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 Osmoregulated vasopressin release is facilitated during the late sleep period (LSP) 

to prevent dehydration and enuresis. Previous work has shown that clock neurons in the 

suprachiasmatic nucleus (SCN) display low firing rates during the LSP. But it is not 

known how this reduced activity enhances vasopressin release. Here, we show that 

synaptic excitation of rat supraoptic nucleus neurons by osmosensory afferents is 

facilitated during the LSP. Stimulation of the SCN at this time inhibited excitatory 

synaptic currents induced in supraoptic neurons by activation of osmosensory afferents. 

This effect was associated with an increased rate of synaptic failures and occurred without 

changes in frequency facilitation, quantal size, or in the ratio of postsynaptic responses 

mediated by AMPA and NMDA receptors. We conclude that clock neurons mediate an 

activity-dependent presynaptic silencing of osmosensory afferent synapses onto 

vasopressin neurons, and that osmoregulatory gain is enhanced by removal of this effect 

during late sleep. 

 The release of vasopressin (antidiuretic hormone) from the neurohypophysis is triggered 

by the electrical activity of magnocellular neurosecretory cells (MNCs) in the supraoptic (SON) 

and paraventricular nuclei (PVN) of the hypothalamus 1. During dehydration the electrical 

activity of MNCs is enhanced, such that a proportional relation exists between plasma 

osmolality and vasopressin concentration 2. This osmotic control of vasopressin release plays a 

key role in systemic osmoregulation because it promotes water reabsorption by the kidney in 

proportion with extracellular fluid osmolality 2, 3. It is well established that vasopressin release 

increases during sleep in mammals 4. This phenomenon is important because it blunts the rise in 

plasma osmolality caused by evaporative water loss at a time when water intake is suppressed. 

Individuals who fail to display this circadian rhythm experience nocturnal polyuria and enuresis 

5. Studies in rats 6, dogs 7 and man 8, have shown that the relation between plasma vasopressin 

and osmolality is steepened during the late sleep period (LSP) compared with the middle of the 
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sleep period (MSP). Although this enhancement of osmoregulatory gain contributes to the rise 

in vasopressin levels during the LSP, the central basis for this effect is unknown.  

 The osmotic control of MNCs is mediated largely by glutamatergic afferents arising 

from osmosensory neurons in the organum vasculosum lamina terminalis (OVLT) 2, 9. Neurons 

in the OVLT are intrinsically osmosensitive and increase their firing rate during 

hyperosmolality 10, 11. Consequently, MNCs receive an increased rate of spontaneous excitatory 

postsynaptic potentials which contributes significantly to the their excitation under these 

conditions 9, 12. A facilitation of this excitatory signaling between OVLT neurons and MNCs 

could therefore underlie the increase in central osmoregulatory gain observed during the LSP. 

 Previous studies have shown that the suprachiasmatic nucleus (SCN) serves as the 

brain's biological clock and represents a key element for the central generation of circadian 

rhythms 13, 14. Neurons in the SCN send axonal projections toward the SON12 (see also 

Supplementary Figs. 1-3), providing a possible anatomical substrate for the circadian 

modulation of osmosensory signaling in this nucleus. Moreover, electrophysiological studies in 

nocturnal rodents have shown that SCN neurons display peak action potential firing rates during 

the middle of the light period (i.e. during the MSP) and minimal firing rates during the dark (i.e. 

wake) period 15. Thus the enhancement of osmoregulatory gain during the MSP-LSP transition 

occurs in concert with a progressive decline in the firing rate of SCN neurons16. In this study, 

we therefore examined if the increase in osmoregulatory gain observed during this transition 

could be mediated via the disinhibition of excitatory synapses between osmosensory OVLT 

neurons and MNCs in the SON. 

 

Results 
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Osmoregulatory gain is enhanced during the LSP 

 To determine if excitatory signaling between osmoreceptors and vasopressin neurons is 

greater during the subjective LSP than during MSP, we compared the effects of applying a local 

hyperosmotic stimulus to the OVLT in the presence of bicuculline (5 µM) while recording from 

MNCs in slices of rat hypothalamus that preserve functional connections between the OVLT, 

SON and SCN 12 (see Supplementary Figure 1). Local hyperosmotic stimulation of the OVLT 

significantly increased the action potential firing rate of MNCs during both the MSP and the 

LSP (Fig. 1a,b). The excitation of MNCs in these experiments was not associated with a 

significant change in baseline membrane potential (P = 0.195, n = 9 in MSP and P = 0.275 n = 9 

in LSP), indicating that the response was mediated by osmosensory afferents and not by other 

osmosensory mechanisms present in the SON 2. Indeed, local hyperosmotic stimulation of the 

OVLT significantly increased the frequency of spontaneous excitatory postsynaptic currents 

(sEPSC; Fig. 1c) recorded in voltage-clamped MNCs during both the MSP (control 1.1 ± 0.2 Hz 

vs hyperosmotic 1.4 ± 0.3 Hz ; n = 14 ; P < 0.001) and the LSP (control 2.7 ± 0.7 Hz vs 

hyperosmotic 4.4 ± 0.8 Hz ; n = 10 ; P = 0.0036). The average effects of osmotic stimulation on 

action potential firing rate and sEPSC frequency were both significantly greater when evoked 

during the LSP than during the MSP (Fig. 1d). The frequency of action potentials and sEPSCs 

respectively increased by  22.2 ± 6.9 % and 36.2 ± 8.7 % during the MSP, compared to 115.9 ± 

39.9 % (P = 0.03) and 95.7 ± 27.7 % (P = 0.03) during the LSP (values are means and s.e.m. of 

the average percent changes observed in each cell).  Control experiments (see Supplementary 

Figure 4) confirmed the existence of a progressive increase in osmoregulatory gain during the 

transition from the MSP to the LSP, and showed that the age of the slice (amount of time after 

surgical preparation) was not a determining factor in our experiments. Thus the transfer of 
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synaptic information between osmoreceptors and MNCs is significantly enhanced during the 

MSP-LSP transition. 

 

Clock neurons inhibit osmosensory afferents 

 To confirm that SCN neurons maintain their circadian rhythmicity in the horizontal slice 

preparation, extracellular recordings of spontaneous action potential firing were obtained from 

SCN neurons during the MSP and LSP (e.g. Fig. 2a). The mean (± s.e.m.) firing rate of these 

cells was significantly slower when recorded during the LSP (1.6 ± 0.3 Hz ; n = 20) than during 

the MSP (3.8 ± 0.7 Hz ; n = 16 ; P = 0.0035; Fig. 2b,c). Since osmosensory signaling is weaker 

when the firing rate of SCN neurons is high (i.e. during the MSP), we hypothesized that SCN 

neurons actively inhibit glutamatergic synaptic transmission between OVLT neurons and MNCs 

(i.e. OVLT-MNC synapses). To test this hypothesis, we examined the effects of repetitive 

electrical stimulation of the SCN on the amplitude of EPSCs evoked by low frequency (0.1 Hz) 

electrical stimulation of the OVLT. Stimulation of the SCN at 5 Hz caused a rapid, sustained 

and reversible inhibition of EPSC amplitude (Fig. 3a,b). Indeed, no adaptation was observed 

during stimulation trials lasting up to 15 min (data not shown). Data collected from 116 MNCs 

revealed that the inhibition of OVLT-MNC synapses increases as a function of stimulation rate 

between 0.1 Hz and 20 Hz, with a half maximal effect occurring at 3.0 Hz (Fig. 3c). The 

spontaneous action potential firing rates observed in SCN neurons during the MSP and LSP 

(Fig. 2) could therefore mediate significantly different degrees of inhibition on OVLT-MNC 

synapses.  

 To confirm that the effects of electrical stimulation of the SCN were not simply due to 

the activation of fibers of passage, we also examined the effects of selectively exciting SCN 



  

 6 

neurons by local application of glutamate on EPSCs evoked in MNCs by electrical stimulation 

of the OVLT (Fig. 4a). As illustrated in Fig. 4b, the amplitude of EPSCs evoked by OVLT 

stimulation was reversibly reduced when glutamate was applied over the SCN. The average 

effects of glutamate application measured in 6 cells are shown in Fig. 4c. In these experiments 

the average amplitude of EPSCs evoked under control conditions (−39.6 ± 11.4 pA) was 

significantly reduced when measured during the last 30 s of the glutamate application to the 

SCN (−22.2 ± 5.8 pA;  n = 6 ; P  < 0.05). 

 

Vasopressin mediates part of the clock's inhibitory effect 

 The inhibitory effect of the SCN on OVLT-MNC synapses is presumably caused by the 

activity-dependent release of a neuromodulator substance. The possible involvement of  γ-amino 

butyric acid (GABA) type A (GABAA) receptors was already excluded by the fact that all of the 

experiments reported above were performed in the presence of bicuculline. We therefore 

examined the possible role of metabotropic receptors recognizing glutamate, GABA, adenosine 

and vasopressin. These substances are contained in SCN neurons 17-19 and have been shown to 

inhibit excitatory transmission in the SON 20-23. The inhibitory effects of SCN stimulation on 

OVLT-MNC synapses tested during the LSP were not affected by bath application of MAP-4 

(25 µM ;  n = 6 ; P = 0.851 ; antagonist of Group III metabotropic glutamate receptors), 

SCH50911 (3 µM ;  n = 9 ; P = 0.547 ;  antagonist of GABAB receptors), or DPCPX (2 µM ; n = 

16 ; P = 0.525 ; antagonist of A1 adenosine receptors). However bath application of 2 µM 

Manning compound, a broad spectrum inhibitor of vasopressin receptors 23, significantly 

reduced the effect of SCN stimulation. Indeed, the percent inhibition of EPSCs induced by 
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sustained stimulation of the SCN at 5 Hz was reduced from 54.7 ± 5.3 % in control to 36.7 ± 7.5 

% in the presence of Manning compound (P = 0.0125 ; n = 8 ; see Supplementary Figure 5).  

 To determine if vasopressin receptors specifically contribute to the inhibition of 

osmosensory signaling during the MSP, we examined the effects of Manning compound on the 

increase in sEPSC frequency induced in MNCs by hyperosmotic stimulation of the OVLT. Data 

obtained in 4 MNCs showed that the osmotically induced increase in sEPSC frequency observed 

at this time was significantly greater in the presence of Manning compound (+0.29 ± 0.06 Hz) 

than under control conditions (+0.07 ± 0.06 Hz ; P<0.05; paired t-test). The inhibitory effect of 

the SCN on OVLT-MNC synapses is thus mediated in part via the activation of vasopressin 

receptors. 

 

Excitation of clock neurons impairs osmosensory signaling 

 To determine if the activity-dependent inhibition of OVLT-MNC synapses mediated by 

the SCN can functionally impair osmosensory signaling, we next examined if the excitation of 

SCN neurons by glutamate could attenuate the effect of local hyperosmotic stimulation of the 

OVLT on MNCs recorded during the LSP (Fig. 5a). As illustrated in Fig. 5b, the osmotic 

excitation of MNCs was inhibited during application of glutamate to the SCN. Similarly, the 

osmotically-induced increase in sEPSC frequency was smaller when glutamate was being 

applied to the SCN (Fig. 5c).  

 Globally, there was a statistically significant reduction in osmotically-induced changes 

in both action potential firing rate (107.1 ± 11.7 % during SCN glutamate compared with 191.9 

± 35.1 %  without; n = 11 ; P = 0.026) and sEPSC frequency (98.6 ± 4.8 % during SCN 

glutamate compared with 178.6 ± 29.7 % without ; n = 9 ; P = 0.046) when SCN neurons were 
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being excited by locally-applied glutamate (Fig. 5d). Raising the electrical activity of SCN 

neurons can therefore functionally inhibit the transfer of osmosensory information between 

OVLT neurons and MNCs. 

 

Osmosensory afferents are inhibited presynaptically 

 We next investigated the mechanism underlying the SCN-mediated inhibition of OVLT-

MNC synapses. Previous studies have shown that decreases in EPSC amplitude can be caused 

by the modulation, or endocytosis, of postsynaptic AMPA (α-amino-3-hydroxy-5-methyl-4-

isoxazole propionic acid-type) receptors (AMPARs) 24, 25. Inhibition of AMPARs under these 

conditions typically occurs in the absence of a change in the response evoked by N-methyl-D-

aspartate receptors (NMDARs) expressed at the same synapses. However as illustrated in Fig. 

6a, the amplitude of NMDAR responses (measured at +40 mV) varied in concert with that of 

AMPAR responses during the dynamic (i.e. onset and offset) periods of SCN stimulation (Fig. 

6b). Moreover, the average ratio of absolute response amplitudes mediated by each receptor 

subtype (the AMPAR:NMDAR ratio) was not significantly different when measured before 

(0.90 ± 0.14) or during steady-state SCN-mediated inhibition (0.79 ± 0.12 ; n = 8 ; P = 0.1917 ; 

not shown).  

 A recent study has shown that electrically-evoked EPSCs recorded in MNCs are 

followed by a transient increase in the probability that single glutamate vesicles are released at 

the stimulated synapses in MNCs 26. To determine if unitary (quantal) amplitude at OVLT-

MNC synapses was affected by the activation of SCN neurons, we therefore analyzed the 

asynchronous EPSCs (aEPSCs) detected immediately following the synchronous EPSC evoked 

by electrical OVLT stimulation. Activation of SCN neurons with glutamate reduced the average 
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frequency of aEPSCs from 28.6 ± 9.0 Hz in control to 20.5 ± 6.5 Hz (n = 6 ; P < 0.05; e.g. Fig. 

6c). However the amplitude of these events was not changed during SCN stimulation (control 

−35.9 ± 3.3 pA vs SCN −29.0 ± 1.7 pA ; P > 0.05 ; Fig. 6d,e). We also examined the effects of 

repetitive electrical stimulation of the SCN at 5Hz on aEPSCs. As observed with glutamate 

application, this procedure had no effect on the amplitude of aEPSCs but caused a significant 

reduction in the frequency of these events (P = 0.001; n = 11, data not shown). Taken together, 

these results indicate that postsynaptic AMPARs are not affected by SCN stimulation, 

suggesting that the inhibition of OVLT-MNC synapses is mediated at a presynaptic level.  

 

Clock neurons promote presynaptic silence 

 Presynaptic inhibition can be caused by a decrease in the probability of transmitter 

release (Pr) induced by reducing the voltage-gated Ca2+ influx associated with the arrival of an 

action potential into the presynaptic terminal, or by uncoupling Ca2+ influx and exocytosis 25. In 

either case, the reduced coupling between APs and exocytosis increases the number of instances 

where presynaptic impulses fails to trigger vesicle fusion (i.e. cause synaptic failures). As 

illustrated in Fig. 7a, SCN-mediated inhibition of OVLT-MNC synapses was associated with an 

increase in the rate of synaptic failures. Specifically, dynamic changes in the rate of synaptic 

failures monitored during the onset and offset of SCN-mediated inhibition were positively 

correlated with the corresponding strength of the inhibitory effect (slope 0.17 ± 0.02 ; r2 = 0.577 

; n = 63 ;  P < 0.0001 ; Fig. 7b). Moreover, the average rate of failures monitored during the 

steady-state phase of SCN stimulation (13.5 ± 0.9 %) was significantly greater than that 

observed under control conditions (0.7 ± 0.3 % ; n = 63 ; P < 0.001; data not shown). The 
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inhibitory effect of the SCN is therefore caused by a decrease in presynaptic Pr at OVLT-MNC 

synapses. 

 Presynaptic inhibition caused by a reduction in action potential mediated Ca2+ influx is 

commonly associated with an increase in frequency-dependent facilitation 27. However, the 

degree of facilitation observed when pairs of EPSCs were evoked 50 ms apart (paired pulse 

ratio, PPR = EPSC2/EPSC1) was not changed during SCN-mediated inhibition (Fig. 7c). 

Dynamic values of PPR monitored during the onset and offset periods of SCN-mediated 

inhibition were not correlated to the inhibition of the first EPSC (Fig. 7d; slope −0.004 ± 0.003 ; 

r2 = 0.073 ; P = 0.19), and the average PPR measured during the steady-state inhibition (1.28 ± 

0.11) was not significantly different than that observed in control (1.47 ± 0.08 ; n = 25 ; P = 0.12 

; data not shown). By contrast the inhibition of OVLT-MNC EPSCs caused by bath application 

of baclofen, which is due to a presynaptic inhibition of Ca2+ influx 28, 29, was accompanied by a 

significant increase in PPR (Supplementary Fig. 6). These observations indicate that SCN-

mediated inhibition of OVLT-MNC synapses is caused by a decrease in Pr that is independent of 

Ca2+ influx.  

 If an increase in Pr caused by disinhibition of afferents is responsible for the 

enhancement of osmosensory signaling on MNCs, then the basal frequency of sEPSCs recorded 

in MNCs should be higher during the LSP than the MSP. Indeed, as illustrated in Fig. 8a, the 

basal frequency of sEPSCs measured in MNCs was significantly greater during the LSP (2.70 ± 

0.49 Hz ; n = 19) than during the MSP (1.74 ± 0.17 Hz ; n = 58 ; P < 0.05 ; Fig. 8b). If this 

difference reflects a tonic activity-dependent presynaptic modulation of OVLT-MNC synapses 

by the central clock, then changing the activity of SCN neurons should cause inversely 

proportional changes in the rates of sEPSCs recorded in MNCs. In agreement with this 

hypothesis, the frequency of sEPSCs measured during the LSP was significantly reduced by 
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local application of glutamate over the SCN (70.0 % relative to control ; n = 12 ; P = 0.01 ; Fig. 

8c,d). Conversely, the basal frequency of sEPSCs measured during the MSP was significantly 

enhanced by local application of GABA over the SCN (138.7 % compared with control; n = 7; P 

= 0.002; Fig. 8e,f). 
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Discussion 

 Centrally-driven circadian rhythms are regulated by the SCN, an intrinsic biological 

clock entrained by daylight via afferents originating in the eye 14, 15. Studies in rodents have 

shown that SCN neurons display higher action potential firing rates during sleep than during the 

wake period, with a notable slowing of their electrical activity during the transition from MSP to 

LSP 15, 16. This rhythm is preserved when the SCN is surgically deafferented in vivo 30, and is 

maintained in vitro in hypothalamic slices 31-33 and in neurons acutely isolated from the SCN 34. 

Recent studies have revealed that cell-autonomous transcriptional feedback loops drive changes 

in gene expression that may play a key role in the regulation of circadian rhythms at a cellular 

level 14, 34. However the mechanisms by which changes in the electrical activity of clock neurons 

impart circadian changes in the function of central networks remain unknown. The objective of 

our study was to define how a decrease in the firing rate of SCN neurons may facilitate the 

osmotic control of action potential firing in MNCs during the MSP-LSP transition. Previous 

electrophysiological work 12 and anatomical data shown in Supplementary Figures 2 and 3 

suggests that SCN neurons might directly communicate with MNCs in the SON. However 

definitive evidence for the existence of a monosynaptic projection between the SCN and the 

SON remains to be obtained. Although our results show that changes in clock neuron firing 

frequency modulate the osmotic regulation of MNCs, it remains to be determined if this effect 

was mediated directly, or via peri-SON interneurons that might have relayed the information 

provided by clock neurons to MNCs via feed-forward connections.  

 

Osmotic activation of MNCs is enhanced during late sleep 

 Acute changes in extracellular fluid osmolality can cause severe neurological problems 

and mammals avoid these through the central orchestration of homeostatic systems that preserve 
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salt and water balance 2. When plasma osmolality rises above the set-point during waking hours, 

water intake is increased through the sensation of thirst and renal water reabsorption is enhanced 

by the release of vasopressin. Studies in various mammals 6, 7, including man 8, have shown that 

the proportional relation between osmolality and vasopressin is progressively enhanced during  

sleep, thereby maximizing water conservation at a time when water intake is suppressed. In rats, 

hyperosmotic conditions also excite oxytocin-releasing MNCs 35, 36 and the resulting increase in 

circulating oxytocin has a natriuretic effect on the kidney that promotes homeostasis 37-39. As 

found for vasopressin, the osmotic control of oxytocin release is also sensitized during late sleep 

4. These increases in neurohypophysial hormone release during the LSP exemplify the 

importance of circadian rhythms in the dynamic adaptation of homeostatic systems to changing 

physiological requirements during the sleep-wake cycle 4, 5, 13, 18, 40.  

 Previous studies in rats have shown that osmosensory neurons located in the OVLT play 

a determinant role in the osmotic control of both vasopressin and oxytocin releasing MNCs 2, 41, 

42, and that this effect is mediated via glutamatergic synapses 2, 9, 12. In this study we therefore 

specifically examined if glutamatergic signaling between OVLT neurons and MNCs could be 

modulated by changes in the activity of clock neurons during the MSP-LSP transition. Slightly 

more than half of the MNCs in the rat SON synthesize vasopressin, whereas the remainder 

contain oxytocin. Although we did not specifically identify the peptides contained in the cells 

we analyzed, all SON MNCs which we studied were similarly affected by SCN stimulation. It is 

therefore likely that both oxytocin and vasopressin releasing MNCs experience the same 

modulatory influence mediated by SCN clock neurons.  

 

SCN neurons inhibit osmosensory signaling 
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 In angled horizontal slices of rat hypothalamus that maintain functional connections 

between the OVLT, SON and SCN in vitro 12, we observed that the excitation of MNCs caused 

by a hyperosmotic stimulus delivered to the OVLT was significantly greater during the 

projected LSP than during the MSP. Because vasopressin and oxytocin secretion is determined 

by the firing rate of MNCs 1, 2, this finding provides a likely explanation for the circadian 

enhancement of osmoregulated neurohypophysial hormone release during the LSP in vivo 6-8.  

Previous work has shown that the excitation of MNCs during local hyperosmotic stimulation of 

the OVLT is due specifically to the activation of AMPARs at glutamatergic synapses made onto 

MNCs by osmosensitive OVLT neurons 9, 12. In agreement, we found that the excitation of 

MNCs under these conditions was associated with an increase in the frequency of sEPSCs. 

Moreover, the hypertonicity-induced increase in sEPSC frequency was greater during the LSP 

than during the MSP, with a measurable transition from low to high synaptic excitation during 

the MSP-LSP transition (Supplementary Figure 4c). Because the firing rate of SCN neurons is 

inversely related to this change in osmotically-induced synaptic excitation, we hypothesized that 

SCN neurons mediate an activity-dependent inhibition of synaptic transmission at OVLT-MNC 

synapses. Indeed, increasing the activity of SCN neurons with glutamate significantly reduced 

the increase in sEPSC frequency and action potential firing rate observed in MNCs during 

hyperosmotic stimulation of the OVLT (Fig. 5).  

 To determine if this effect was due specifically to an effect on synaptic strength, we 

examined the effects of SCN activation on excitatory transmission evoked in MNCs by direct 

electrical stimulation of the OVLT. We found that chemical excitation of SCN neurons with 

glutamate could directly inhibit the amplitude of EPSCs evoked at OVLT-MNC synapses (Fig. 

4). Moreover electrical stimulation of the SCN caused a sustained and activity-dependent 

reduction in the amplitude of these EPSCs (Fig. 3), and the frequency-dependence of this effect 

spanned the range of spontaneous firing frequencies observed in SCN neurons during the MSP 
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(~4 Hz) and the LSP (~1.5 Hz; Fig. 2). These findings indicate that the higher firing rate of SCN 

neurons during the MSP caused a tonic inhibition of OVLT-MNC synapses and that the increase 

in osmoregulatory gain observed during the LSP was associated with a reversal of this effect 

(i.e. disinhibition). 

 

Vasopressin contributes to clock-mediated inhibition  

 The identity of the neurotransmitters responsible for the activity-dependent inhibition of 

OVLT-MNC synapses remains to be fully established. A preliminary assessment of potential 

candidates revealed that vasopressin plays an important role in this process. Indeed, vasopressin 

is synthesized by a large subset of SCN neurons43. Moreover, exogenous vasopressin has been 

shown to inhibit excitatory synapses on MNCs in the SON 23, 44, and data shown in 

Supplementary Figure 5 reveals that part of the inhibitory effect of SCN stimulation on OVLT-

MNC synapses was blocked by Manning compound, an inhibitor of vasopressin receptors45. 

This inhibitor also significantly enhanced the increase in sEPSC caused by hyperosmotic 

stimulation of the OVLT during the MSP, indicating that endogenous release of vasopressin 

mediates a tonic inhibitory effect on the synaptic activation of MNCs by osmosensory afferents 

during the MSP.  

 Previous work has shown that MNCs also release vasopressin from their dendrites in 

response to excitation 44. We therefore considered the possibility that the inhibition of OVLT-

MNC synapses was due to indirectly to vasopressin release by surrounding MNCs that might 

become excited during SCN stimulation. However we found that repetitive stimulation of the 

OVLT at 20 Hz (which excites MNCs) did not inhibit glutamatergic EPSCs evoked in MNCs by 

low frequency (0.1 Hz) electrical stimulation of the SCN (Supplementary Figure 7). This 

finding indicated that the effect of SCN stimulation on OVLT-MNC synapses is specific and 
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that vasopressin released by the axon terminals of SCN neurons contributed to their inhibitory 

influence on osmosensory afferents. Nonetheless, it must be noted that bath application of 2 µM 

Manning Compound only partly blocked the inhibitory effect of SCN stimulation on OVLT-

MNC synapses (Supplementary Figure 5). Whether this residual inhibitory effect is due to an 

incomplete blockade of vasopressin receptors, or to the involvement of another transmitter, 

remains to be determined. 

 

Mechanisms of clock-mediated inhibition 

 The increased rate of synaptic failures and the absence of changes in the ratio of 

AMPAR:NMDAR responses during SCN-mediated inhibition of OVLT-MNC synapses 

suggested that SCN neurons exert their inhibitory influence at a presynaptic locus. In agreement 

with this hypothesis, we found no effect of SCN stimulation on postsynaptic responses to 

exogenous AMPA (Supplementary Figure 8) and the inhibitory effect of SCN stimulation was 

not impaired by blocking postsynaptic G-protein coupled receptor signaling with GDP-β-S 

(Supplementary Figure 9). Moreover, SCN stimulation had no effect on the amplitude of the 

aEPSCs evoked by stimulation of the OVLT, indicating that quantal size is unaffected at the 

synapses which are specifically inhibited by SCN stimulation. Collectively, these findings 

indicate that a proportion of OVLT-MNC synapses become latent as the firing rate of SCN 

neurons rises, and that this effect is due to a "switching off" of transmitter release at these 

synapses. Remarkably, SCN stimulation had no effect on the PPR, an index of frequency 

facilitation that is enhanced when action potential triggered Ca2+ influx is reduced in the 

presynaptic terminal 27. We therefore conclude that the effects of SCN stimulation are not 

mediated by graded changes in presynaptic [Ca2+] dynamics, but by a reversible and Ca2+-
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independent suppression (i.e. silencing) of transmitter release 46, 47. The basis for this effect 

remains to be determined. 

 The results of our experiments indicated that the amplification of OVLT-mediated 

osmosensory signaling during the MSP-LSP transition is mediated in part by an increase in the 

number of functional synapses relaying osmosensory information from the OVLT. However 

previous work has also shown the existence of functional connections from the SCN to the 

OVLT 12. It is therefore possible that changes in the firing rate of SCN neuron could also 

increase the responsiveness of OVLT neurons to locally applied osmotic stimuli, and thereby 

participate in the enhancement of osmoregulatory gain during the LSP. Additional experiments 

are required to explore this possibility. As noted earlier, circulating levels of vasopressin and 

oxytocin rise progressively  throughout the sleep period and reach a peak at the end of the LSP 

4. This rhythm does not exactly mirror average changes in the firing rate of SCN neurons which 

peak during the MSP 15. Although our data shows that the reduction in SCN neuron firing rate 

contributes to the enhancement of osmosensory signaling during the MSP-LSP transition, the 

mechanisms by which MNCs and neurohypophysial hormone secretion are regulated during 

other parts of the circadian cycle remain to be determined. Many of the other parameters that 

modulate MNCs also display pronounced diurnal rhythms that occur in and out of phase with 

neurohypophysial secretion; including changes in blood pressure, body temperature and 

circulating hormones such as cortisol and melatonin 13, 40. Additional studies are required to 

define how these other factors influence the circadian changes in MNC firing and 

neurohypophysial hormone release.  

 

Concluding statement. 
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 Previous work has shown that synaptic gain can be altered by activity-dependent long-

term potentiation or depression through the respective insertion or removal of AMPARs 25. 

These postsynaptic forms of synaptic plasticity have been shown to occur in MNCs 48, 49 where, 

as in other neurons, they can alter the relative impact of subsets of synapses that are important 

for the control of excitability. Interestingly, recent studies have shown that subsets of synapses 

can be made latent ("silenced") by an inactivation of transmitter release at the presynaptic level 

46, 47, 50. This mechanism potentially allows specific pathways to be temporarily removed from a 

neural circuit without affecting the long-term adjustments made at the post-synaptic level. Our 

study reveals that clock neurons in the SCN use this process to reversibly modulate the number 

of functional synapses between OVLT neurons and MNCs in a manner that explains the 

enhancement of osmoregulated vasopressin release during the late stage of sleep. Whether 

central clock neurons modulate other central circuits by a similar mechanism remains to be 

determined. 
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Figure Legends 

 

Figure 1. Increased osmoregulatory gain during LSP. (a), diagram showing the positions and 
axonal projections of the OVLT, SCN and SON relative to the third ventricle (3V) and optic 
chiasma (OC) in the angled horizontal slice of rat hypothalamus. Whole cell recordings were 
made from MNCs in the SON and hyperosmotic stimuli (excess mannitol) were delivered 
locally to the OVLT via a small pipette. (b), traces show examples of action potential (AP) 
firing recorded from an MNC before (control) and during hyperosmotic stimulation of the 
OVLT. The top traces are from a cell recorded during the MSP and the lower traces are from a 
cell during the LSP. (c), traces (arranged as in b), show examples of sEPSC activity recorded 
under voltage clamp (Vhold = −70 mV). (d), bar graphs showing the mean (± s.e.m.) 
normalized osmotically-induced increases in AP and sEPSC frequency recorded from cells 
tested during the MSP or the LSP. * indicates P < 0.05. 
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Figure 2. Firing rate of SCN neurons during the MSP and LSP in angled horizontal slices of rat 
hypothalamus. (a), consecutive traces obtained during extracellular recordings of spontaneous 
action potential firing in representative SCN neurons recorded during the MSP (left) and LSP 
(right). (b), cumulative probability distributions of inter-action potential intervals recorded from 
the cells shown in a. The plots are constructed from 448 action potentials recorded from the 
MSP cell and 195 action potentials recorded from the LSP cell. (c), Bar histogram comparing 
the mean (± s.e.m.) firing rates recorded from SCN neurons sampled during the MSP (n = 16) 
and LSP (n = 20). ** indicates P < 0.005. 

 

 

 



  

 22 

 

Figure 3. Electrical stimulation of SCN inhibits OVLT-MNC synapses. (a), upper panels show 
examples of EPSCs evoked in an MNC by stimulation of the OVLT (arrows; 0.1 Hz). Each 
trace is an average of 15 consecutive sweeps recorded before (control), during (SCN 5Hz; gray 
bar in lower panel), and after (recovery) continuous repetitive electrical stimulation of the SCN 
at 5 Hz. The lower panel is a plot of the absolute peak amplitudes of all single EPSCs recorded 
during this experiment. (b), plot showing the mean (± s.e.m.) changes in EPSC amplitude at 
OVLT-MNC synapses evoked by SCN stimulation at 5 Hz (gray bars) observed in 8 cells. 
Values are expressed as a percent of baseline (dotted line; mean of the values recorded 100 s 
before SCN stimulation in each cell). (c), Graph showing the mean (± s.e.m.) percent inhibition 
of the evoked OVLT-MNC EPSC induced by repetitive stimulation of the SCN at various 
frequencies.  The solid line is a best fit though the data points using a 3 parameter logistic 
equation, where a = 57.1 %, b = −3.84 and xo =  3.05 Hz (r2 = 0.993 ; see online Methods).  
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Figure 4. Excitation of SCN neurons inhibits OVLT-MNC synapses. (a), diagram illustrating 
the experimental arrangement (see online Methods and Supplementary Figure 1). (b), traces 
show averages of 15 consecutive EPSCs evoked in an MNC by electrical stimulation of the 
OVLT (arrows; 0.1 Hz; Vhold = −70 mV) recorded before (control), during (glutamate on SCN) 
and after (wash) exciting SCN neurons by local application of glutamate. (c), plot showing the 
average time course of changes in EPSC amplitude at OVLT-MNC synapses during the 
excitation of SCN neurons with glutamate (gray bar). Each point shows the mean (± s.e.m.) 
value obtained from 6 cells (the number obtained from each cell was the average of the EPSC 
amplitude recorded during 4 consecutive sweeps), expressed as a percent of baseline.  

 

 



  

 24 

 

Figure 5. Excitation of SCN neurons inhibits activation of MNCs by osmotic stimulation of 
OVLT. (a), diagram illustrating the experimental arrangement. b, voltage traces recorded in 
current clamp show the effects of hyperosmotic stimulation of the OVLT (right panels) on 
action potential (AP) firing in MNCs compared to control (left panels) when tested either before 
(upper) or during (lower) local application of glutamate to the SCN. Note the smaller excitatory 
effect of the osmotic stimulus when glutamate is applied to the SCN. (c), traces (arranged as in 
b), show examples of sEPSC activity recorded from another MNC under voltage clamp (Vhold 
= −70 mV) during the same protocol as in b. (d), bar graphs show the mean (± s.e.m.) 
normalized osmotically-induced changes in AP and sEPSC frequency (expressed as percent of 
baseline) recorded from cells tested before (control) and during the application of glutamate to 
the SCN. * indicates P < 0.05 ; paired t-test. 

 

 



  

 25 

 

Figure 6. SCN activation inhibits OVLT-MNC synapses at a presynaptic locus. (a), examples 
of OVLT-MNC EPSCs recorded at +40 mV (upper) and -60 mV (lower) before (control) during 
(SCN stim) and after (recovery) stimulation of the SCN at 5 Hz. Each trace is an average of 15 
consecutive sweeps. (b), plot showing the relation between inhibition of the synaptic NMDAR 
and AMPAR responses during the dynamic (i.e. rising and falling) phases of the SCN effect 
observed in 8 cells. For each cell the normalized inhibition of the NMDAR (current measured at 
+40 mV, 75 ms after the OVLT stimulus) and AMPAR (peak current measured at −60 mV) 
responses were measured during each of 9 sweeps recorded following onset and offset of SCN 
stimulation (i.e. 18 sweeps in total). The graph plots average (± s.e.m.) values of NMDAR vs 
AMPAR inhibition during corresponding sweeps. Dashed line is a linear regression fit (slope 
0.96 ± 0.10 ; r2 = 0.842 ; n = 18; P < 0.0001). (c), examples of aEPSCs recorded during the 200 
ms following EPSCs (not shown) evoked before (control) and during excitation of SCN neurons 
by local application of glutamate. (d), cumulative probability distribution of aEPSC amplitudes 
(same cell as in c) during control and SCN glutamate. (e), bar graphs plot mean normalized (± 
s.e.m.) changes in aEPSC amplitude and frequency during SCN stimulation with glutamate. 
Data are expressed as percent of control, * indicates P < 0.05; n.s. indicates difference not 
statistically significant. 
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Figure 7. Effects of SCN stimulation on synaptic failures and frequency-facilitation. (a), each 
panel superimposes 10 consecutive sweeps recorded in an MNC with electrical stimulation of 
the OVLT (arrows) before (control), during (SCN stim) and after (recovery) repetitive SCN 
stimulation (5 Hz). Note synaptic failures (*) during SCN stim. (b), plot showing the percentage 
of cells (n = 63) showing failures during each of 15 sweeps recorded after onset and offset (30 
sweeps in total) of SCN stimulation at 5 Hz. Each point is plotted as a function of the average 
inhibition of the AMPAR responses during corresponding sweeps. Dashed line is a regression 
fit (slope 0.166 ; r2 = 0.645). (c), EPSCs evoked by 2 stimuli delivered to the OVLT 50 ms apart 
(arrows). Traces are averages of 15 consecutive sweeps taken before (control, gray traces) or 
during SCN stimulation at 5 Hz (SCN; black traces). Left panel shows superimposed traces at 
absolute amplitudes. Panel at right shows the same traces scaled to the amplitude of the first 
EPSC. (d), plot expressing mean (± s.e.m.) values of PPR as a function of the % inhibition of 
AMDAR responses (n = 25 cells) computed from single sweeps recorded at corresponding time 
points during 2.5 min periods following the onset and offset of SCN stimulation. Dashed line is 
a linear regression through the data (slope −0.004 ± 0.003 ; not significantly different from zero; 
P = 0.192). 
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Figure 8. SCN neurons modulate sEPSC frequency in MNCs. (a), left panels show examples of 
sEPSC activity during the MSP (left) and LSP (right). Right panel superimposes cumulative 
probability distributions of inter-event intervals from the MSP (318 events) and LSP (538 
events) cells at left. (b), bar graphs show mean  (± s.e.m.) sEPSC frequencies recorded during 
the MSP (n = 32) and LSP (n = 44; * P < 0.05). (c), left panels show examples of sEPSC 
activity during the LSP (gray bar), before (control, left) and during application of glutamate to 
the SCN (glut/SCN, right). Right panel superimposes cumulative probability distributions of 
inter-event intervals from the same cell in the absence (control) and presence of glutamate on 
the SCN (glut/SCN). (d), bar graphs show mean  (± s.e.m.) sEPSC frequencies recorded before 
(control) or during SCN glutamate from 12 MNCs tested during the LSP (* indicates P < 0.05). 
(e), left panels show examples of sEPSC activity recorded from an MNC during the MSP in the 
absence of bicuculline (gray bar), before (control) and during application of GABA to the SCN 
(GABA/SCN). Right panel superimposes cumulative probability distributions of inter-event 
intervals recorded from the same cell in the absence (control) and presence of GABA/SCN. (f), 
bar graphs show mean  (± s.e.m.) sEPSC frequencies recorded before and during GABA/SCN in 
7 MNCs tested during the LSP (* indicates P < 0.05). 
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Methods 

Slice preparation. 

 Horizontal hypothalamic slices containing the OVLT, SCN and SON (see 

Supplementary Figure 1) were prepared from 50-100 g male Long Evans rats (Charles River 

Canada, St-Constant, QC) as described previously 12, and in accordance with procedures 

approved by the Animal Care Committee of McGill University. Briefly, unanaesthetised rats 

were placed in a plastic restrainer cone (Harvard Apparatus Canada, Saint-Laurent, QC) and 

killed by decapitation using  a small rodent guillotine. The brain was rapidly removed and 

immersed in near freezing (0 to 4°C) oxygenated (95% O2; 5% CO2) artificial cerebrospinal 

fluid (ACSF) comprising (in mM): NaCl, 120; KCl, 3; NaH2PO4, 1.23; MgCl2, 1.48; CaCl2, 2; 

NaHCO3, 25.95; and D-glucose 10 (all obtained from Sigma Ltd., St- Louis, MO, except NaCl 

and CaCl2 which were purchased from Fisher Scientific, Fair Lawn, NJ). A trimmed block of 

brain was glued cortex down with the rostral pole facing upwards to a mounting block angled ~ 

40° relative to the horizontal plane. The assembly was then placed in a vibratome and a first cut 

was made to discard the tissue lying anterior and ventral to the optic tracts and most of the optic 

chiasma. A single 500 µm, slice was then obtained and transferred dorsal side up to a recording 

chamber where it was perfused with warmed (32 °C) oxygenated ACSF at a rate of 2-3ml/min. 

Except where indicated in the text, the ACSF perfusing the slice contained 5 µM bicuculline 

(Tocris Cookson Inc., Ellisville MO) to block GABA type A (GABAA) receptors. 

 

Electrophysiology. 

 Animals were housed in a room with lights on at 7:00 a.m. and lights off at 19:00 p.m. 

All recordings were made during the projected LSP (16:00-19:00 p.m.) or MSP (10:00-14:00 
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a.m.). In each case, slices were prepared about 1 hour prior to the recording session (i.e. ~ 9:00 

a.m. for MSP and ~ 15:00 p.m. for LSP). Whole cell recordings from MNCs in the SON were 

made using patch pipettes prepared from glass capillary tubes (1.2 mm o.d., A-M Systems Inc., 

Sequim, WA) filled with a solution containing 140 mM potassium gluconate, 2 mM MgCl2,10 

mM HEPES, 2 mM di-sodium ATP and 0.4 mM sodium GTP (pH adjusted to 7.25 with NaOH). 

Pipette resistance in the bath was 2−4 MΩ. Cells were observed on a black and white monitor 

(Hitachi Denshi Ltd, Japan) using an Olympus BX51WI upright microscope equipped with 

infrared Differential Interference Contrast optics coupled to a video camera (KP-M1A, Hitachi 

Denshi Ltd, Japan). Electrodes were visually guided to the cell using a motorized 

micromanipulator (SD Instruments Inc., Grants Pass, OR) and whole cell recordings were made 

using an Axopatch-1D amplifier (Molecular Devices Corp., Union City CA). Series resistance 

was 15−30 MΩ. Membrane current and voltage (d.c.− 2 kHz) was digitized at 5−20 kHz via a 

digidata 1200B interface coupled to a personal computer running Clampex 8.2 software 

(Molecular Devices Corp.), which also controlled the timing of electrical stimuli. In experiments 

where AMPAR and NMDAR currents were respectively monitored at −60 and +40 mV, the 

solution filling the recording pipette was modified to block Na+ and K+ channels, and 

comprised; 130 mM CsCl, 10 mM NaCl, 10 mM HEPES, 1 mM EGTA, 5 mM QX-314, 2 mM 

Na2ATP and 0.4 mM NaGTP (pH adjusted to 7.2). Single unit extracellular recordings were 

made using fine-tipped glass pipettes filled with 1.5 M potassium acetate (20−30 MΩ). Pipette 

voltage was recorded in current-clamp mode with high gain (100X) and the signal was band-

pass filtered (500−1500 Hz) using the Clampex software. In whole cell current clamp 

experiments, the holding current was adjusted to achieve a membrane potential ~ 5 mV below 

action potential threshold and the cell was allowed to stabilize for > 30 s before testing. 
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Electrical, osmotic or chemical stimulation. 

 Bipolar stimulating electrodes made from Teflon-coated platinum-iridium wires (60 µm 

o.d.; A-M Systems Inc., Everett, WA) were placed in the OVLT or SCN as required. Electrical 

pulses (10 to 70 µA; 0.1 to 0.5 ms) were delivered via an isolated stimulator (DS2; Digitimer 

Ltd., Hertfordshire, England) triggered via the acquisition system or a programmable digital 

timer (D4030; Digitimer Ltd.). Electrical stimulation experiments performed on a large number 

of slices (> 200) revealed that functional OVLT-SON and SCN-SON synapses are retained in 

about 75 % of the slices.  The effects of electrical stimulation were thus restricted to cells in 

which EPSCs could be successfully evoked in SON MNCs from both the OVLT and the SON. 

Where indicated, solutions containing glutamate (25 µM), GABA (0.5 mM), AMPA (25 µM) or 

mannitol (55 mM), all obtained from Sigma Ltd., were dissolved in ACSF and delivered to 

specific nuclei via a patch pipette connected to a Multi-Channel Picospritzer (General Valve 

Corp., Fairfield NJ). The osmotic stimulus was delivered by local delivery of a very small 

volume (< 50 µl) of mildly concentrated solution (+50 mosmol/kg) injected locally in the 

parenchyma of the OVLT using a glass pipette with a tip diameter of about 10 um. The direction 

of ACSF flow over the slice (see Supplementary Figure 1c) was adjusted to avoid effects of 

solutions puffed in one nucleus on other nuclei. Moreover, control experiments using 

extracellular recordings on large numbers of neurons at various positions relative to the tip of a 

puffing pipette delivering either glutamate or GABA confirmed that lateral diffusion was not a 

significant factor beyond a radius of 200 µm from the site of injection (not shown). When 

puffing solutions onto a specific nucleus we could not first establish if functional connections of 

interest were retained (i.e. by using direct electrical stimulation of the targeted region). 

Therefore in these cases the analysis was restricted to those cells in which a positive effect of 

local delivery could be established under control conditions. Specifically, the analysis of 
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experiments involving the delivery of glutamate over the SCN were limited to cells in which the 

glutamate stimulus was observed to reduce (by ≥ 5%) the basal frequency of APs or sEPSCs. 

Similarly, the analysis of experiments involving hypertonic stimulation of the OVLT was 

restricted to SON MNCs in which the stimulus was able to induce a detectable (≥ 5%) increase 

in the frequency of APs or sEPSCs in control conditions.  

 

Data analysis. 

All recordings were analyzed using Clampfit 9.0 (Molecular Devices Corp.). Action potentials 

and sEPSCs were detected automatically using the event detection routine of the software. To 

quantify changes in sEPSC and/or action potential frequency during local chemical stimulation 

of the SCN (Figures 5 and 8) and/or osmotic stimulation of the OVLT (Figures 1 and 5), 

average frequency measured 60 s before the onset of the stimulus (i.e. baseline) was compared 

to the peak average frequency observed during a 30 s segment of the data recorded while the 

stimulus was being applied. Detection and measurement of individual aEPSCs was done 

manually using Clampfit 9. Cumulative probability plots were constructed using Clampfit. The 

curve shown in Fig. 3c was fitted to the data using Sigmaplot 8.0 (SPSS Inc, Chicago IL) 

applying a three parameter Logistic equation (y = a / [1/(1 + x/xo)b]), where a is the maximum 

amplitude of the effect, b is a slope factor and xo is the frequency at half amplitude.   

 

Statistical Analysis. 

 All values in this study are reported as mean ± standard error of the mean (± s.e.m.). 

Linear regressions through the data were performed using Sigmaplot. Comparisons between two 
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means were performed using Student's paired or unpaired t-test, as appropriate. To establish the 

presence or absence of a significant correlation, the slope of a linear regression was compared to 

a slope of 0 (no correlation) using Prism 4.0 (GraphPad Software, Inc. San Diego CA, USA). In 

all statistical comparisons, differences were considered significant when P < 0.05. 
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