatomical 

changes suggest that the effects of sleep deprivation may be related to protein metabolism in 

certain brain regions.
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1. Introduction

Chronic sleep deprivation has produced symptoms ranging from mild behavioral changes 

to cerebral hemorrhage and disrupted thermoregulation [1–3]. In early studies, deprivation 

was often not long enough to distinguish between homeostatically regulated increases in 

sleep tendency and biological deficits. Often such strong stimuli were used to maintain 

wakefulness that it was difficult to separate the effects of sleep loss from the effects of stress 

and motor fatigue. Early studies rarely quantified sleep loss.
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To achieve long-term, well-controlled sleep deprivation, Rechtschaffen and his colleagues 

[3] at the University of Chicago designed the disk-over-water method of sleep deprivation. 

In this method, the rat to be sleep deprived and a disk control animal are placed in 

neighboring cages whose common floor is a single horizontal disk that is suspended above 

a pan of shallow water. Whenever the disk rotates, both rats must walk opposite to disk 

rotation to avoid being carried into the water. The frontal electroencephalogram, EMG, and 

theta activity from the parietal encephalogram of both rats are monitored, and whenever the 

sleep deprived rat begins to sleep, a computerized system triggers disk rotation. The control 

rat is able to sleep as long as the disk is not turning, that is, whenever the sleep deprived rat 

is spontaneously awake.

This method produces a clear and reproducible syndrome in the sleep deprived rats. They 

seek higher environmental temperatures, indicating an elevated temperature setpoint [4,5]. 

Despite significantly increased food consumption, sleep deprived rats lose weight [3,6], 

indicating increased energy expenditure. Despite the increased energy expenditure and 

temperature setpoint, temperature eventually decreases, indicating excessive heat loss. The 

deprived rats develop ulcerative and hyperkeratotic skin lesions on paws and tail, and their 

fur takes on an unkempt and disheveled appearance during the second half of deprivation. 

A decrease of 2–3 standard deviations from baseline body temperature heralds a point of 

no return, past which recovery sleep cannot prevent death [7]. On average, rats die after 

approximately 2–3 weeks of sleep deprivation [6]. Disk control rats do not experience such 

extreme effects. In early experiments, no obvious signs of anatomically localized neuronal 

changes were observed using nissl staining [8]. If localized changes could be found, their 

sites, timing, and biochemical correlates could provide important clues to the function of 

sleep.

We used amino-cupric-silver staining to re-examine the question of whether sleep 

deprivation produces neuro-anatomically localized changes. The amino-cupric-silver method 

was developed by De Olmos and others [9] to identify damaged cell somas and processes. 

Staining is thought to result from the precipitation of ionic silver around chemical reducing 

groups present in damaged subcellular structures [10,11]. Because of their distributions 

within both somas and processes, cytoskeletal elements represent a likely substrate for 

amino-cupric-silver reactive staining [10,11]. Onset of reactive staining can occur within 

minutes of trauma [10] and can persist for days or weeks [9,12] As such, amino-cupric-silver 

staining can detect degenerative events occurring throughout a much longer time course 

than stains such as TUNEL, which identify irreversibly damaged cells in the process of 

apoptotic or necrotic cell death [13]. De Olmos and others have documented amino-cupric-

silver reactive staining of cells in response to diverse types of neural trauma, including 

neurotoxicants, hypoxia, and physical trauma [9,11,12,14]

2. Materials and methods

2.1. Sleep deprivation

All rats were adult Sprague–Dawley males with initial weights of 450–650 g. Sleep 

deprivation was by the disk-over-water method. Each sleep deprived rat was yoked to a 

disk control rat and an identically implanted home cage control rat, 14 such triads were 
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formed. The first four yoked triads were implanted with cortical screw electrodes placed 

over the dura after drilling holes through the cranium. Because the screws slightly depressed 

the dura, traces of reactive staining were apparent at these cortical sites. Therefore, a 

different kind of cortical electrode was used for the remaining 10 triads. Small silver plates 

were held with probes against the cranium at the desired loci while dental cement was 

placed over the tops of the electrodes and the surrounding cranium. Recording plugs were 

held to the cranium with dental cement placed over an anchoring screw threaded into the 

cranium over the cerebellum and over a stainless steel wire net that was threaded across 

the cranium through the zygomatic arches and small holes drilled through parietal ridges. 

Cortical electrodes attached in this manner did no damage to underlying tissue, and the only 

cortical data used were from rats implanted in this fashion.

Sleep deprivation was performed at the Chicago laboratory for 8–10 days using the disk-

over-water total sleep deprivation protocol described by Bergmann et al. [15].

However, actual amounts of sleep deprivation vary according to the specific sleep 

parameters entered into the computer program that controls disk rotation. A low threshold 

for disk rotation (relatively small increases in EEG amplitude or decreases in EMG 

amplitude) produces almost complete sleep deprivation in the targeted rat but also significant 

sleep loss in the control rat. A higher threshold for disk rotation reduces sleep loss in control 

rats, but also in experimental rats. Usually, lower thresholds increase the difference in sleep 

deprivation between the pairs [16].

EEG, EMG, and theta were recorded continuously for each sleep deprived and disk control 

rat and scored for sleep stages during baseline and experimental periods. Sleep loss was 

calculated by subtracting average sleep amounts during the experiment from average 

baseline sleep amounts. Initially, in seven triads of rats, the experimental rats were sleep 

deprived at a low threshold (high sleep loss, or ‘HSL’ animals), producing 89.1±20.3 h 

average accumulated sleep loss in the sleep deprived rats and 37.2±22.4 h of sleep loss in 

the disk controls. Functional sleep loss in HSL rats is probably under-estimated because, as 

discussed by Everson [17], much of their sleep results from increased low voltage NREM 

(analogous to human stage 1) which is of dubious functional value. A follow-up experiment, 

comprised of seven additional triads, examined rats that were moderately sleep deprived 

(moderate sleep loss, or ‘MSL’ animals). The sleep deprived rats in this group accumulated 

41±3.7 h of sleep loss on average, vs. 20±6.3 h in the disk controls.

2.2. Perfusion

At the end of the sleep deprivation period, all three rats in each yoked triad were 

immediately sacrificed using 0.7 ml of Nembutal administered intraperitoneally. Rats were 

perfused with 100 ml of a wash solution (9 g/l NaCl and 0.34 g/l Na–Cacodylate) followed 

by 600 ml of fixative (40 g/l paraformaldehyde and 14.34 g/l Na–Cacodylate). Since 

manipulation of the brain prior to fixation can cause artifactual amino-cupric-silver staining 

[9], the brains were left in situ after sacrifice. Small holes were drilled in the skull to allow 

fix to surround the brain, and the head was left in fixative overnight before the brain was 

removed. Each brain was assigned an arbitrary code number carrying no information about 
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its experimental condition, and all experimental information was kept in Chicago. Brains 

were sent to Neuroscience Associates (Knoxville, TN) via the Siegel lab in Los Angeles.

2.3. Analysis of amino-cupric-silver stained tissue

At Neuroscience Associates, the brains of yoked rats were gelatin embedded together in the 

same block prior to slicing at 40 μm, thereby insuring that the brains of all members of a 

triad were processed identically. A one-in-eight series (sections 320 μm apart) was stained 

using the amino cupric silver protocol as described previously [18] and then mounted on 

slides.

All analyses of the coded brains were performed at the laboratory in Los Angeles. Personnel 

who stained and evaluated the brains were blind to the experimental condition of each 

brain. The amino-cupric-silver stained tissue was examined carefully over its entire rostral to 

caudal extent for any sign of argyrophilic cells or reactive processes by a ‘blind’ evaluator. 

Once an area containing reactive items was identified, the staining was quantified in all 

brains by counting all stained objects within that area (profile counts). Any area containing 

even two or three reactive axons or cells in more than one brain was subjected to counts in 

all brains and to preliminary statistical testing. Argyrophilic cells were counted individually 

in serial sections. Virtually the entire supraoptic nucleus (SON) was visible in a single 

field of view, so all cells were counted. Argyrophilic cells of the SON were observed and 

counted (left side of the brain only) in all adjacent sections containing the SON (six to 

10 sections for each brain in a block). Reactive cells in dorsal cortex were counted over 

two levels, in areas corresponding to Bregma 3.20 and 1.60 mm and to Bregma −0.40 and 

−1.80 mm. The average count per section was used for statistical analyses, which were by 

GLM repeated measures ANOVA followed by post-hoc two-tailed paired t-tests using the 

SPSS 9.0 statistical package. Reactive cells or processes in the basal forebrain, preoptic area, 

nucleus accumbens, suprachiasmatic nucleus, paraventricular nucleus of the hypothalamus, 

diagonal band, lateral hypothalamus, locus coeruleus, and numerous other areas were 

counted in pilot studies, but no consistent changes linked to experimental condition were 

seen.

After all the cell counts were performed, codes for the experimental condition of each rat 

were obtained from the Chicago laboratory.

3. Results

3.1. Supraoptic nucleus of the hypothalamus

The most readily apparent reactive staining appeared in the large somas of the supraoptic 

nucleus of the hypothalamus (SON). Somas within the SON are easily dis-tinguishable from 

adjacent cells of ventral lateral preoptic (VLPO) and other areas because of their large 

size—approximately 30 μm in diameter. Each stained soma contained numerous grains of 

precipitated silver distributed throughout the cytoplasm (Fig. 1).

In the HSL experiment, there were significant differences in SON amino-cupric-silver 

staining among HSL rats, disk control rats, and home caged control rats (repeated measures 

GLM ANOVA, F2,5=13.9, P<0.01). Sleep deprived rats had significantly higher levels of 
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reactive staining than their yoked disk controls (post-hoc paired t-test, two-tailed, t6=−3.008, 

P<0.02). These differences were also significantly different between home caged controls 

and disk controls (post-hoc paired t-test, two-tailed, t6=−3.323, P<0.02) and between 

home caged controls and sleep deprived rats (post-hoc paired t-test, two-tailed, t6=−5.772, 

P<0.001). In the MSL rats, there was no significant difference between SON counts of 

yoked disk controls and sleep deprived rats (Fig. 2).

3.2. Dorsal cortex

Because drilling through the skull could have produced cortical damage, results for the 

cortex were considered only for the 10 triads of rats implanted without penetration through 

the skull. In seven out of 30 rats implanted using this technique, a diffuse, dust-like reactive 

staining and reactive somas appeared in a wide area of dorsal cortex including motor, 

somatosensory, and visual areas as defined by Paxinos and Watson [19]. The affected area, 

crescent-shaped in coronal views, covered approximately 12 mm in its rostral-to-caudal 

extent (4.2 to −8.3 mm Bregma and 1–4 Interaural in Paxinos and Watson). This type of 

staining appeared most prominently in the three sleep deprived rats in the HSL group and 

weakly, or not at all, in their yoked controls. There was virtually no staining of this type in 

the MSL rats. Therefore, the difference between disk control and sleep deprived rats was not 

significant, perhaps due to the low incidence of cortical staining.

4. Discussion

4.1. The nature of the deleterious effects on the brain

The results show that sleep loss produces amino-cupric-silver staining of the supraoptic 

nucleus of the rat hypothalamus. Other observations of changes in the brain after sleep 

deprivation have not controlled for the strength of the stimulus [1,7]. Though the present 

study involved a complete rostral-to-caudal analysis of the entire brain, we have reported 

only those areas where reactive staining differed significantly between sleep deprived and 

disk control rats. Surprisingly, areas closely associated with sleep mechanisms—including 

but not limited to the SCN, preoptic area, locus coeruleus, and raphe—showed little or no 

amino cupric silver reactivity under high sleep loss conditions. Though these areas may have 

undergone changes that remained undetected by our sampling technique, the SON is the 

only affected area we were able to identify.

Both our studies and others’ related studies suggest that the reactive SON and cortical cells 

we observed were most likely not dead or dying, but that they may have been undergoing a 

degenerative process with the potential for recovery. SON and cortical cells were not visibly 

shrunken in nissl sections (Fig. 3) (Ref. [20]; our own observations). Electron microscopic 

studies by Feng et al. found no differences in microtubule density in mitochondria, Golgi 

apparatus, ribosomes, nucleoli, or lysosomes in cortex, preoptic anterior hypothalamus, or 

dorsal-lateral pons [21] or in neuronal ultrastructure [20]. However, the maximum sleep debt 

in these rats was just 72 h (recalculated from abstract data in Feng et al. [20,21], whereas 

the effects we noted in cortex occurred only after 70 h. Feng et al. [20,21] did not examine 

the SON. Some treatments, such as administration of protein synthesis inhibitors, can cause 

very similar Golgi-like argyrophilic impregnation of nuclei in the hypothalamus including 
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the PVN [22]. Cirelli et al. [23] found no significant TUNEL staining for apoptosis in 

rats deprived by the disk-over-water method. However, TUNEL identifies only cells which 

are dying and is effective only during the DNA degradation process. These factors restrict 

TUNEL staining to a time window on the order of minutes or hours, not days. Amino-

cupric-silver labels damaged neurons over a much longer period and includes both cells 

in which damage may still be reversible and cells that will later die [12]. Increases in 

FluoroJade staining have also not been found in SON or cortex of sleep deprived rats [23]. 

However, Poirier et al. [14] found that FluoroJade and silver staining appear to highlight 

separate aspects of neural damage. In their study, silver staining identified hippocampal 

neurons damaged by status epilepticus within 2 h of the insult, whereas FluoroJade staining 

was maximal after 24 h. Maximal FluoroJade staining coincided with neuron loss and onset 

of spontaneous recurrent seizures, but amino-cupric-silver staining had already disappeared 

at this point. The authors concluded that the silver stain identified neurons that were 

responding to the insult and had an increased probability of dying, whereas the FluoroJade 

labeled cells were irreversibly damaged. In addition, sleep deprivation-related changes in 

gene expression can occur in the absence of significant staining by TUNEL or FluoroJade, 

as shown by Cirelli and Tononi [23] in their studies of the effects of short-term sleep 

deprivation in cortex. Changes in gene expression in SON have not been examined.

4.2. SON changes

The SON is part of the hypothalamic–pituitary axis and is located in the anterior 

hypothalamus, an area known to be sleep-related since the studies of von Economo and 

confirmed by numerous subsequent studies [24,25]. The SON is situated among a number 

of hypothalamic nuclei which participate in aspects of sleep–wake control, such as the 

suprachiasmatic nucleus, the paraventricular nucleus, and the preoptic area. The SON (or 

the zone immediately dorsal to it) receives projections from several of these, including the 

median preoptic nucleus, preoptic area, PVN, SCN, and lateral hypothalamus, as well as 

the tuberomammillary nucleus of the hypothalamus (reviewed in Ref. [26]; [27–29]). It 

also receives projections from sleep-related areas outside the hypothalamus, including the 

ipsilateral locus coeruleus, raphe, and diagonal band of Broca [27,28].

The SON integrates these inputs in order to homeostatically regulate a number of 

physiological functions related to osmotic balance and vasoconstriction [30], to facilitate 

the pulsatile hormone release required for lactation, parturition, and ejaculation [26,31], and 

to influence various species-specific behaviors such as maternal care of the young [32]. The 

primary output used to achieve these effects is the release of neuropeptides oxytocin and 

vasopressin via the pituitary [33].

Vasopressin has long been of interest to sleep researchers because of its release in the SCN, 

the circadian pacemaker. Vasopressin is known to be involved in setting the amplitude of 

the circadian rhythm, with higher relative concentrations correlating with higher amplitude 

of the circadian rhythm [34–38]. As such, cerebrospinal fluid (CSF) levels of vasopressin 

appear to contribute directly to regulation of amounts of sleep and wakefulness. In addition 

to synaptic release, AVP may be released directly into both CSF and blood, indirectly into 

CSF from blood plasma, or indirectly from neuronal release into CSF [39–41].
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AVP is also involved in the central regulation of blood pressure [40,42–46], hypertension 

[47,48], vascular resistance [42,45,46,49,50]; and body temperature [40,51]. Many aspects 

of these systemic effects on cardiac function, skin arterioles, and kidney function appear 

to be interrelated, primarily via VP’s dual role in osmoregulation and vasoconstriction. 

Though the majority of the central effects of AVP may be exerted on the capillary 

beds of the kidney [45], the VP producing cells of the hypothalamus (including the 

SON) also receive afferent fibers from the kidney which appear to create feedback loops 

affecting cardiovascular control (as reviewed in Refs. [46,52]). Blood pressure can also, 

in turn, influence wakefulness [53]. Rechtschaffen’s original studies of sleep deprived rats 

showed significant increases in heart rate, which were interpreted as a natural correlate 

of their greatly increased energy expenditure [17] but which also appears consistent with 

the aforementioned cardiovascular factors. SON function is, in turn, clearly affected by 

circuits normally involved in sleep–wake control. For instance, the SON (or the zone 

immediately dorsal to it) receives projections from the median preoptic nucleus, ipsilateral 

locus coeruleus, raphe, preoptic area, and diagonal band of Broca [27,28].

The SON receives direct connections from and is profoundly influenced by the 

tuberomammillary nucleus, a posterior hypothalamic area involved in arousal [33]. The 

projections of the tuberomammillary nucleus have reciprocal effects on the vasopressin and 

oxytocin containing cells—exciting and inhibiting them, respectively [29,33,54,55].

The locus coeruleus and diagonal band constitute a circuit that affects blood pressure 

via the SON [47,56–58], but is also a major player in sleep control [59,60]. Both the 

diagonal band [61,62] and the medial preoptic/preoptic area [59,61,63–65] are known 

to contain temperature-sensitive neurons that are involved in sleep regulation. The latter 

area also influences the activity of the SON [64]. The SON may be particularly 

involved in thermoregulatory control under fever conditions or during dysregulation of the 

thermoregulatory system [51]. The mechanisms of thermoregulatory control by the SON 

and their relationship to several sleep-related areas have been addressed directly by several 

groups [64,66–68].

The relationship between SON function, thermoregulatory control, and sleep–wake state are 

consistent with the finding that one major consequence of long-term sleep deprivation in the 

rat is a severe disruption of thermoregulation [3]. Since thermoregulatory challenges provide 

the strongest source of daily variability in sleep architecture yet found [62], the involvement 

of the SON has immediate relevance to sleep control. This information also implies that 

sleep deprivation may influence cardiac and blood pressure regulation.

Possibly because of its level of peptide production, the SON has the highest level of protein 

synthesis in the brain in waking or in sleep [69]. Glushchenko et al. [70] found that after 

only 24 h of REM sleep deprivation the total protein content of the SON decreased by 17–

22%. As mentioned previously, protein synthesis inhibitors are known to cause Golgi-like 

silver staining of some hypothalamic cells [22]. These findings invite the speculation that 

chronic sleep deprivation in the present study might have severely limited protein synthesis 

in the SON, which in turn might have affected the amino-cupric staining of SON cells. 

Alternate explanations for decreased protein content include decrease in peptide content 
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due to increased release, enhanced vesicular transport, or other factors. This alternate 

explanation would be consistent with a hyperactivation of the SON.

Impaired SON function could contribute to physiological changes induced by sleep 

deprivation. If sleep deprivation alters synthesis or release of neurohormones in the SON, 

it could also disrupt the autonomic functions associated with them. Indeed, Zenko et al. 

[16] have noted a smaller increase in vascular resistance in sleep deprived rats than in disk 

controls, which would contribute to reduced ability to retain heat and a consequent elevation 

of energy expenditure. The relationship between sleepiness and vasodilation is echoed by 

findings in humans that the level of vasodilation in the extremities is a strong predictor of the 

quality of ensuing sleep [71]. Decreased release of vasopressin, which affects both alertness 

and vasoconstriction, could explain these findings. Impairment of vasopressin release by 

sleep deprivation could correlate with sleepiness in sleep-deprived rats. Arnauld et al. [36] 

found that vasopressin promotes wakefulness at the expense of slow wave sleep without any 

subsequent rebound, implying that vasopressin is directly involved in homeostatic regulation 

of the sleep–wake cycle. Short-term sleep deprivation can impair other functions of the 

SON, such as secretion of oxytocin and milk ejection in female rats [72].

In conclusion, amino-cupric-silver reactive staining of the SON is strongly increased by 

chronic sleep deprivation in the rat. In light of its vulnerability to sleep deprivation, its 

homeostatic and behavioral functions, and its connections with nuclei important to sleep–

wake regulation, the SON appears to have important unexplored relevance to sleep function. 

Nonsignificant trends also suggest an effect of chronic sleep deprivation on amino-cupric-

silver staining of cortical cells.
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Fig. 1. 
The supraoptic nucleus of the sleep deprived rat shows greater amino-cupric-silver reactive 

staining than that of controls. (A) In a home caged control rat; (B) in a disk control rat; (C) 

in a ‘high sleep loss’ sleep deprived rat. Scale bar: approximately 100 μm.
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Fig. 2. 
The supraoptic nucleus of the sleep deprived rat does not appear appreciably different from 

its controls using a nissl stain. (A) In a home caged control rat; (B) in a disk control rat; (C) 

in a ‘high sleep loss’ sleep deprived rat. Scale bar: approximately 100 μm.
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Fig. 3. 
Only high sleep loss produces SON changes that are significantly different from disk 

controls. (A) SON changes in moderate sleep loss (MSL) rats. (B) SON changes in high 

sleep loss (HSL) rats. All HSL rat groups show significant differences from each other (see 

text), which is represented by *. Bars represent mean±S.E.M. Abbreviations: HCC, home 

caged controls; CRAT, disk controls; DRAT, sleep deprived rats.
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